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Abstract: Tumor necrosis factor-a (TNF-a) is a key pro-inflammatory cytokine that is characterized by elevated
circulating levels for chronic heart failure (CHF) and left ventricular assisted device (LVAD) implantation
patients, respectively. Therefore, a rapid and ease-of-use diagnostic tool is required to monitor LVAD patients at
a high risk of mortality during early expression of an inflammatory storm. In this paper, we report on the
quantitative electrochemical detection of human TNF-a with its corresponding antibody (Ab) immobilized onto
the functionalized biosensor surface. The label-free biosensor was fabricated on a gold surface that was
deposited on a flexible polyimide (PI) substrate. The interfacial properties of the functionalized flexible gold
electrodes were evaluated by cyclic voltammetry (CV) in the presence of Fe(CN)¢*"* as the redox-active
species. Afterwards, the electrochemical impedance spectroscopy (EIS) technique was used to determine the
TNF-a concentrations. EIS results confirmed that the developed flexible biosensor can accurately detect TNF-a
with a good sensitivity in the dynamic range of 0.1 pg/mL to 0.5 ng/mL. Overall, the developed flexible
biosensor was easy to fabricate and the results demonstrate a good selectivity in the presence of other cytokines
such as interleukin: (IL-10) and (IL-1). Copyright © 2014 |FSA Publishing, S L.
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1. Introduction

Cytokines are small protein molecules that are
secreted in the course of immunologic and
inflammatory  responses. They function as
intercellular signals and are produced by a variety of

different cell types such as macrophages and T-(cells)
to regulate both local and systemic inflammatory
responses [1]. In the family of cytokines,
dysregulation of tumor necrosis factor-o (TNF-a)
secretions are implicated in a variety of diseases such
as cancer [2].
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The measurement of cytokine concentrations
based on bio-recognition interactions, have been
considered a major bio-analytical tool in the field of
clinical diagnostics [3-5]. Various commonly
available methods have been developed for the
determination of cytokine concentrations, such as
radioimmunoassay [6] and conventional enzyme-
linked immunosorbent assay (ELISA) [7].
Unfortunately, these techniques require highly
qualified personnel, complicated wash procedures,
are expensive and time-consuming [8]. The limit of
detection (LOD) of these standard immunoassays is
typically in the range of 1-10 pg/mL for cytokines.
For instance, H. Antonissen et al. [9] have reported a
LOD = 9 pg/mL for TNF-a using multiplexed bead
detection. In the same principle, Toedter et al [10]
have also reported the lowest detectable level with
LOD = 24 pg/mL for TNF-o using
electrochemiluminescent technique.

In the last few years, TNF-a has been credited as
a specific biomarker that is secreted as a response
after left ventricular assist device (LVAD)
transplantation for patients suffering from Heart
Failure (HF) [11]. Consequently, measurements and
analysis of cytokine TNF-a at small concentrations
are very useful for clinicians and doctors. For this
purpose, many assays which are more sensitive and
specific for direct detection of TNF-o are clearly
required. The label-free techniques are well suited for
such application in which the expected variations of
impedimetric properties occur when the target is
perturbed at the sensing interface. As a sensitive and
non-destructive technique, label-free electrochemical
sensing methods based on electrochemical impedance
spectroscopy  (EIS)  has  recently received
considerable attention for the characterization of the
electrical properties in biological and chemical
interfaces [12-19].

Silicon-based technologies are considered one of
the most advanced fabrication processes to produce
biosensors. However, flexible substrates based on
polymers are a competitive alternative to inorganic
materials such as silicon. In this study, flexible
substrates were applied to, firstly, optimize all
conditions for surface functionalization, antibody
immobilization, and electrochemical characterization.
Once optimized, the second stage of development
will consist of a lab-on-a-chip for multiple cytokine
detection to formulate a biomedical
microelectromechanical systems (BioMEMS) device.
Compared to a rigid substrate such as silicon, the
flexible polymeric substrate has good optical
properties, lower cost, and provides better flexibility
regarding surface manipulation (chemically and
mechanically). Recently, we and others have shown
the development of rapid and inexpensive flexible
biosensors using a polymer as a substrate material
[20-23].

The aim of the present study is the examination of
EIS properties of the TNF-o/anti-TNF-a interaction
on gold deposited on polyimide (PI) flexible
substrates. Cyclic voltammetry (CV) and EIS were
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used to fully characterize each step of the bio-surface
constructs and the binding of TNF-a to its specific
antibody  (Ab) already immobilized onto
functionalized gold electrodes. Based on an
equivalent circuit representation of the developed
biosensor, the relationship between charge transfer
resistance (Rct) and the concentration of TNF-a is
proposed. The fabrication and testing of the flexible
biosensor are described next in a step by step process.

2. Experimental

2.1. Materials and Chemicals

Anti-human TNF-a /TNFSF1A monoclonal antibody
(mAb), Recombinant Human TNF-a, Recombinant
Human IL-10 and Recombinant Human IL-1o/IL-
1F1 were all purchased from R&D Systems, France.
Ethanol 96 %, N-hydroxysuccinimide (NHS),
N-Ethyl-N'-(3-dimethylaminopropyl), carbodiimide

(EDC), 16-mercaptohexadecanoic acid (MHDA),
phosphate  buffered saline (PBS), sodium
ferrocyanide  decahydrate >99 9%, potassium

ferricyanide (III), and ethanolamine (ETA) were
purchased from Sigma-Aldrich, France. Polyimide
Kapton (NH) 125 um was purchased from Dupont,
France.

2.2. Electrodes Fabrication

Gold was deposited onto PI substrates using
physical vapor deposition (PVD). A titanium (Ti)
layer was applied as an intermediate film to enhance
the adhesion of gold onto the PI. Both metals were
deposited within a clean room environment. First, the
PI substrate was cleaned by rinsing with acetone,
IPA, and deionized water successively, followed by
drying with a stream of nitrogen (N). The PI
substrate was then affixed within the introduction
chamber of the PVD machine (Plassys MP 450) at
5.5x1072 Torr. The PI sample was then moved in the
deposition chamber and a vacuum of 16 mTorr was
established. Argon plasma etching was processed
with 0.15 W/cm? DC power for 2 min. This step for
PI surface activation enhances metal PI adhesion. A
thin Ti layer (20 + 0.29 nm) was sputtered onto the PI
substrate for 2 min (RF-Sputtering mode) at the same
pressure. This was immediately followed by the gold
layer deposition (200 £ 0.58 nm) using DC mode for
40 s. The thickness of gold (200 £+ 0.58 nm) was
measured using a mechanical profilometer (Veeco
Dektak-8).

2.3. Immobilization of Antibodies

Electrodes were pre-cleaned with acetone,
ethanol, and copious amounts of deionized water.
Afterwards, the electrodes were incubated overnight
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within a teflon cell in 800uL of pure ethanol
containing 10 mM of MHDA at 4 °C. Consequently,
self assembled monolayers (SAMs) of MHDA were
formed onto the gold surface with carboxylic acid
terminal groups projected away from the surface.

After SAMs formation, the electrode was rinsed
with ethanol to remove any unbounded MHDA and
dried under a N> flow.

The carboxylic acid groups of the SAMs were
activated with a mixture of EDC (0.4 M) and NHS
(0.1 M) in ethanol for lhr at room temperature
(24°C), as already described in [24, 25]. This
activation enabled the bonding of the monoclonal
antibody (mAb) through the acid-amine linkage. The
functionalized electrodes were then rinsed with
ethanol, dried with a stream of N, and immediately
incubated in a solution of mAb-anti-TNF-a
(10 mg/mL) in PBS buffer for 1hr at 4°C. Here, the
mAb-TNF-a  was  immobilized onto  the
functionalized electrodes through the activated
carboxylic acid and the amine groups provided from
mAb’s. Afterwards, residual activated carboxylic
acid groups were blocked with 1 mM of
ethanolamine diluted in PBS for 20 min at 24°C. This
prevented non-specific binding. Finally, the biosensor
was rinsed with PBS and used for EIS measurements.
Fig. 1 depicts the bio-functionalization of the
biosensor as detailed in the experimental.
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2.4. Electrochemical Measurements

The electrochemical characteristics of the
modified electrodes were measured using CV and
faradaic impedance. Electrochemical measurements
were performed in a conventional electrochemical
cell containing a three electrode system using a
VMP3 (Bio-logic-Science Instrumentation, France).
The Pl-based biosensor was diced into small pieces
of 1.5 cm x 1 c¢m, sandwiched between the two parts
of the Teflon cell, and tightened (Fig. 2). The chosen
distance of 1.5 cm allows the connection of a gold
electrode to the potentiostat (VMP3) from the outside
part of the Teflon cell. Also, the distance of 1 cm was
chosen to prevent leakage of the electrolyte solution
between the gold and rubber ring. The biosensor
surface that was exposed to the electrolyte was
~7 mm?2. A platinum (Pt) wire with a diameter of
~ 0.5 mm and a silver/silver chloride (Ag/AgCl)
electrode were used as the counter and reference
electrode, respectively. Both electrodes were

purchased from Bio-Logic-Science Instrumentation,
France.

CV measurements were performed in a mixture (1:1)
of 5 mM K;[Fe(CN)s]/K4[Fe(CN)s] as the redox
probe in PBS (pH 7.4). The potential was swept
between -0.4 V and 0.5 V (versus Ag/AgCl) at a rate
of 100 mV/s.

Cytokines
detection

Fig. 1. Schematic representation of the mAb-TNF-o immobilization on a gold electrode modified with MHDA starting by:
The formation of MHDA SAMs on a gold substrate; the activation of carboxylic acid functional groups with a solution of
EDC/NHS; coupling the mAb-TNF-a to the activated SAMs through amino-acid bonding; blocking the residual activated
groups with ethanolamine; and detection of the corresponding cytokine.
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Fig. 2. Scheme (from left to right) showing all Teflon cell elements, which will be connected to the VMP3
for electrochemical measurement (CV and EIS).
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2.5. Contact Angle Measurement (CAM)

CAM (Digidrop, GBX Scientific Instrument,
France) was applied to characterize the gold
substrates that were treated by MHDA and mAb-
TNF-a. The measurements were analyzed with a
droplet of SuL of deionized water, for the untreated
gold substrate and after each stage of the gold
substrate treatment.

Impedance measurements were carried out in the
same solution at ambient temperature in a frequency
range from 100 mHz — 100 kHz, at a polarization
potential of -0.1 V/ Ag/AgCl with a frequency
modulation of 10 mV. The potential was fixed at
-0.1 V. The modeling of the obtained EIS data were
made by the EC-Lab software using the Randomize +
Simplex method, with randomize stopped on
100,000 iterations and the fit stopped on
5,000 iterations. All electrochemical measurements
were performed inside a Faraday cage.

3. Results and Discussions
3.1. Contact Angle Measurement

Water angle measurements were made to
characterize the functionalized gold microelectrode
on a PI substrate. The contact angle was 79.6 + 1° for
the bare gold microelectrode (Fig. 3a), which
corresponds to literature angles of 80 + 1° [26],
whilst, the MHDA treated gold electrode was
35.9 £ 1° (Fig. 3b).

a)

D
A .

Fig. 3. Surface wettability for: a) bare gold, b) MHDA
treated gold microelectrode, and ¢) immobilization of
mAb-TNF-a onto the gold microelectrode.

3.2. Electrochemical Characterization
of MHDA SAMs

CV is often used to study the compactness and the
blocking effect of a SAMs modified electrode
through a redox behavior of a reversible Fe(CN)s>
/Fe(CN)¢* pair [27,28]. Fig. 4a shows both oxidation
and reduction peaks for the bare gold at ~ 0.263 V
and 0.177 V, respectively. However, the redox peaks
totally disappeared after the formation of SAMs onto
the gold surface electrode (Fig. 4b and inset). This
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was attributed to the SAMs acting as an insulating
layer that blocked the electron transfer at the
electrode interface [29].

This alteration was due to the cathodic and anodic
waves of the redox probe for the bare gold
microelectrode when compared to the SAMs covered
gold microelectrode curve, respectively.

This hydrophilic character proves the presence of
carboxylic acid as the terminal group. This signifies
that the MHDA was successfully chemisorbed on the
gold microelectrode. After immobilization of the
mAb-TNF-a on the SAMs of MHDA, the CAM
measurement increased from 35.9 + 1° to 47.6 + 1°
indicating that the mAb’s were well bonded to the
activated carboxylic acid due to its decreased
hydrophilic nature (Fig. 3c).
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Fig. 4. CV for bare gold and mixed SAM electrodes in
5 mM K3[Fe(CN)6])/ K4[Fe(CN)6] in PBS (pH 7.4).
Electrodes were scanned at a rate of 100 mV/s with (a) bare
gold electrode and (b) mixed SAMs of MHDA covered
electrode. This confirms the functionalization of the gold
microelectrodes. (Inset shows the magnification of the
curve (b)).

3.3. EIS Measurements

To evaluate the interaction of mAb-TNF-o/TNF-a
based on the MHDA modified electrode, in terms of
the sensitivity and selectivity, the biosensor was
exposed to various human TNF-o antigen (Ag)
concentrations. This was made in the presence of a
reversible [Fe(CN)s]*’* redox-active probe in PBS
(pH 7.4). The interaction of the mAb-TNF-o/TNF-a
or Ab-Ag was followed by EIS measurements for
each TNF-a cytokine concentration. The output data
were presented in the corresponding complex-plane
impedance plots also known as a Nyquist plot
(Fig. 5). For each concentration of TNF-o, the
corresponding response in the Nyquist plot was
presented as two semicircles (one at high frequency
and other at low frequency). This indicates the
existence of at most two relaxation processes in the
studied system.

The equivalent electrical circuit, shown in
Fig. 6 (inset), was used to adequately fit the data over
the entire frequency range. Here, the circuit includes
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Fig. 5. Nyquist plot impedance (Zr vs. Zi: vs. SCE at 5 mM
of K3[Fe(CN)s])/ Ka[Fe(CN)s] in PBS (pH 7.4) at various
human TNF-a concentrations detected by the
corresponding mAb: () 0 pg/mL; () 0.1 pg/mL;
(A) 05 pg/mL; (V) 1 pg/mL; (<€) 0.1 ng/mL;
and (») 0.5 ng/mL.

six elements: the ohmic resistance of electrolyte
solution, Rg; the constant phase element, Qcpgi,
reflecting the non-homogeneity of negative and
positive charges at the gold electrode interface; the
charge transfer resistance Rci which reflects the
direct charge transfer to and from the gold surface
(this corresponds to the first small semicircle of the
Nyquist plot), the second R describes the electron
transfer through the immobilized substances,
including SAMs, mAb’s, and Ag’s (this correspond
to the second semicircle of the Nyquist plot) and,
finally, the second Qcpe2 which reflects the non-
homogeniety of the charges at the biolayer interface
in the presence of the large protein molecules.

In Fig. 5, the EIS results show increasingly large
Reo as the Ag concentration was increased.
Therefore, the biolayer based of anti-TNF-a was
nonconductive, the immobilization of anti-TNF-a
formed a steric hindrance which blocked the electron
transfer of [Fe(CN)¢]>**. As the TNF-o protein
interacted with anti-TNF-a, a further increase in Rep
was observed (increase in shift between the
semicircles of the Nyquist plot).

Table 1 shows the simulated parameters from the
impedance data obtained for each TNF-a
concentration. The Rc was found to be the most
sensitive to the changes in concentration and it was,
thus, selected as the relevant parameter to monitor the
sensitivity and selectivity of the developed biosensor.
Fig. 6 shows a good linear relationship between
AR/R and the TNF-0 protein concentrations
((Re-Ag - Rep-Ab)/Rep-Ab) = 15.237+1.107 log
CTNF-a) which was found to be in the dynamic
range of 0.1 pg/mL to 0.5 ng/mL. In this study, the
LOD was determined at 0.1 pg/mL.

This shows the high sensitivity of the developed
biosensor when compared to other sensors using
conventional techniques such as ELISA [30-31].

45 d T d T d T T T T
an .
40k

35+

05 1 . 1 N 1 N 1 L 1 N 1 s 1
-13.0 -12.5 120 115 -11.0 -10.5 =100

log (('."l‘_'\'!"-{x)

Fig. 6. The normalized transfer resistance of transfer
charge vs. the log of human TNF-a concentrations. The
parameter AR/R was given as (Re2-Ag - Rez-Ab)/Ree2-Ab,
where Rci2-Ab represents the charge transfer resistance
when Anti-TNF-a is immobilized on the SAM/Au
electrode, and Rei-Ag corresponds to the charge transfer
resistance at different TNF-o. Ag concentrations.

The sensitivity and specificity of the developed
biosensor was also studied in the presence of other
biomarkers (interleukin-1 (IL-1) and interleukin-10
(IL-10)). Here, the same experimental process of
anti-TNF-o immobilization was applied and followed
by EIS measurements in the presence of IL-1 and IL-
10 successively. Fig. 6 illustrates the high selectivity
and sensitivity of the biosensor toward TNF-a. The
response of the biosensor was ~ 9 times higher in the
presence of only 0.1 pg/mL of TNF-a when
compared to 1 ng/mL of IL-1 or IL-10. By increasing
the concentration of the human TNF- a, the biosensor
always showed a good selectivity and sensitivity of
the Ag when compared to the other inactive
cytokines. The weak signal detected for IL-1 or IL-10
for each concentration was due to the non-specific
binding of these biomarkers and, therefore, the level
of interference of these inactive Ag’s was minimal
and non-attributable to the detection of human
TNF-o.

Table 1. All resistance values after fitting of each
Nyquist plot semicircle. Errors were given
by the same EC-Lab software.

[CTNF-a]
pg/mL Rs (Ohm) | Ret1 (Ohm) Rer2 (Ohm)
0 532+03 | 2,863+5 81,774 + 47
0.1 548+03 | 2,029+4 | 97,355+ 806
0.5 587403 | 1,656+3 | 129,471+ 106
1 652+03 | 1,570+3 | 134,277 + 107
100 548403 | 1,465+2 | 149,230+ 112
500 589403 | 1476+2 | 190,357+ 126
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Finally, the application of this current work has
demonstrated the potential for applying this biosensor
in a clinical environment. The dynamic range
between 0.1 pg/mL to 0.5 ng/mL is sensitive to
minute concentrations of TNF-o, while also large
enough to accommodate a cytokine storm. For
instance, in a study by Caruso et al [11], after LVAD
implantation the TNF-a plasma levels increased for
survivors and non-survivors between a range of
~ 1.5 — 150 pg/mL during one month of analysis,
where patients are at the most critical condition for
multiple organ failure syndrome (MOFS). These
results were analyzed by the gold standard of ELISA.
Here, by a label free method, the possibility of real-
time results will undoubtedly improve the therapeutic
intervention the patient can acquire before the off-set
of MOFS.

4. Conclusions

A label-free, highly sensitive, low cost and fast
EIS flexible biosensor for detection of TNF-o was
developed. The mAb-TNF-a was immobilized onto a
functionalized gold layer that was deposited onto a
flexible PI substrate. The developed biosensor can
detect human TNF-o with a good sensitivity in the
range of 0.1 pg/mL to 0.5 ng/mL. The level of
interference attributable to non-specific binding was
minimal as a good selectivity was observed in the
presence of other inactive cytokines (IL-10 and IL-1).
This flexible biosensor is a promising bio-analytical
tool for accurate quantification of TNF-a when
applied here with commercial cytokines. Future work
will concentrate on the analysis of plasma samples
for cytokine detection that will eventually be applied
to measure plasma samples of patients after cardiac
surgery with LVAD implantation.
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