Scientific Cooperations International Workshops on Electrical and Computer Engineering Subfields
22-23 August 2014, Koc University, ISTANBUL/TURKEY

Fully Label-Free Impedimetric Immunosensor Chip
Based on Interdigitated Microelectrodes for a
Thyroid Hormones Detection Portable System
Abdullah Tashtoush
Biomedical systems and Informatics Engineering Department
Yarmouk University
Irbid, Jordan
abdullah.t@yu.edu.jo
Abstract— Recently, many researchers have reported
integrated analysis systems called lab-on-a-chip or micro total
analysis systems that are small, light, and capable of
integrating all sample-handling steps in the microfluidic
channels (MFC). Immunoassay scheme can be sorted based
on the simplicity and rapidity in performing clinical
measurements. This paper will introduce a novel technique
based on CMOS electrochemical impedance spectroscopy
incorporating with interdigitated microelectrodes arrays
(IDMA) embedded on microfluidic channel (MFC) as a new
generation of multibiosensors named as multi-labs-on- a
single chip system (MLoC) that is capable to detect low level
concentration and be high qualify thyroid hormones markers
as a response of frequency variations.

Fig. 1. MLoC system (a) layout (b) the chip.
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I.

In biochemistry and analytical chemistry high
performance liquid chromatography (HPLC) is used for
separate, identify, and quantify compounds based on their
idiosyncratic polarities and interactions with the column's
stationary phased due to HPLC used to purify individual
chemical compounds from mixture of compounds such as
drugs and endogenous compounds; such as Thyroxine T3,
T4 which are foremost thyroid hormones. In case of
hormones as type of drugs and endogenous compounds;
they have the capability to jump to or released from
proteins in plasma such as human serum albumin (HSA)
where it is the most plentiful protein found in human
plasma. An extensive assortment of drugs and
endogenous compounds including T4 and T3 are readily
bound to human serum albumin [6]. Such situation is
playing an important role in their circulations in the
human body. The variations and activities causing by
releasing the hormones is a clinical concern can be
monitored premeditated using HPLC incorporated with
electrochemical impedance measurements accordingly.
Contrast to traditional techniques such as mass
spectroscopy involves problems [7]-[10], such as
adsorption and leakage of the bound form through the
membrane leading to change the concentration of the
target sample thus yielding unpredicted results. For that
reason; an electrochemical impedemetric technique due to
its high sensitivity and selectivity it is introduced to detect

INTRODUCTION

Thyroid-stimulating hormone (TSH) control the
thyroid grand hormones, the hypothalamus produces
thyrotropin-releasing hormone (TRH) that controls
anterior pituitary, which forms TSH. TSH spurs the
thyroid to excrete the hormones thyroxine (T4) and
triiodothyronine (T3). The EIS detection is much
preferred to other methods including amperometric,
voltammetric, and/or potentiometric methods. In recent
studies, Park et al. [1]-[5] demonstrated that EIS
measurements can provide significantly more sensitive
responses than cyclic voltammograms (CVs), beside;
electrochemical detection is advantageous because it is
inexpensive and easy to miniaturize while maintaining
relatively high sensitivity.
The interdigitated microelectrodes will remarkably
show reduction in the response current because of the
technology that the system made of, which is CMOSP35
that provides by CMC. Fig. 1 shows the MLoC layout and
design, respectively.
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accordingly. Detail characteristics of electrochemical
biosensors were unfolded in details by Mehrvar et al. [6].

the hormones pharmacological and biological activities
thus the variations measured by the impedance as a result
of unbound concentration changing and so significant to
prognosis the effect of the illness at early stages [11]-[12].
Thyroid hormones organize a sort of biological
processes, including growth and development. The
variation level occurs in T3, T4 and rT3 profiles are
analytically problem-solving of harshness of nonthyroidal diseases consequently prognosis these levels is
so important for human life [13]-[17]. The thyroxine T4
can be transformed into two forms either active from T3
or inactive forms rT3 [18]. The unbound concentrations
of thyroid hormones are measurable function via
impedance measurements. In view of the fact that T3 the
active form of the thyronine the low level of serum T3
almost certainly being required for continued existence in
many general diseases [19].

Fig. 2. Microfluidic channel (MFC).

The Nyquist Plot as shown in Fig. 3 is demonstrated is
characteristic of a single "time constant"; one resistor and
capacitor in parallel. The Electrochemical analytical
process can be more significant if the impedance
measurements run with a range of frequencies “
”. In such condition they are mostly
controlled by the interfacial properties of the modified
electrodes. The applied frequency is main controller over
the impedance measurements. For low frequencies less
than 10-3 Hz this results the impedance value to be
calculated by the DC-conductivity of the electrolyte
solution. While for frequencies greater than 105 Hz more
parameters get significant and affect the impedance
spectrum as well [23]. Theoretically, the microfluidic cell
with three-electrode system can be treated as mentioned
before; using electrical equivalent circuit that mainly
constructs from the electrolyte solution resistance (Rsol),
Faradaic impedance (Zf), and double layer capacitance
(Cdl). If there is no electrochemical reaction on the
electrode surface the Faradaic path Zf is inactive, and
only non-Faradaic impedance is operative. In such case
the equivalent circuit can be simplified as a serial
combination of the electrolyte solution resistance and the
double layer capacitance, which will results the total
impedance (ZT) of the system as shown in Fig. 3.

The mechanism of the thyroid grand relies on the level
of thyroid hormones (T3 and T4). The pituitary release of
TSH is inversely affected by the concentration of these
hormones in the blood that ends up to create a regulatory
negative feedback loop, which means TSH is increased
for low T3, T4.
II.

ELECTROCHEMICAL METHODOLOGY AND
BEHAVIOR

Basically; the electrochemical technique can be
performed through measuring the generated electrical
signals either the current, voltage, charge of the labeled
species or the resulting complex. Otherwise; this
technique has the potential to be performed by measuring
the impedance, capacitance or admittance [20].
Practically; electrochemical immunosensors merge
immunoglobulin; antibody, antigen interaction with
electrochemical impedemetric measurements through
utilizing a sort of developed techniques such as
impedance, capacitive, amperometric, potentiometric, and
conductometric. The electrodes where the interaction is
taking place play an essential role in the performance of
electrochemical biosensors. Therefore, biosensors
performance; i.e. sensitivity, will be effect on the light of
electrodes material, geometry, size, and its modification.
Therefore, the smallest sensing surface area the more
surface-to-volume ratio of biomolecular samples the
higher capture efficiency the higher electrical properties
response to the applied potentials. For that reasons the
sensitivity of the transducer definitely increased [21].
Electrochemical detection approach regularly has need of
a reference electrode (RE); i.e. Ag/AgCl, is reserved at a
distance from the sensing surface so that specific potential
stays stable throughout the experiment. Secondly; a
counter electrode (CE); i.e. Pt, and a working electrode
(WE); i.e. Au; noble materials selecting specific material
rely on the analyte nature, where the later is the sensing or
redox electrode [22], as shown in Fig. 2. Despite the fact
that the counter electrode ascertains a link to the analyte;
a current can be applied for the working electrode (WE);

Fig. 3. The Nyquist Plot characteristics.
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Fig. 5. MCF embedded with IDMA (a) Polymeric lab on a chip on top of
CMOS chips (b) with embedded interdigitated microelectrodes array.

All microchannels are 2.54 cm wide, 5.8 mm length
and 1 mm depth. The basic structural concept of the
microfluidic channel interconnection is shown in Fig. 2.
The reaction and sensing chamber along with three inlets
and outlet so that allows the three different solutions;
analyte, washing and micelles which be full of the
required analyte for an immunoassay to be one after the
other inserted into the chamber with the MFC and the
sensing surface. To increase detection and analysis
sensitivity of the transducer the MFC was designed to
reduce interactions between biochemical reagents [25].

Fig. 4. Randles equivalent electrical circuit model.

So far; the total impedance measurement somehow
still in standard form; for real and more accurate system
the situation is more complex and actual plot of
impedance in the complex plane will unite the two
limiting features; mass-transfer and kinetic control
regions. Nyquist plot is so essential for electrochemical
system impedance where the two limiting features regions
are defined at low and high frequencies, mass-transfer and
kinetic control regions; respectively. Among the entire
parameters of the total impedance, the key that control the
process is the charge-transfer resistance, Rct incorporating
with Warburg impedance as function of “ ”. The
semicircular region does not look perfect due the entire
behavior of the system where the mass transfer is a
significant factor. The charge-transfer resistance is
dominant as long as the chemical system is kinetically
sluggish. On the other hand; the charge-transfer
resistance, Rct might be slightly small by comparison to
the solution resistance and the Warburg impedance over
nearlythewholeavailablerangeof“ ”.Thenthesystem
is so kinetically shallow that mass transfer always plays a
role, Fig. 4 illustrates the behavior of the electrochemical
system [16].
III.

Microfluidic channel was fabricated using soft
photolithography technique in a cleanroom protocols. The
microfabrication process of the microfluidic channel can
be describing simply by preparing mold and master where
the mold can be preparing using in different ways such
etching silicon using TMAH [26], etching glass, or soft
photolithography technique and master can be preparing
by coating polymer such as PDMS on the mold. The soft
photolithography technique will be infolded here for
simplicity and reasonably priced technique. The protocol
as follows: firstly; preparing the mask on a thick glass
board; depends on the available photoresist either positive
or negative. Secondly; lay the slice on the spinner and
pour few drops of SU-8 (SU-8, Microchem, MA) then
spinning it for 1 min at 5000 rpm. Afterward place the
slice in the oven for 15min for hardening the structure.
Thirdly; place the slice on the aligner; Top and Bottom
Side lithography EVG620, to pattern the required shape
of MFC, afterward developed the photoresist and dry it
with dry air or nitrogen gas. Fourthly; a
polydimethylsiloxane (PDMS) is well preparing using
cast-coating and cure protocols then pouring it over the
mold and leaving it over night in the oven at 95 oC.
Fifthly; the structure of MFC is almost ready for drilling
the holes for the inlets and outlet. Sixthly; bring the final
PDMS after cutting in proper way fitting the desired MCF
shape to substrate where sensing surface; IDMA present
then performing wafer bonding using O2 Asher protocol
to seal the microfluidic channel. Finally; the substrate
should make possible for electrical interconnections such
as connections for RE, CE, WEC, and WEG.

MICROFLUIDIC CHANNEL (MFC)
MICROFABRICATION

In electrochemical impedance immunoassay the
microfluidic channel and the sensing surface play a key
role in biosensors characteristics. Each of them has been
fabricated separately afterward integrated together as
shown in Fig. 5. The IDMA as an electrochemical sensor
was surface-mounted using PVA TePla Microwave
Asher; oxygen bonding technique on a microfluidic
channel that makes of microfluidic channels with three
inlets; analyte, washing and micelles, and outlet
fabricated using PDMS bonding on substrate either
polymer or glass using PVA bonding technique. Fig. 5
illustrates the basic microfluidic channel (MFC) with three
inlets, analyte, washing and micelles, and outlet. Fig. 6
shows the microfluidic channel (MFC) embedded with
interdigitated microelectrode arrays (IDMA) as a sensing
surface referring to working electrode in the basic
electrochemical cell structure was introduced [24].
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same time as holding WEC at potential to drive the
oxidation [29].
Biosensors based amperometric sensors incorporating
with interdigitated microelectrodes arrays (IDMA) are
powerful technique for detecting biomolecules. The
performance and high sensitivity of the biosensor rely on
minimum gap between the fingers, which eventually lies
on the fabrication process. In the other hand, the biosensor
is limited by the capability of the biomolecules to be
reversible redox cycling and the threshold space that
require to perform the detection for the what wanted and
undesirable reactions that cannot be avoided.

Fig. 6. The Fully Label-free impedimetric immunosensor chip.

Mostly, the electrochemical cell consist of three
electrodes; counter, reference, and working electrodes, to
be fabricated using soft photolithography technology. This
cell called; also, Microfluidic cell (MFC) and it was
developed to have four electrodes instead of three to
handle DNA detecting along with bacteria sensing. The
core of MFC is interdigitated microelectrodes (IDMA)
using Au as a good material for immobilization, and the
collector (WCE) and generator (WEG) electrodes; as well,
where the reference is made of Ag/AgCl and Pt for counter
electrode.

The patient usually suffers from either excess
(hyperthyroidism) or deficiency (hypothyroidism) of
thyroid hormone; T4/T3, therefore, testing sample of the
patient blood to determine the level of thyrotropic
hormone (TSH), which its standard reference range
between 0.4 and 5.0 µIU/mL for adults. The curative target
range TSH level for patients on treatment ranges between
0.3to3.0μIU/L.
IV.

CONCLUSION

The new configuration will help to detect the level of
TSH and in the light of the result, a proper dose will
recommend by the physician to the patient to bring him to
the normal activity with no suffering from any symptom of
this disease. The performance of the biosensor is achieved
by adding the two working electrodes. MEMS technology
allows fabricating tiny features to perform a reversible
process of redox cycling. The IDMA are essential to be
embedded in the MFC for detecting the biomolecular
sample.

In biomedical applications, dissolved oxygen
measurement (DOM) is a key issue. In conventional
electrochemical cell that consists of Au working electrode,
Pt counter electrode and Ag/AgCl reference electrode;
oxygen is reduced at the working electrode and released at
the counter electrode. In such case where large distance
between the working electrode and the counter electrode is
strongly presented the response of the sensor is inadequate,
thus, redox cycling does not achieve the target in
biomedical
applications.
Credit
for
MEMS
microfabrication techniques this issue is resolvable, where
micro/nanotechnology is employing to fabricate tiny
devices with very narrow gaps, which is a proper geometry
for redox cycle to occur.
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