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Poly(pyrrole)-nanowires  (PPy-NWs)  were  efficiently  printed  by  using  nano  printing  on  flexible  thermo-
plastics,  and  then  used  to device  an  impedimetric  immunosensor.  The  present  pioneering  technology
allow  to  create  high  sensitive  and disponsable  immunosensor  devised  using  a low  cost  and  simple  fabri-
cation.  The  innovative  nanocontact  printing  uses  a  PDMS  stamp  replicated  from  a CD mold.  The  PPyNW
printing  uses  controlled  chemical  polymerization  to print  PPy-NWs  on poly  (ethylene  terephthalate)
and polyether  ether  ketone  surfaces.  Atomic  force microscopy  analysis  of  PPyNW  revealed  a  width,
height  and  a separation  length  of  125  ± 8 nm,  377  ± 5 nm  and  172  ±  4 nm,  respectively.  The  PPy-NWs
were characterized  by  scanning  electron  microscopy  (SEM),  X-ray  photoelectron  spectroscopy  (XPS)  and
electrochemical  impedance  spectroscopy  (EIS).  The  XPS  results  evidenced  the  covalent  bonding  between
the  thermoplastic  surface  and  the  PPyNWs.  As  a  final  point,  the  immunosensor  was  tested  for  the  quan-
iazonium chemistry tification  of Interleukin  6 recombinant  human  (IL6,  Ag) using  EIS.  The PPy-NWs  were  functionalized  via
diazonium  coupling  reaction  and  carbodiimide  crosslinker  chemistry  for the  immobilization  of  Anti-
human  IL-6  monoclonal  antibodies  (IL6  mAb’s).  The  developed  immunosensor  exhibited  a  sensitivity  of
0.013  (pg/mL)−1 (linear  fitting  at R2 =  0.99)  and  limit  of  detection  (LOD)  of  0.36  pg/mL  in  a  linear  range  of
1–50  pg/mL  for  Ag IL-6, with  a relative  standard  deviation  percentage  (RSD%)  at  7.6%.

© 2017  Published  by  Elsevier  B.V.
. Introduction

The new field of nanomedicine integrates nanowire (NW) arrays
or the development of novel platforms for various applications
uch as biosensing [1]. In the recent years, the increasing demand
or biosensors has been reported. There is certainly a need to
mprove their performance and to reduce costs. Nanoscale materi-

ls provide an alternative solution, such as NWs  that have gained
remendous interest because of their interesting electrical and opti-
al properties and quantum confinement effect, when applied to

∗ Corresponding authors.
E-mail addresses: alvaro.garcia-cruz@etu.univ-lyon1.fr (A. Garcia-Cruz),

bdelhamid.errachid@univ-lyon1.fr (A. Errachid).

ttp://dx.doi.org/10.1016/j.snb.2017.09.057
925-4005/© 2017 Published by Elsevier B.V.
sensing applications [2]. Also, NWs  are very attractive for their
integration as a sensing element [3], due to their higher surface
area-to-volume ratio. These nanostructures increase sensor sen-
sitivity, offers label-free, direct, and real-time detection at very
low concentrations. Devices based on NWs  have emerged as one
of the most powerful and general platforms for the ultrasensitive
direct detection of biological and chemical species, including low
concentrations of proteins and viruses [4].

Electrochemical biosensors based on submicron patterned sur-
faces are of great importance in many fields, especially in medicine
for label free detection [5], health care [6], food industry, agri-

culture, and environmental control [7]. Specially, nanostructured
conducting polymers (CPs) are excellent sensing platforms in the
design of bio analytical sensors because of their electronic conduc-

dx.doi.org/10.1016/j.snb.2017.09.057
http://www.sciencedirect.com/science/journal/09254005
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ivity, low energy optical transitions, biocompatibility, and room
emperature operation [8]. Among them, polypyrrole (PPy) is one
f the most extensively used conducting polymers because of a
umber of properties such as redox activity, rapid electron trans-

er, and ability to link a variety of biomolecules to pyrrole groups
y chemical treatment [9]. However, the use of conducting polymer
anowires (CP-NWs) for biosensing applications is limited due to
heir incompatibility with traditional micro-fabrication processes
uch as lithography and focused ion beam due to its potential
hermal damage during these processes. Numerous methods of
ssembling CP-NWs to fabricate biosensors have been reported, for
.g., electro spinning, electro polymerization etc [10,11]. Generally,
Py-NWs are largely synthesized by electrochemical polymeriza-
ion and applied to biosensors [12,13]. Commonly, PPy-NW are
ynthetized by electropolymerization using a template [14] and
hen used to fabricate chemiresistive biosensors [15]. Despite the
ncreasing number of nano-engineered technologies and materi-
ls, the PPy-NW fabrication require several steps, different time
onsuming techniques, which are expensive and limited.

New biosensor technologies integrate PPy-NWs functionalized
ith biomarkers and antibodies for healthcare diagnosis [16,17].
ecent advances in proteomics make in evidence new biomark-
rs (for e.g. cytokines), resulting in promising tools to diagnose
ancer [18]. These studies intended to detect the inflammatory
ytokines that might augment in serum as a diagnostic marker for
ancer. Additionally, cytokines are very useful for clinical evalua-
ion of patients [19]. Typical biomarker diagnostics is based on the
etection of cytokines levels (interferon-� (IFN-�)), tumor necrosis
actor-� (TNF-�), tumor growth factor-� (TGF- �), and interleukins
IL) (IL-1�, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, or IL-13) in several types
f cancer such as bladder [20], pancreas [21], prostate [22], lungs
23], and thyroid [24] cancer. These cancer biomarkers are usually
etected by common immunoassay techniques. The gold standard

s enzyme-linked immunosorbent assays (ELISAs) [25–27].
Electrochemical immuno-sensors are promising alternative to

LISA tests that are vastly used for cancer and clinical diagno-
is [28,29]. Immuno electrochemical sensors devices are based on
lectrical measurements that employ the specific bio molecular
ecognition of the antibody-antigen (Ab-Ag) complex, for a desired
iomarker of interest. An electrochemical biosensor provides quan-
itative values for the analyte of interest at reduced costs and
nalysis time. However, despite the wide spectrum of possibilities,
here are still some limitations to improve. Unfortunately, the cur-
ent fabrication technology of immunosensor requires several steps
nd time consuming process such as photolithography and expen-
ive semiconductive materials. Currently those techniques are not
uitable for large scale production and also difficult to employ for
ommon medical applications as diagnostics. Next generation sen-
or platforms will require important improvements in fabrication,
eproducibility, and flexibility, however especially in sensitivity
nd specificity [30] in order to meet the future needs in medicine
revention of cancer and chronic diseases.

Here, in this work, we overcame these difficulties by introducing
n efficient, low-cost, and easy Poly(pyrrole) nanowires (PPy-
W)  printing process. The conducting PPy-NW were printed using

he nanocontact printing and controlled chemical polymerization
nCP-CCP) technique on flexible thermoplastic films (poly (ethy-
ene terephthalate) (PETE) and Polyether ether ketone (PEEK)).
Py-NWs were functionalized via diazonium coupling reaction and
arbodiimide crosslinker chemistry for the immobilization of spe-
ific antibodies (anti-human IL-6 monoclonal antibodies, mAbs).
he modified PPy-NW was tested as an impedimetric immunosen-

ors for the detection of human IL-6. The innovative fabrication
echnology presented herein, bring the disposable immunosensors
igh sensitive, accessible and easy to produce with inexpensive.
ators B 255 (2018) 2520–2530 2521

The diazonium chemistry [31,32] has been used to tailor func-
tionalities in a large variety of materials [33], for e.g., carbon
(single-walled carbon nanotubes (SWCNTs), glass carbon, diamond,
etc), semiconductors (silicon), metals (gold and platinum), and
PPy [34–37]. The fabrication of electrochemical immunosensors
[38,70] based on the covalent immobilization of linkers via diazo-
tization coupling reaction have been successfully reported before
in different materials, for e.g., screen printed carbon electrodes
(SPCEs), glassy carbon electrodes (GCEs), graphene modified elec-
trodes, gold electrodes, gold nanoparticles, and diamond electrodes
[39–44].

Here, we  present the fabrication of an impedimetric
immunosensor based on PPy-NWs functionalized via diazonium
coupling reaction for the immobilization of specific antibod-
ies (anti-human IL-6 mAbs). At first, 4-phenylacetic acid film
was grafted by electrochemical reduction of the diazonium
salt (from the 4-aminophenylacetic acid, (4APAC)), followed by
terminal carboxylic group activation by N-hydroxysuccinimide
(NHS) and N-(3-dimethylaminopropyle)-N-ethyle-carbodiimide
hydrochloride (EDC). Subsequently, the carboxyl group activation
of 4-phenylacetic acid was conjugated to the terminal amine
groups from the antibodies through amide bond formation. After
antibodies immobilization, detection of the respective antigen
was achieved by using electrochemical impedance spectroscopy
(EIS). The PPy-NW functionalization was evaluated using electro-
chemical methods (cyclic voltammetry (CV)) and EIS, as well as by
scanning electron microscopy (SEM).

2. Experimental section

2.1. Chemicals

2.1.1. Polymers
PDMS (Sylgard 184) was purchased from Dow Corning, France.

The applied thermoplastic films were PEEK (HN, 125 �m,  DuPont)
and PETE (125 �m,  Goodfellow).

2.1.2. Chemicals and reagents
11-(triethoxysilyl)undecanal (TESUD) was purchased from

Gelest, USA. N-(3-trimethoxysilyl-propyl) pyrrole (Py-silane)
was purchased from ABCR GmbH & Co. KG, Germany. 3-
Aminopropyltriethoxysilane (APTES), Sulfuric acid (H2SO4, 30
wt.% in H2O), phosphate buffered saline (PBS) buffer, sodium
dodecyl sulphate (SDS), iron (III) chloride, Pyrrole, 1-Ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS) were purchased from Sigma Aldrich,
France. Hydrogen peroxide (H2O2) (35% wt.) and potassium
hydroxide (KOH) were obtained from Acros Organics, France.

2.1.3. Biological reagents
Preparations were performed following the recommendation

from the supplier (R&D systems, USA) [45].
The E. coli-derived recombinant human IL-1 beta/IL-1F2 (IL-1)

was reconstituted at 25 �g/mL in sterile PBS. The corresponding
E. coli-derived recombinant human IL-1�/IL-1F2 antibody (IL-1 rh
antibody) was reconstituted at 0.5 mg/mL  in sterile PBS.

The E. coli-derived recombinant human IL-6 (IL-6) was  recon-
stituted at 100 �g/mL in sterile PBS. The respective E. coli-derived
recombinant human IL 6 monoclonal antibody (IL-6 rh antibody)
was reconstituted at 0.5 mg/mL  in PBS.

The E. coli-derived recombinant human IL-8 (IL-8) was reconsti-
tuted at 100 �g/mL in sterile PBS. The corresponding E. coli-derived

recombinant human CXCL8/IL 8 antibody (IL-8 rh antibody) was
reconstituted at 0.5 mg/mL  in sterile PBS.

The Sf 21-derived recombinant human IL-10 (IL-10) was
reconstitution at 0.5 mg/mL in PBS. The respective Sf 21-derived
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ecombinant Human IL-10 (IL-10 rh antibody), mouse IgG1 class.
onoclonal antibody was reconstituted at 0.5 mg/mL  in PBS.

.2. Methods and techniques

Microcontact Printer: Semi-automatic Micro-Contact-Printing
ystem �-CP 3.0 from GeSiM Gesellschaft fuer Silizium-
ikrosysteme mbH, Germany.

.2.1. EIS measurements
Experiments were acomplished in a miniaturized electrochem-

cal Teflon cell and the PPy electrode was set as the working
lectrode (WE). Perpendicular to that, a platinum counter elec-
rode (CE) and a silver (Ag/AgCl) reference electrode (RE) were
sed to complete the three electrode system. The experiments were
arried out in a freshly prepared 5 mM PBS buffer solution at pH
.4 as electrolyte. The EIS technique was performed in a Poten-
iostat EC-lab VMP3 instruments version 9.9 and controlled and

odelled using EC-Lab software V10.39, 2014 by Bio-Logic-Science
nstruments, France. The data impedance was normalized with the
tting software. For the Z-fit, the Nyquist plots were observed
ith randomize + simplex method, with randomize stopped on

0,000 iterations and the fit stopped on 5000 iterations respec-
ively. The applied conditions (potential, sinus amplitude, and
requency) were at −0.1 V, 25 mV,  100 kHz to 100 MHz, respec-
ively (35 s/scans). The fitting was dependent on the form of the
emi-circle curves obtained in the Nyquist plot. The selection of
he equivalent circuit was dependent upon the interfaces of the
yquist plot to produce the smallest error that was  expressed in

he standard deviation (X2).

.2.2. Microscopy
All optical microscope images were made with an Axio Vision

Carl Zeiss Microscopy, France). The stereo microscopy images were
btained with an EZ4D (Leica Microsystems, France).

Scanning electron microscope (SEM) images were obtained with
 Hitachi SEM S800, France.

Atomic force microscopy (AFM) images were obtained with a
ano observer (CSI Company). The maximum and minimum res-
lution of the AFM was 110 �m2 and 5 �m2, respectively. An
ltrasharp Silicon Cantilever CSC17/Ti-Pt/15 MikroMasch tip was
mployed. The silicon chip thickness of the silicon cantilever (SC17)
as 0.4 mm  and less than 35 nm for the curvature radius. Tip

haracteristics were: height of 15–20 �m,  full tip cone angles less
han 30◦, tip and both sides of the cantilever were consecutively
oated by continuous films of Ti (15 nm,  1 st layer) and Pt (10 nm,
nd layer). Cantilever Specifications: typical length at 460 ± 5 �m,
idth at 50 ± 3 �m,  and thickness of 2 �m.  The resonant frequency
as 304.14 kHz and an amplitude of 1.756 V. The Force constant
as 0.15 N/m (0.05–0.30). Measurements were taken in contact
ode with a speed of 0.75 line/s and 1024 resolution.

.3. Activation process

The effectiveness of NaOH (aq) treatment to the modified PEEK
46,47] and PETE [48–50] was stablished previously. Here, the ther-

oplastic substrates were cleaned by sonication and rinsed, first
ith propanol and then with distilled water. PETE and PEEK sub-

trates were treated with ultraviolet irradiation (320 nm,  10 min)
nd then activated in KOH (3 M)  solution for 5 min  [51]. This treat-

ent generated hydroxyl groups onto the surface. Afterwards, the

ubstrates were thoroughly rinsed with distilled water and dried
ith nitrogen. The activated polymers were characterized after

ctivation using SEM as shown in Fig. S1. The PPyNW are covalently
ators B 255 (2018) 2520–2530

bonded to the activated thermoplastic surface via silane chemistry
[52,53].

2.4. Master mold preparation

A standard CD contains a nano-patterned plastic layer, this layer
consists of wire arrays with a typical depth and width of ∼180 nm
and ∼800 nm,  respectively [54]. The AFM characterization of the
CD mold is shown in Fig. S2. The nanostructured master mold was
obtained from a commercially compact disk (CD, 700MB, 52X, Max-
ell). The samples (1 cm2) were first ultrasonically cleaned in acetone
for 5 min. The nanopatterned plastic layer was  obtained by treat-
ing the sample with nitric acid (60% solution, 5 min), then rinsed
in Milli-Q water and ethanol, and finally dried under nitrogen. The
nanopatterned plastic layer was used as the mold, and replicated
in PDMS.

2.5. PDMS stamp fabrication

The nanostructured PDMS stamp was  obtained by replica mold-
ing using the nanostructured plastic part of a commercial CD as
a master mold. Stamps for nCP were fabricated from elastomeric
PDMS by mixing a 10:1 ratio (w/w)  of the pre-polymer and the
cross-linker following the recommendations of the supplier [55].
The mixture was first degassed, poured on the nanopatterned plas-
tic surface, and cured at 80 ◦C for 1 h. The CD nanopatterned arrays
were transferred to the PDMS surface by casting. After curing,
the nanopatterned PDMS stamps were fixed to a semi-automated
microcontact printer. The nano patterned PDMS stamps produce a
high quality printing of PPy-NWs and this printing mode has been
used before within our group for nCP of thiols [56–58]. The AFM
imaging for the PDMS stamp is shown in Fig. S2.

2.6. PPy-NW printing process

We  have developed a nCP of PPyNW on thermoplastics sub-
strates using a PDMS stamp replicated from a CD mold. The
thermoplastic surfaces were previously activated. Subsequently,
the nanostructured PDMS stamp was  inked with a monomer, cat-
alyst, and surfactant (0.42 M Py-silane, 0.01 M SDS and 1 M FeCl3).
Before printing, the �-CP printer was  configured with a pressure
of 128.5–129 KPa, printing level of 25.8 mm and 4 �L ink per 1 cm2.
Afterwards, the surfaces were brought into conformal contact and
the printed surface was then heated at 45 ◦C. The inking time was
20 s and printing time of 15 min  at 45 ◦C. The process occurred in
a single step. The PPyNW were characterized using AFM and SEM
(FigS and FigS).

2.7. Preparation of diazonium salts

A 4.2 mM  solution of 4-aminophenylacetic acid (4APAC) was
prepared in 1 mL  of an aqueous HCl solution (l M)/ethanol 50:50
(v/v), named solution 1, (S1). A second solution (S2) was prepared
containing 89 mM  of sodium nitrite in 1 mL  of a water/ethanol mix-
ture (50:50). For the diazotisation, 44 �L from S2 was mixed with
956 �L of S1 and then stirred in ice (−2 ◦C, 5 min). Successively,
the mixture S1-S2 is diluted in 20 mL  of a solution containing HCl
(0.1 M)/ethanol (50/50) aqueous solution (stirring at 0 ◦C) to obtain
a 0.19 mM solution (S3) of the diazonium salt [59]. The solution (S3)

was placed into the electrochemical cell for the electro reduction.
Electro reduction of the aryldiazonium salt on the PPy electrode
is performed by cyclic voltametry (CV) between a potential of
0.1–1.3 V at 50 mV/s (see, Fig. 4).
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Fig. 1. (1) Activation process and (2) PPy-NW printing by n

. Results and discussion

.1. Thermoplastic polymers activation

PEEK and PETE surface was characterized using SEM as shown
n Fig. S1a/c (section 1, Supporting Information). Here, we  observed
hat PEEK and PETE behaved different to the activation pro-
ess due their chemical structure coffering resistance to the KOH
reatment. Both thermoplastic surfaces after activation became

ore hydrophilic and roughness was increased. The PETE and
EEK during the activation process produced carboxylic groups by
ydrolysis, as shown schematically in Fig. 1.

.2. PPy-NW electrode fabrication

Conductive PPy-NWs were printed on the thermoplastic sub-
trates by using nCP-CCP. A commercial CD was replicated to
roduce a nano patterned PDMS stamps, and then employed to
rint PPy-NWs. The CD mold and PDMS as well as the PPyNW
rinted on thermoplastic surfaces wer characterized using SEM
Fig. S1) and AFM (Fig. S2). Additionally, an analysis of the
anocontact printing patterm transfer is presented in supporting

nformation Section 2. Further discussion regarding the repro-
ucibility and reliability of the PPyNW fabrication method can be
ound in this section.

The printed PPy-NWs were fabricated at 747 ± 12.2 nm (width),
14 ± 8 nm (height) and a separation length of 573 ± 13.4 nm,
s shown in Fig. S1 b/d. The ink formulation was composed of
-(3-trimethoxysilypropyl) pyrrole monomer (Py-silane, 0.42 M),
odium dodecyl sulphate as structural agent (SDS, 0.01 M)  and
ron(III) chloride as catalyst (FeCl3, 1 M)  in ethanol solvent. The

olar ratio catalyst to monomer was set at 7:3. The nCP-CCP was
erformed at 45 ◦C for 15 min. The nCP-CCP technique enabled
hemical bonding of the PPy to the thermoplastic surface. The
rinted PPy-NW on thermoplastic films were used as electrodes.
he fabrication process is shown schematically in Fig. 1.

.3. PPy-NW characterization by X-ray photoelectron
pectroscopy (XPS)

PEEK and PETE thermoplastic films were studied before and
fter PPy printing using X-ray Photoelectron Spectroscopy (XPS).
he activated thermoplastic surfaces show the characteristic sig-
als of C 1s and O1s species. Subsequently to the PPy printing, the
elative increment on C1s and O1s species were detected, besides
ew species were present, for e.g., N1s, Si 2p, Fe 2p3 and Cl 2p,
hat probed PPy silane was deposited on the thermoplastic sur-

aces. Additionally, the presence of Cl 2p and Fe 2p revealed that
he PPy was oxidized [60]. After XPS spectra normalization, atomic
elative percentage was calculated for the elemental analysis from
ach sample.
P to finally produce the chemical structure of PPy oxidized.

3.3.1. PETE characteristics
The PETE polymer presents typical signals of C1s and O1s

species [61] (Fig. S3). XPS high-resolution spectra from PETE acti-
vated surface displays distinctive peaks located at 284, 285.5, and
288.4 eV attributed to the C C/C H, C O/C O C, O C O/C O sig-
nals, respectively (Fig. 3a).

After PPy printing, the N1s signal appeared (from the PPy), the
C1s signal decreased and the O1s increased. The O1s, Si 2s, and Si 2p
species were increased due to the presence of silane Si O groups
on the PPy-silane. These characteristic signals demonstrated that
PPy-silane was covalently bonded to PETE surface. In addition, the
presence of Cl 2p and Fe 2p corresponded to the oxidant of FeCl3
which reveals that the PPy-NW film was in its oxidized state [62].
The collection of XPS spectra from PETE activated and modified
with PPy-NW is shown in Fig. S3 and Table S2 (Section 3, Support-
ing Information). The apparition of the N1s, Si 2p, Cl 2p, and Fe
2p3, and also the oxygen content in the sample increased proving
that PPy was  successfully deposited on the surface. XPS high-
resolution demonstrate the presence of PPy, distinctive peaks were
observed at 285.5 and 287.8 eV corresponded to the C O/C O C
and O C O/C O signals, respectively. This surface modification
caused decrement on the carboxyl groups (C O,  C O) as shown
in Fig. S4.

3.3.2. PEEK film characterization
The activated PEEK polymer presents specific signals of C1s and

O1s species [63–65] (Fig. S5 and Table S3, Section 3, Supporting
Information). After PPy-NW printing, the N1s  signal appeared (from
the PPy), the oxygen increased. The O1s, Si 2s and Si 2p species
increased due to the presence of the siloxane polymer part (Si O
groups) on the PPy-silane. These signals provide evidence that
PPy-silane was deposited on the PEEK thermoplastic surface. Fur-
thermore, the presence of Cl 2p and Fe 2p proved that the PPy-NW
film was doped [66].

XPS high-resolution analysis (Fig. S5) for activated PEEK surface
exhibited distinctive peaks at 284.3, 285.4 and 291.4 eV attributed
which corresponded to the C C/C H, C O/C O C and the � − �∗
satellite band, respectively (Fig. S5a). Subsequently, the PEEK
modified surface with PPy-NW presented C C/C H, C O/C  O C,
O C O/C O signals at 284.4, 285.3 and 287.6 eV respectively (Fig.
S5b). The deposition of the PPy-NW caused the decrement of car-
boxyl groups (C O, C O) due to the presence of the silane bonding.

3.4. Electrochemical studies

3.4.1. PPy characterization by electrochemical impedance
spectroscopy (EIS)

The electrical properties of the PPy films were studied by EIS.
The obtained EIS data was plotted as a Nyquist plot model with a
corresponding equivalent circuit [67]. The resulting EIS curves were

fitted and the component values were extracted using equivalent
circuit chosen according to the interfaces obtained in the Nyquist
plot of the semicircles. The Nyquist plot represented the imagi-
nary impedance −Im(Z) against the real impedance Re(Z). Here,
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ig. 2. Nyquist plot of PPy films prepared with: a) APTES and Py-silane, b) TESUD,
nd c) Py-silane. The experiments were carried out at a frequency range between
00 kHz and 100 MHz  and a drop potential of (E = −0.138 V/(Ag/AgCl).

e applied the equivalent circuit (R1 + Q2/R2) to calculate the best
t of the data. The equivalent circuit consistent of capacitive and
esistive components, where: R1 represented the resistance due to
he electrolyte solution. R2 is the resistance of the WE  (PPy matrix)
nd the Q is the constant phase element, related to the capacitive
henomena.

.4.2. Influence of the silane linker into the PPy properties
We studied the electrical properties and topography changes

nduced by the silane linker into PPy chemically polymerized into
he PEEK surfaces. Silane linker was chemically bonded on PEEK
urface (previously activated). Silane linker was deposited by drop
oating and then cured at 80 ◦C for 1 h. PPy chain was chemically
olymerized on the top of the silane linker layer as shown in Fig.
6 (Section 4, Supporting Information). We  studied three differ-
nt silane linkers for PPy deposition, 11-(triethoxysilyl)undecanal
TESUD), N-(3-trimethoxysilyl-propyl) pyrrole (Py-silane) and 3-
minopropyltriethoxysilane (APTES). We  observed that each silane
ssembled differently due to their affinity to the activated thermo-
lastic surface, resulting in different PPy properties. More detailed
xperimental information concerning the silanes linkers deposition
nd PPy chemical polymerization is shown in Fig. S6.

Electrical properties and structuration of the PPy film was
ffected by the silane linkers. PPy films were imaged and measured
sing SEM and EIS, respectively. The resulting PPy films were firstly
tudied by EIS and represented in a Nyquist plot shown in Fig. 2.
pparently, the PPy conductivity and adherence to the thermo-
lastic surface was improve when using APTES. The silane linkers

nfluenced the PPy film conductivity in this order TESUD < Py-
ilane < APTES (Fig. 2). Furthermore, SEM imaging demonstrate the
urface modification for each step, firtly the silane linker deposition
n PEEK, subsequentlyto the PPy deposition and then electrodepo-
ition of diazonium salts on the PPy surface (PPyPAC).

SEM imaging for the silane deposition on PEEK is shown in
ig. 3a/d/g. Py-silane produced a rough surface with grains (Fig. 3a).
PTES deposition resulted in the formation of a crystaline web

Fig. 3d). TESUD deposition resulted in flakes formation (Fig. 3g).
ucceeding to the silane linker deposition, PPy was  chemically
eposited on the top as shown in Fig. 3b/e/h. The PPy grew using
y-silane resulted in a rough surface decorated with grains and
rystals (Fig. 3b). The PPy produced using APTES presented a fila-

ent assembling. TESUD linker produced multilayer structures of

Py covered with grains (Fig. 3h). Finally, the PPy film was  modified
y the electroreduction of diazonium salts (Fig. 3c/f/i). The elec-
rodeposition modified the PPy topography, resulting in a highly
ators B 255 (2018) 2520–2530

porous assembling. In conclusion, the APTES linker after electro-
modification resulted enhanced electrical properties and presented
best adherence.

3.4.3. Electroreduction of aryldiazonium salts on PPy electrodes
PPy-NWs were functionalized via electro reduction of dia-

zonium salts. Diazotization of 4-amino-phenyl acetic acid,
subsequently to their electro reduction resulted in electrodepo-
sition of 4-phenyl acetic acid layer on PPyNW (see, Section 2.7).
Electro-reduction was  carryout using CV performed in a potential
range between 0.1 and −1.3 V/(Ag/AgCl) and a scan rate of 50 mV/s,
15 cycles (until saturation) in PBS buffer. The first cycle presented
a reduction wave, for the diazonium, proving successful electro-
deposition of 4-phenyl acetic acid layer at the PPy-NW electrode
surface (Fig. 4A). Also a slightly reduction peak was observed at
−0.5 V/(Ag/AgCl) attributed to the reduction of hypo phosphorous
acid H3PO2 from the buffer solution. The second reduction wave,
observed at −0.9 V/(Ag/AgCl) was higher and more defined. This
second wave corresponded to the reduction of the cation aryl dia-
zonium at the polymer surface, by the reduction of nitrogen and
the phenyl acetic acid radical deposition on the PPy surface. The
reduction of the cation aryl diazonium salt is typically observed by
other authors at −0.75 V/(Ag/AgCl) on graphite microarrays [68],
at −1.1 V/(Ag/AgCl) in the case of gold [69] and graphite electrodes
[69], and in reduced PTFE at −1.4/(Ag/AgCl) [71]. The diazonium
species reduction is an irreversible cathodic process. Afterwards,
the electrode surface during cycling was saturated due to the iso-
lating organic film deposition on the PPy-NW surface. This provided
the formation of phenyl acetic acid layers. Contrary to our experi-
ence, diazonium salt reduction into carbon electrodes is observed
from the first cycle and there are not saturation phenomena dur-
ing cycling. During the reduction process, the organic film growth
into the PPy surface resulted in an increment of surface area of the
electrode and, therefore, it became rougher and less conductive
[72,73].

The previously reported electro reduction of diazonium salts on
PPy film [4] showed in the first voltammetric cycle, a reduction
peak at +0.16 V due to reduction of the diazonium salt. Peaks corre-
sponding to reduction and oxidation of the polymer were observed
at −0.25 V at −0.15 V, respectively. In the next cycle, only the reduc-
tion and oxidation peaks of the polymer can be observed. The redox
potentials of the PPy films stabilized at about−0.4 V for reduction
and at about 0.3 V for oxidation. These differences are related to
the PPy-NW electrochemical properties, which differs from the PPy
film prepared electrochemically, since our printing technology is
based in a chemical polymerization. On the other hand, compared
with the carbon electrode [3–6], the saturation was obtained from
the first cycle. Furthermore, a shift on the reduction potential from
the aryl diazonium compound was located in more positive values.
In our case, we  did not observe any positive sweep potential. This
confirmed that the diazonium did not oxidize and the surface graft-
ing process was  irreversible. The coverage rate of the phenyl acetic
acid deposited film was calculated at � = 76.54%.

3.4.4. Electrochemical characterization of the PPy modified
electrodes (PPyPAC)

The electrochemical performance of PPyPAC electrodes was
studied firstly by CV. The voltammograms from the original PPy
and modified PPyPAC electrodes were compared as shown in
Fig. 4B. The cyclic voltammograms were recorded over a range
of potential between −0.85 and 0.1 V/(Ag/AgCl) and a scanning
rate of 50 mV/s in PBS buffer solution (pH 7.4, surface electrode

area, Ø = 50.3 mm ). The voltammogram from the PPy electrode
(Fig. 4Ba)  showed (cathodic potentials) a weak PPy oxidation wave
observed at 0 V/(Ag/AgCl), and (anodic potentials) displayed two
weak peaks at − 0.2 V and −0.5 V/(Ag/AgCl), respectively. These
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Fig. 3. SEM images of silane linker deposition (a, d, c) on PETE substrates. Later on, PPy growth (d, e, h), and after electro reduction of diazonium salts on the PPy surface
(c,  f, i). In (a) Py-silane deposition on PETE (5 �m scale bar). (b) PPy obtained using Py-silane (scale 5 �m).  (c) PPy modified by electro reduction of diazonium salts (scale
20  �m).  (d) APTES grafted on PETE. (e) PPy on APTES layer. (f) The electro modified PPy film with diazonium salts. The (g) TESUD silane deposition on PETE (scale 5 �m).  (h)
PPy  prepared on TESUD. (i) The PPyPAC modified surface.

Fig. 4. (A) Successive voltammograms from the aryldiazonium (0.19 mM)  electro reduction on PPy* electrode over a potential range between 0.1 and −1.3 V/(Ag/AgCl) at
50  mV/s (*conductive PPy-NW printed on PETE). (B) Cyclic voltammograms from (a) PPy electrode and in (b) after modification with PPyPAC. Experiments were recorded
between −0.85 and 0.1 V/(Ag/AgCl) at 50 mV/s (PBS, pH 7.4, Ø = 50.3 mm2).
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Fig. 5. Nyquist plot 1, shows the (a) PPy electrode and the(b) PPyPAC electrode. Nyquist plot 2, present in (c) the PPyPAC modified with antibody IL6. Afterwards, detection
of  the corresponding IL6 antigen: (d) 1 pg/mL (e) 6 pg/mL, (f) 18 pg/mL (g) 30 pg/mL and (h) 50 pg/mL. In 3, comparison of the EIS determination of antigen IL-6 using (a)
PPyNW  and (b) bulk PPy. In 4, response of the immunosensor selective to IL-6 for (a) IL-6, (b) IL-8, (c)IL-10 and (d) IL-1. The immuno sensor presented a LOD  of 0.36 pg/mL.
The  analysis was  performed in PBS solution (pH 7.4) at r.t., over a range of frequency between 100 KHz and 100 MHz  at a drop potential of (E = −0.138 V/(Ag/AgCl).
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ig. 6. The immuno sensor is fabricated by modifying the PPy-NW via electro redu
DC/NHS chemistry.

orresponded to the reduction of the PPy film and the hypo phos-
horous acid H3PO2 from the electrolyte solution. The last signal
as also observed during the electro reduction of the aryl diazo-
ium salt into the PPy electrode. The voltammogram in (Fig. 4Bb)

rom the modified electrode PPyPAC, showed a complete disap-

earance of oxidation and reduction waves from PPy film. This
videnced the electro deposition of the isolating phenyl acetic acid
ayer. This method on PPy film surface offers the advantages of pre-
of a 4-phenylacetic diazonium salt (PPyPAC layer). IL6-mAb are immobilized using

serving the electrical conductivity and mechanical strength of the
film.

3.4.5. Electrode characterization and antigen interleukin 6
detection by EIS
EIS measurements were performed and the Nyquist plots from
the PPyPAC modified electrode was compared against the original
PPy electrode (Fig. 5Aa). EIS was  carried out in PBS (pH 7.4) at a
drop potential of (E = −0.138 V/(Ag/AgCl) and at a frequency range
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Table  1
Immunosensors comparison of their analytical parameters

Cytokine Concentration range (pg/mL) LOD (pg/mL) Transducing technique Ref

IL-6 1 × 10−5−0.1 1 × 10−5 EIS [78]
IL-6 0.005–0.05 0.005 Amperometry [79]
IL-6 1–50 0.013 EIS This work
IL-6  0.02–20 0.02 EIS [80]
IL-4 50–70000 0.02 Chemiluminescent [81]
IL-8 0.1–1000 0.03 EIS [82]
IL-1, IL-6 0.015–11 0.01−0.04 Amperometry [83]
IL-6 0.1–1 × 105 0.059 LSV [84]
IL-6 0.5–1 × 104 0.1 DPSV [85]
IL-10 0.1–20 0.1 EIS [86]
IL-6 1–40 0.3 Amperometry [87]
IL-1 0.5–100 0.38 Amperometry [88]
IL-6 1.0–1 × 104 0.38 Amperometry [89]
IL-6 1.75–500 0.39 Amperometry [90]
IL-6 0–400 0.41 Amperometry [91]
IL-6 2–20,000 1.0 SWV  [92]
IL-6 4.0–800 1.0 Amperometry [93]
IL-6 1.0–100 1.37 FET [94]
IL-6 5–5 × 104 2 SWV  [95]
IL-12 0–1 × 104 4 EIS [96]
IL-6 4.7–300 4.7 FET [97]
IL-6 20–400 20 Amperometry [98]
IL-8 62.5–2000 72.4 Amperometric [99]
IL-8 0.9–9 × 105 90 EIS [100]
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IL-6 1 × 10 –1 × 10
IL-10 1.0–10 

IL-1, IL-6, IL-10 1.0–15 

etween 100 KHz and 100 mHz. The resulting PPyPAC electrode
fter reduction of the diazotization process showed more capaci-
ive behaviour than the PPy polymer alone. The isolating deposited
n PPy surface was evidenced by the increase of the charge trans-
er resistance (Rct). (Fig. 5Ab). After PPy film was  modified with
iazonium salts into PPyPAC, the antibody immobilization was per-
ormed via carbodiimide chemistry.

The carboxyl groups of 4-phenylacetic acid film (PPyPAC modi-
ed electrodes) was activated by EDC/NHS (0.4 M/0.1 M in ethanol,
0 min  at r.t.) and then conjugated to terminal amine group from
he antibodies through amide bond formation. Subsequently, PPy-
AC electrodes were functionalized with anti-IL-6 mAb’s (50 �g/mL
n PBS for 1 h). After incubation, 0.1% ethanolamine in PBS was
dded to deactivate the unreactive sites (30 min). The comparison
etween PPyPAC electrode before and after antibody immobi-

ization (PPy-Ab) is shown in (Fig. 5Bc). The recognition of the
espective antigen human IL6 was determined using EIS. For that
urpose, a standard calibration curve was prepared measuring IL6
olutions with a concentration rage of 1 pg/mL to 50 pg/mL (incuba-
ion 30 min  at r.t. in PBS), (Fig. 5Bd–h). The curve obtained after the
mmobilization of anti-IL6 mAb  became less capacitive with respect
o the PPyPAC curve due to the charge transfer properties confer-
ing to the surface (Fig. 5B). We  found that during IL6 detection, the
yquist plot presented in the high frequencies similar angle phase
f 45◦ (Fig. 5B).

The immobilization process is schematically presented in
ig. 6. Determination occurred only at the low frequencies. This
s accompanied by the increase of the polarization resistance
ue to the capacitive layer phenomenon owing to the detec-
ion on the PPy-Ab electrode surface. After incubation with
ifferent increasing concentrations, the plot clearly shows that
ct increases with the increased concentration of IL-6 antigen.
his indicates that the PPy-IL6-mAb electrode was  successfully
perational as a immunosensor. From the Nyquist plot anti-
en IL6 detection (1–50 pg/mL) a calibration curve (Fig. 5C) was

btained ploting the normalized Rct measured (�R = [RctDetection-
ctAntibody]/RctAntibody) against the IL-6 concentration [74]. The

mmunosensor presented a sensitivity of 0.013 (pg/mL)−1 (linear
0 Amperometry [101]
EIS [102]
EIS [103]

fitting at R2 = 0.99) and a limit of detection (LOD) of 0.36 pg/mL. The
reproducibility of the Immunosensor was calculated with a relative
standard deviation percentage (RSD%) at 7.6%.

In addition, the PPy bulk film presented a sensitivity 0.004
(pg/mL)−1 and LOD of 3.3, (R2 = 0.98). These results revealed that
PPyNW are 3.2 times higher sensitive when compared to the PPy
bulk, proving that the high sensitivity of the PPyNWs.

The immunosensors is highly selective to IL-6, as shown in Fig.
When the immunosensors was  exposed to a different IL interferent
(IL-1, IL-8 and IL-10) the response was  three orders of magnitude
lower and nonlinear response was  obtained.

3.4.6. Performance PPyNW base immnunosensor
Previous reported electrochemical cytokine interleukin

immunosensors have shown the possibility of determination
at sub nano scale concentration. Nevertheless, the sensor prepara-
tion methods still tedious, time consuming, costly materials and
techniques for surface modification are needed [75,76].

Besides, those immunosensors that include nanostructures
present a lack of control for the structuration and positioning of
nano objects. Furthermore, the modulation of the electrical prop-
erties still challenging.

Herein, we  overcome those problems with the present pioneer-
ing technique. Our technology involves the nano contact printing
technique which integrate the low cost electrode fabrication in
nonconductive materials and the efficient electro-immobilization
of antibodies. The technology presented on this work is highly sen-
sitive and easy to device. Successfully determination of cytokines
can be performed at pg/mL concentrations and can reach LOD of
sub ng/mL.

Furtheremore, several studies have documented high IL-6 levels
in body fluids of patients with certain carcinomas. Typically, normal

concentration of IL-6 in healthy individuals is less than 6 pg/mL,
while mean serum IL-6 in patients is higher than 20 pg/mL [77].
The LOD and linear range of the present immunosensors permit to
differentiate a healthy patient (Table 1).
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. Conclusions

We  effectively fabricated PPyNWs using our pioneering printing
echnology on flexible thermoplastics (PEEK and PETE). PPy-NWs
ere characterized using AFM, SEM, XPS, CV, and EIS. Anti-
uman IL-6 monoclonal antibodies (mAb’s, IL6) were chemically

mmobilized on a PPyNWs film using diazonium chemistry and
ross linkers (carbodiimide). The successfully devised impedimet-
ic immunosensors presented a sensitivity of 0.013 (pg/mL)−1 and
OD of 0.36 pg/mL. The current technology can be applied for devel-
pment of diagnostic tools and for biomarker determination.
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