Enhanced Sensing of Interleukin 8 by Stripping Voltammetry:
Carbon Nanotubes versus Fullerene

S. Tonello'?, M. Marziano 2, G. Abate 2, T. Kilic?,
M. Memo?, D. Uberti?, S. Carrara®, N.F. Lopomo', M.Serpelloni! and E. Sardini'

! Department of Information Engineering, University of Brescia, Italy
2 Department of Molecular and Translational Medicine, University of Brescia, Italy
3 Laboratory of Integrated Systems Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland

Abstract— The ability to detect protein biomarkers at a sub-
nanomolar level represents a pervasive challenge in order to
bring a significant improvement in early diagnosis or progres-
sion of pato-physiological processes. To this aim, Screen Printed
Electrochemical Sensors have been acquiring a predominant
importance. The possibility to use them with different measure-
ment techniques, and to customize their surface to improve the
performance represent really attractive features. In this work,
performances of two different carbon nanostructures in combi-
nation with Stripping Voltammetry were evaluated as tools to
improve the detection of Interleukin 8, a cytokine that has piv-
otal roles in various inflammatory processes and considered as
a universal biomarker. Commerecially-available Carbon sensors
were modified using Carbon Nanotubes and Spherical Fuller-
ene through drop casting technique. Interleukin 8 was quanti-
fied using an indirect techniques based on silver stripping cata-
lyzed using Alkaline Phosphatase. The nanostructured sensors
showed better sensitivity with sub-nanomeolar limit of detection:
0.39 ng/ml for carbon nanotubes and 0.61 ng/ml for fullerene
compared to bare carbon electrodes. These modification
method is promising for sensitive detection of protein bi-
omarkers in several applications, including the monitoring of
inflammatory processes.
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1. INTRODUCTION

One of the most pervasive challenges in the field of phar-
maceutical and medical research is the quantification of spe-
cific biomolecules inside biological fluids in the sub-nano-
molar range in order to serve for early diagnosis of specific
pathologies (e.g., cancer or neurodegenerative disease) [1] or
for the effective and non-invasive monitoring of various
physio-pathological processes (e.g., inflammation).

Nowadays the most commonly used technique for protein
quantification is enzyme-linked immunosorbent assay
(ELISA). Despite good limit of detection (pg/ml), it presents
issues in terms of 1) lack of standardization ii) high costs of
implementation iii) impossibility to surface customization,
preventing further improvements iv) impossibility to perform
online monitoring. In order to overcome these limitations,

Screen Printed Electrochemical Sensors (SPES) have at-
tracted considerable interest in the last decade. Thanks to
their low cost, ease of surface modification and of electrodes
miniaturization SPES could represent a suitable solution to
be integrated in complex devices (e.g. Lab on a Chip, Point
of Care), thus obtaining fast, standardized and reliable elec-
tronic based protein quantifications, cost and time effective,
maintaining the possibility to analyze samples (from standard
solution to plasma) with an immunoenzymatic approach sim-
ilar to ELISA [2].

In order to improve sensitivity, electrochemical measure-
ment technique and surface design play a fundamental role.

Among the wide variety of electrochemical techniques,
Stripping Voltammetry (SV) has been considered as one of
the most promising one, in terms of both sensitivity and se-
lectivity. Similar to other voltammetric methods, information
about the analyte is obtained through current measurement
over the scanned potential. More specifically, the analyte is
pre-concentrated at the electrode and then stripped by appli-
cation of a potential scan, thus increasing sensitivity up to 2
or 3 orders of magnitude, with a typical limit of detection
(LOD) of 10 to 107" M [3]. Besides the applications to
heavy metals quantification, interesting applications have
been shown in the specific field of protein biomarkers [4].

In addition to the choice of the voltammetric techniques,
the biosensor design strategies including nanostructuration of
the sensor surface, via various materials to increase active
surface area as well as electronic properties, have a big im-
pact on ultra-sensitive sensor fabrication [5].

Among different types of materials, carbon nanostructures
produced from graphite are promising low cost materials for
biosensor design owing to their electronical performances
and biocompatibility. Depending on the specific crystalline
arrangement, they can be mainly classified as: spherical full-
erenes (Ceo), also referred as Buckminster-fullerenes, and cy-
lindrical fullerenes, also known as carbon nanotubes (CNTs).

Both CNTs and Ce had a wide range of use as electro-
chemical biosensors due to their high surface to volume ratio
and great electronical properties that enables high sensitivity
and selectivity [6] [7]. Despite having the same bulk material,
different arrangements of the stacked graphite layers produce



different behaviors in terms of increase in surface area and
electronic properties [8].

As an important mediators of inflammation involved with
pathogenesis of many inflammatory diseases, interleukin 8
(IL-8) is currently being used as non-invasive biomarker in
various fields of medicine either for the purpose of early di-
agnosis or as a prognosis predictor [9]. Recently, Ray et al.
[10] has identified IL-8 as a biomarker to diagnose and clas-
sify Alzheimer’s disease. Therefore, IL-8 can be considered
as a universal biomarker from cancer to inflammation [11] to
neurodegeneration. Hence, the proposed work would have a
widespread application from clinical diagnosis to more basic
science studies like cell culture platforms such as organs-on-
chips for monitoring cell secreted biomarkers for drug tox-
icity studies [12]. In the present work, SPES modified with
above-mentioned nanomaterials were used to quantify IL-8
via SV. More specifically three different conditions (1. Bare
Carbon, 2. Multi Walled CNTs (MWCNTs) modified Carbon
and 3. C¢ modified carbon) were biofunctionalized in the
same manner to compare their performances in terms of LOD
and sensitivity.

1. MATERIALS AND METHODS

A. Materials

SPES (model DRP-C110) were purchased from DropSens
(Spain). Electrodes consisted of a 0.12 ¢cm? carbon working
electrode, an Ag reference electrode and a carbon counter
electrode. Powder of MWCNTs (diameter: 10 nm; length: 1-
2 m, 90 % purity, DropSens (Spain)) was dispersed in chlo-
roform to the concentration of 2 mg/ml and the suspension
was subjected to sonication for 1 h to achieve a homogeneous
solution. Fullerene suspensions were obtained from
Nanoshell (India). All the chemicals for electrolytic solutions
were purchased from Sigma Aldrich. IL-8 quantification was
performed using chemicals from a dedicated kit (DuoSet®
for ELISA, Human CXCLS&/IL-8).

B. Quantification of active surface area

The comparison between Ceo and MWCNTSs was done in
terms of sensitivity, LOD and redox potentials taking the ac-
tive surface area into account, since it is shown to be directly
related to sensitivity (S) [13]. Cottrell and Randles Sevcik
equations were used to calculate the surface area of elec-
trodes due to its linear relationship with faradaic current. The
total surface area (TSA) increase obtained with 20 pg of
MWCNTs (calculated as 4314 mm?) was considered as the
reference [14]. In order to assure the same active surface area
of SPES after nanostructure modification with Ceo, specific
surface area (SSA) of Cso was calculated by using eq. 1 as 29
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Figure 1. Schematics of the proposed nanostructured electrochemical sensor
for IL-8 detection

m?/g. The nanostructure modification was done via drop cast-
ing dispersion of Ceo, with an average dimension of 120 nm.
Thus, the amount of Ce¢p needed for the modification was cal-
culated as 149 pg by using the following eqgs. 2 and 3,

SSAceo= A/mass = A/V*p =3/r*p €))
TSAref= TSA cnts (20ug)= SSA cnts * mass onTs ?2)
C60 mass = TSA ret/ SSA ce0 (3)

C. Preparation and characterization of electrodes

Nanostructure modified SPES were prepared by drop cast-
ing technique [14] as follows: for MWCNTs 10 ul of 2 pg/ml
suspension and for Ceso 149 pl of 1 pg/ml suspension were
deposited, and allowed to dry after each deposition step.
Electrodes were stored at room temperature after the deposi-
tion. Electrochemical Cyclic Voltammetry (CV) was per-
formed under aerobic conditions using AutoLab potenti-
ostat/galvanostat (Metrohm). Sensors were covered with 100
pl of 0.1 M KCI solution, then the device was configured to
sweep at a scan rate of 100 mV/s in the range of -1 to +1 V.

In order to optimize Anodic SV (ASV) parameters, Ag-
stripping in KCI solution was performed. Specifically, sen-
sors were covered with 100 pl of a solution containing 1 mM
of silver nitrate and the potential was set at -0.7 V for 20 s in
order to allow Ag pre-concentration. After that, the solution
was removed and a linear sweep voltammetry (LSV) was per-
formed in KCI up to +0.5 V (vs Ag). All the experiments
were performed in triplicate. Peaks height and position of
voltammograms were assessed by curve fitting using a dedi-
cated analysis tool (Nova 1.11).



D. SPES bio-functionalization

All electrodes were exposed to the same bio-functionali-
zation steps as following:

i) 2 h immobilization of IL-8 antibody to sensor surfaces
via drop-casting, ii) 2 h incubation with IL-8 samples, iii) 1
h 30 min incubation with biotin-labelled detection antibody
iv) 30 min addition of streptavidine-tagged Alkaline Phos-
phatase (AP) enzyme that catalyzes the oxidation of ionic Ag
(AgNO3) to metallic Ag, thanks to the reaction happening in
presence of Ascorbic acid (AA-p), as described in [15]
(Fig.1). For every step, 20 ul of solution were drop-casted on
the WE.

E. IL-8 quantification using ASV

Once the bio-functionalization was completed, sensors
were covered with 100 pl of 0.1 M KCl, and constant poten-
tial of -0.12 V was applied for 5 s and then LSV performed
at a scan rate of 40 mV/s up to +0.4 V, measuring Ag oxida-
tion current. Due to Ag deposition, each concentration was
quantified on single-use disposable SPES. The first calibra-
tion of the three conditions was performed in the range of IL-
8 concentration from 5 ng/ml and 20 ng/ml, to evaluate the
specific LOD for each condition (bare SPE, Csp modified
SPE, MWCNT modified SPE). A second calibration consid-
ering lower levels of concentrations (1.25-5 ng/ml) was per-
formed as well in order to compare nanostructured sensors.

1. RESuLTS

A. Electrodes preparation and characterization

Characterization of nanostructures via CV in 0.1 M KCl
showed an enhanced response given by MWCNTs modified
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Figure 2 Electrochemical characterization of nanostructured electrodes
via CV (dashed) and Ag stripping via LSV (continuous),both in 0.1 M KCl

electrodes in term of peak height, while an enhanced re-
sponse in term of capacitive current was observed for Ceo
modified electrodes (Fig.2).

Ag peaks could be observed in all the conditions showing
a shift of 100 mV toward higher values of potential for both
MWCNTs and C compared to bare carbon. In term of peak
height, MWCNTs showed the most enhanced behavior (Car-
bon 144 £ 16 yA; MWCNTSs 208 + 12 pA; Ceo 168 £ 63 pA).
B. IL-8 quantification using ASV

In all the calibrations, nanostructured electrodes showed

an enhanced response in terms of sensitivity and LOD.
Specifically, in the range between 5 and 20 ng/ml, Ceo
showed a higher response compared to MWCNTs. LOD was
calculated to be 4.41 + 0.88 ng/ml, 0.84 + 0.18 ng/ml and
0.67 = 0.05 ng/ml for bare SPES, MWCNTs and Cg respec-
tively, showing the effect of nanostructures in enhancing sen-
sitivity of the sensors.
On the other hand, in the range of lower levels of concentra-
tions, MWCNTSs (LOD = 0.39 + 0.10 ng/ml) performance ap-
pears to be superior compared to Cso (LOD= 0.61 £ 0.05
ng/ml) (Fig.3). In term of peak positions, in all the three types
of electrode modifications, Ag peaks shifted to more positive
potentials by increasing the concentration of IL-8 as a known
phenomenon in voltammetry.

v. DiscussioN

The gain introduced by the use of nanostructures in terms
of additional electroactive surface area and effects of differ-
ent materials dealing with the same increase of surface area
have been previously demonstrated [13].
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Figure 3 Calibration of the 3 electrodes in the range 5-20 ng/ml and com-
parison between MWCNTs and C60 performances in the range 1.25 — 5 ng



The enhancement in the electrochemical response we ob-
tained by introducing nanostructures in CV experiments per-
formed in KCl is in good agreement with the literature [16].
Despite the same bulk materials, significant differences could
be observed between different nanostructures suggesting that
other phenomena are in place when dealing with differently
arranged nanostructures (e.g. porosity, surface pattern, elec-
tronical properties). Results from SV of Ag in KCI suggested
that the selected parameters are optimal to detect Ag peak and
that KCI represents a suitable supporting buffer due to ab-
sence of redox peaks near to Ag oxidation potential for all the
structured electrodes.

Difficulties in obtaining a reliable LOD < 5 ng/ml by us-
ing bare carbon SPES have been previously reported by sev-
eral groups [4]. However, the combination of nanostructures
and stripping voltammetry appears to be really promising for
a sensitive detection of IL-8 as biomarkers. Our work proves
that nanostructuration can increase the LOD up to 8 fold
compared to bare electrodes, [17]. More specifically, the en-
hanced response of Csp with higher concentrations is at-
tributed to its particular zero-dimensional structure, as high-
lighted by Han et al [18]. The fullerene Cgo has been widely
investigated as the optimal solution to provide effective coat-
ing with peptides, antibodies, amino acids and various other
molecules. Its ability to maximize the performance of the
sensor is usually registered in an improvement of the sensi-
tivity and LOD, especially for higher values of concentration.
The lower LOD showed by MWCNTs for lower concentra-
tions is explained taking into account the superior electron-
transfer properties of MWCNTSs over Cg which contribute in
enhancing the signal for even very low amounts of the ana-
lyte [19].

Results obtained with both MWCNT and Cep nanostruc-
tures seem to be very promising, especially for monitoring
inflammation processes that typically have IL-8 in the range
of 1-10 ng/ml [11]. Furthermore, the low variability ob-
served, the possibility to optimize biomolecules coating and
to miniaturize the electrodes, suggest the possibility to reach
LOD actually quantifiable with ELISA (pg/ml), with higher
reliability and standardization, lower costs of implementa-
tion, both in term of time and volume of samples required.

v. CONCLUSION

Herein by this work, IL-8 quantification with a sub-nano-
molar LOD (<1 ng/ml) and high repeatability was achieved
thanks to MWCNT and Cgo nanostructures and stripping volt-
ammetry. Designed sensors are very promising candidates
for advanced integrated point-of-care or organ-on-chip mon-
itoring systems. Future work will focus on investigations of

the interactions between nanostructures and biomolecules,
via different nanostructuration methods of SPES.
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