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ABSTRACT

Proteins are essential parts of organisms and participate in every process within cells. Protein biosensors
are becoming more essential for the through and systematic investigation of complex biological processes.
Several methods have been used for development of protein biosensors e.g., surface plasmon resonance, quartz
crystal microbalance, chemiluminescence, electrophoresis, fluorescence techniques and electrochemical
methods. There has been growing interest for electrochemical metods in protein research (like protein-protein
interactions, or some diseases related to proteins investigations). Herein, this paper will specifically focus on
new trends in electrochemical protein sensors.
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OZET

Proteinler organizmalarin yapitaslarindan birisi olup, hiicre icerisindeki tim mekanizmalarda gérev alir. Kar-
masik biyolojik sistemlerin arastirilmasinda protein biyosensdrleri 6nem tasimaktadir. Yizey plazmon re-
zonansl, kuvartz kristal mikroterazisi, kemiliminesans, elektroforez, floresans teknikleri ve elektrokimyasal
yontemler protein biyosensdrlerinde kullanilan tekniklerden bazilaridir. Son yillarda protein arastirmalarinda
(protein-protein etkilesimleri ve protein kaynakli hastaliklarin incelenmesi gibi calismalar) elektrokimyasal tek-
nikler blyulk ilgi gérmektedir. Bu derlemede, 6zellikle elektrokimyasal protein sensdrlerindeki yeni yaklasimla-
ra deginilmistir.
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Abbreviations:
EIS : Electrochemical Impedance Spectroscopy,

SPR : Surface Plasmon Resonance,

DPV : Differential Pulse Voltammetry,
FT-IR : Fourier Transform Infrared Spectra,
SEM : Scanning Electron Microscopy,

Ccv : Cyclic Voltammetry,

2D IR : Two-dimensional Infrared Spectroscopy,
AFM : Atomic Force Microscope,

SWv : Square Wave Voltammetry,

LYS :Lysozyme,

THR :Human Thrombin,

AuNPs  :Gold Nanoparticles,

MWCNTSs : Multiwalled Carbon Nanotubes,
SWCNT :Single-Wall Carbon Nanotubes,

DNA : Deoxyribonucleic Acid,

RNA : Ribonucleic Acid.

QCM : Quartz Cyrstal Microbalance,

SAM : Self-Assembled Monolayer,

ECL : Chemiluminescence,

NFIS : Non-Faradaic Impedance Spectroscopy

INTRODUCTION

he sequence of amino acids in a protein is

defined by the sequence of a gene, which
is encoded in the genetic code. In general, the
genetic code specifies 20 standard amino acids.
They are at the very core of biological function
and essential parts of organisms and participate
in every process within cells. Proteins are
neccesary in every metabolic reaction. Catabolic
and anabolic reactions necessary for the viability
of the organism were catalyzed by enzymes
and enzymes are in protein structure [1-3]. For
example, protein kinase A, an important enzyme in
regulation of glycogen, sugar, and lipid metabolism
in the human body [4]. Becuse of all its important
function, detection of protein is important and
it gives researchers many information about
organism. Protein detection plays an important
role in detection and treatment of specialy
diseases. There is a high demand for convenient
methodologies for detecting and measuring
the levels of specific proteins in biological and
environmental samples because their detection,
identification and quantification can be very
complex, expensive and time consuming.

Enzyme-linked immunosorbent assay (ELISA)
is a fluorescent optical detection method widely
used in protein detection is the "gold standard”
for clinical diagnostics with high sensitivity [5-
8]. By the advantages of recent developments,

biosensors have become promising platforms for
detecting proteins.

Biosensors are devices that combine
with a biological recognition component and
a physicochemical detector component as
transducer. The transduction unit can be
electrochemical, optical, piezoelectric, magnetic,
or colorimetric. The recognition layer can be
constructed using enzymes, antibodies, cells,
tissues, nucleic acids, peptide nucleic acids, and
aptamers. For monitoring of proteins by sensor
technology, different techniques were used such
as surface plasmon resonance (SPR) [9], quartz
crystal microbalance (QCM) [8], electrophoresis
[10,11], fluorescence [12], IR spectroscopy [13],
amperometric [6,14], chemiluminescence (ECL),
electrochemical impedance spectroscopy (EIS)
[15] and voltammetric techniques [16].

Electrochemical biosensors are molecular
sensingdevicesthat coupleabiological recognition
element to an electrode transducer. Due to their
excellent sensitivity, ease of miniaturization and
low-cost, electrochemical biosensors are well
suited for point-of-care applications [17-19].

The aim of this paper is to overview the new
trends in electrochemical protein sensors that
could be classified into three groups: (i) traditional,
(i) nanomaterial based and, (iii)) aptamer
based electrochemical protein sensors. Some
representative studies were also summarized in
Table 1.

Traditional Electrochemical Sensors in
Protein Detection:

Electrochemical biosensors are well suited
for urinary diagnostics due to their excellent
sensitivity, low-cost, and ability to detect a wide
variety of target molecules including nucleic acids
and protein biomarkers [17]. The protein detection
by traditional electrochemical sensors in
combination with Differential Pulse Voltammetry
(DPV), Cyclic Voltammetry (CV), Electrochemical
Impedance Spectroscopy (EIS) technigues has
been given in this part.

Le et al. described an electrochemical label-free
immonusensor by using biotinylated single-chain



Table 1. Some representative studies for new trends in electrochemical protein sensors.
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variable fragment (Sc-Fv) antibody immobilized on
copolypyrrole films [9]. A composit copolymer was
formed from a mixture of pyrrole (py) as spacer
and a pyrrole bearing a N-hydroxyphthalimidyl
ester group on its 3-position (pyNHP) to
immobilize antibody. Different techniques were
used for characterization of the sensor and
detection process, such as; SPR to monitor in
real time the electropolymerization process, FT-
IR spectroscopy to demonstrate the chemical
copolymer composition and the efficiency of the
covalent attachment of biomolecules, SEM to
analyze the film morphology and DPV for direct
detection of specific antigen.

Bovine serum albumin (BSA) has been used in
fundamental researches for the development of
better therapeutics to convert globular proteins,
which is non-cytotoxic into fibrillar form that
causes cell death [30]. Ignat and his coworkers
reported a nanostructured gold substrates to
adsorp BSA on the 11-mercaptoundecanoic acid
(MUA) layer for further biomedical applications.
The binding of protein to a single monolayer of
MUA can be easily detected by CV and Raman
spectroscopy analysis [16].

Biogenic nanoporous silica was used for
developing a biosensor platform electrochemical
detection of cardiovascular biomarkers by Lin et
al [5]. This label-free electrochemical biosensor
based on specific antibody-substrate interaction
could be applied to pure and commercial human
serum samples with high sensitivity and selectivity
for detection of C-reactive protein (CRP) and
myeloperoxidase (MPO).

A bi-protein/layered double hydroxide (LDH)
ultrathin film was tested for catechol detection
[20].LDHwas developed by deposition hemoglobin
(HB) and horseradish peroxidase (HRP) molecules
layer-by-layer. Structural and morphological
characterization of this new surface was done
by UV-vis spectra and XRD. Electrocatalytic
behavior of the modified electrode and detection
of catechol was investigated by CV. This catechol
biosensor showed a wide linear response range
(6-170 uM, r = 0.999), low detection limit (5 uM),
high sensitivity and good reproducibility [20].

Langmuir-Blodgett (LB) technique was used
to immobilize the uricase on chitosan/Prussian
blue (CS/PB) prefunctionalized indium-tin oxide
(ITO) electrode as an uric acid biosensor. The
effects of ionic strengths, acidity of subphase,
and uricase amount on the film were studied by
chronoamperometric techniuges The linear range
of uric acid was found from 5 x 10 mol/L to 1.15 x
10 mol/L with a detection limit of 1.8 x 107 mol/L
[21].

In the study of Qi et al. [22], a simple and
sensitive biosensor was developed for the
determination of human immunoglobulin G (IgG).
Electrochemical impedance spectroscopy was
used to detect Protein A. The surface morphology
of the self-assembled layer before and after
interaction with 1gG was studied by AFM. Protein
A can bind specifically to the Fc portion of IgG,
and this could cause a change in the resistance
of the interfacial electron transfer when using
a ferrocyanide redox couple as a probe. The
increase of the resistance of the electron transfer
was found linearly related to the concentration of
IgG in the range from 10 ng/mL to 1.0 ug/mL, with
a detection limit of 5 ng/mL [22].

In the study of Wang and co-workers [13], the
mechanism of the effects of thermal unfolding
of proteins on their catalytic activities and
conformational structures were studied. Two-
dimensional infrared correlation spectroscopy
(2D IR) and CV techniquies were used to elucidate
the conformational structures.

Electrochemical immunosensor was fabrica-
ted for the direct detection of the urinary tract
infection (UTI) biomarker lactoferrin from infected
clinical samples by Pan et al. [17]. EIS was used
to characterize the mixed SAM (Self Assambled
Monolayer), consisted of 11-mercaptoundecanoic
acid and 6-mercapto-1-hexanol. A sandwich
amperometric immunoassay was developed
for detection of lactoferrin from urine with a
detection limit of 145 pg/mL [171.

Nanomaterial based Electrochemical
Sensors

Electrical detection of protein biomarkers is a
relatively new approach that can monitor a specific



electrical parameter during the protein detection
event. The adventage of nanotechnology in the
field of clinical diagnostics has resulted in the
incorporation of nanoscale materials in designing
diagnostics assays, especially for electrical
detection. The major classes of nanomaterials that
have been used for protein biomarker detection
are: nanotubes, nanowires, nanoparticles and
other nanotemplates. These materials have
been frequently utilized for their improved
surface area towards developing detectors with
enhanced sensitivity and reduced use of reagents
[5,20,31,32].

Carbon nanotubes (CNTs) have attracted
much attention as a conducting material, suitable
for use in biosensor fabrication [18,24,33-39].

Huang et al. [23] published a novel
experimental method based on a Prussian blue
(PB) and gold nanoparticles (AuNPs) modified
carbon ionic liquid electrode (CILE) for the
sensitive detection of human immunoglobulin G
as a model protein. The CILE was fabricated by
using the ionic liquid 1-octyl-3-methylimidazolium
hexafluorophosphate as binder. Controllable
electrodeposition of PB on the surface of the CILE
and coating with 3-aminopropyl triethylene silane
(APS) formed a film with high electronic catalytic
activity and large surface area for the assembly
of AuNPs in order to further immobilization
of IgG antibody. The electrochemistry of the
formed nanocomposite biofilm was investigated
by electrochemical techniques including CV, DPV,
and EIS. The detection limit was found of 0.001
ng/mL (S/N=3) [23].

Multiwalled carbon nanotubes and
ciprofloxacin (CF, fluoroquinolone antibiotic) were
used for modifying the glassy carbon and indium
tin oxide-coated glass electrode for Cytochrome
C (Cyt-C) as a model protein. The Cyt-C adsorbed
MWCNTSs/CF film was characterized by SEM, UV-
visible spectrophotometry (UV-vis) and CV. Cyt-C/
MWCNTSs/CF film modified electrode can be used
as a biosensing material for sensor applications
[24]. Another Cyt-C biosensor was investigated
by Wang et al [26]. A pair of well-defined redox
waves of Cyt-C were obtained at a GCE modified
with single-wall carbon nanotubes (SWCNTSs).
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Smaller sample volumes and higher toxicity
in very low sample consentration can promote
the researchers to find high sensitive, selective
and rapid detection. Due to their dimensions,

nanostructured  materials  display  unique
properties not traditionally observed in bulk
materials. Characteristics such as increased

surface area along with enhanced electrical,
optical properties make them suitable for
numerous applications such as nanoelectronics,
photovoltaics and chemical, biological sensing.
Their small size is also responsible for superior
electronic and optical properties which, due to
guantum confinement effects, are very sensitive
to minor perturbations. Thus, nanomaterials can
be used to facilitate label-free detection, and to
develop biosensors with enhanced sensitivities
and improved response times [40].

Aptasensors based Electrochemical Sensors
Analogous to protein-based antibodies, aptamers
are nucleic acid-based molecules that can be
selected to bind essentially to any molecule of
choice [41,42]. Chemical synthesis, selection
through the SELEX (systematic evolution of
ligands by exponential enrichment) process,
easy modification, high stability, target
versatility, easy-to-stock, and resistant to
denaturation and degradation makes aptamer
more advantageous beside to antibodies. These
properties make aptamers ideal candidates as
protein recognition elements in a wide range of
bioassays and for the development of disease
diagnostics [25,43]. A variety of techniques has
been used in aptamer-based protein recognition
and detection such as colorimetric [44],
fluorescence [45], microgravimetric [46], QCM
[47,48], electrochemical [49-53]. Among these,
electrochemical techniques received a great
attention conspicuousness with its sensitivity,
selectivity, low-cost and high efficiency.

Nucleic acid aptamers a devoloping class
of synthetic ligands can play an important role
in deveolopment of biosensor technology. In
principle, nucleic acid aptamers can be discovered
to recognize any molecule of interest with
high affinity and specificity. In addition, unlike
most ligands in nature, synthetic nucleic acid
aptamers are usually tolerant of harsh chemical,
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physical, and biological conditions. These eminent
characteristics make aptamers attractive
molecular recognition ligands for biosensing
applications. Several label-free electrochemical
biosensors were developed based on changes in
conductivity, or electrochemical signal because
of highly specific aptamer-target interactions
[1,11,47,54].

An electrochemical deoxyribonucleic acid
(DNA) aptamer biosensor was investigeted by
Erdem et al. [28]. Two cognate protein lysozyme
(LYS) and human thrombin (THR) was selected as
a target protein. The interaction of DNA aptamer
with its target was existed on magnetic particle
surface, and electrochemical detection was then
performed by using disposable graphite electrode
(PGE) in combination with DPV. The detection
limits were estimated of 10.77 mg/mL LYS (769
nM) and 2.00 mg/mL THR (54.5 nM).

Various in situ injectable hydrogels have been
developed for protein delivery sistems in treating
human diseases and most of this hydrogels are
highly permeable. According to Soontornworajit
et al., nucleic acid aptamers aptamers can
be used to functionalize an in situ injectable
hydrogel model to control the release of proteins
[27]. The aptamers were studied using secondary
structural predictions and binding analyses, and
the affinities of the aptamers were measured
with SPR. The results showed that the structural
predictions were different from the experimental
measurements in numerous cases and aptamer-
functionalized hydrogel could prolong protein
release [27].

Li et al. investigated an electrochemical
lysozyme (LYS) aptasensor developed by using
gold nanoparticles. The gold nanoparticles were
applied to increase the immobilization of DNA
probes due to the surface effect of nanomaterials,
thus it could offer a significant amplification
for the detection of lysozyme. The square wave
voltammetry (SWV) peak current changed with
increasing concentration of lysozyme with a lower
detection limit of 0.1 pM LYS [25].

Rodriquez et al. [55] developed the EIS-based
label-free biosensor for monitoring aptamer

interactions. A biotinylated aptamer for lysozyme
was linked to streptavidin-functionalised electrode.
In another study Kawde et al., a highly specific and
sensitive aptasensor was developed for detecting
protein interactions using aptamer-coated
magnetic beads by using chronopotentiometric
stripping [56].

An aptamer-based impidimetric sensor was
developed for the detection of IgE by Xu et al.
[57]. Human IgE was used as a model target pro-
tein and incubated with the aptamer array con-
sisting of single-stranded DNA with a hairpin loop.
AFM analysis demonstrated that human IgE could
be specifically captured by the aptamer and stand
well above the SAM surface. The results of this
method presented a good correlation for human
IgE in the range of 2.5 - 100 nM. A detection limit
of 0.1nM (5 fmol in a 50 uL sample) was obtained,
and an average of the relative standard deviation
was found less than 10%.

Liu et al. investigated an electrochemical
aptasensor for the detection of thrombin based on
thrombin-binding aptamer (TBA) as a molecular
recognition element by using MWCNTs modifed
GCE (Glassy Carbon Electrode ) and DPV. The
decreased peak current was in proportion to the
concentration of thrombin in a range from 1.0 x
10™ to 5.0 x 10" M with a detection limit of 5 x
10" M [58].

A novel electrochemical assay based on
the aptamer and the signal of amplification of
nanoparticles for the determination of thrombin
was fabricated by Ding et al. Aptamers immobilized
on the electrode and AuNPs could be assembled
with the target protein to form a sandwich
structure in the presence of the latter. DPV was
employed to detect the CdS nanoparticles loaded
on the surface of the AuNPs through the linker
DNA, which was related to the concentration of
the target protein. Thrombin was detected in this
assay in the linear range of 1.0 x 10 to 1.0 x 10"
M with the detection limit of 5.5 x 10-® M of target
protein [59].



CONCLUSION

Identification, characterization and detection
of proteins is significant for human health,
environmental monitoring, treat diseases and
food analysis. Although several metods have
been used for protein detection, in this review we
focused on electrochemical sensors for protein
detection, especially to the most sensitive, more
rapid and low-cost ones.

We overviewed herein the new ftrends in
electrochemical protein sensors classified into
three groups: (i) traditional, (ii) nanomaterial based
and, (iii) aptamer based electrochemical protein
sensors. It shows us how sensor technology can be
progressed in recent years from traditional way to
aptamer technology. According to this progress,
the interaction of analyte with sensing element
becomes more complicated, but it can yield more
selective detection for protein monitoring.

Aptmers can offer us a different benefit from
the nanomaterials. By the way of SELEX technique
we can desing novel and synthetic, but spesific
like antibody, unlimited macromolecules. Most of
recent studies in literature discuss the events on
the surface of the electrode, immobilization the
material, characterization of electrode surface
related to aptamer based biosensor development.
But there have been rarely studies on direct
measurement of protein, mostly based on
similar ones. In near future, we believe that the
challenging electrochemical aptasensor protocols
will be developed for highly spesific and more
sensitive detection of proteins.
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