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Abstract

Hepatitis C is a liver disease that is transmitted through
contact with the blood of an infected person. An es-
timated 150 million individuals worldwide have been
chronically infected with the hepatitis C virus (HCV).
Hepatitis C shows significant genetic variation in the
global population, due to the high rate of viral RNA mu-
tation. There are six variants of the virus (HCV geno-
types 1, 2, 3, 4, 5, and 6), with 15 recorded subtypes
that vary in prevalence across different regions of the
world. A variety of devices are used to diagnose hepa-
titis C, including HCV antibody test, HCV viral load test,
HCV genotype test and liver biopsy. Rapid, inexpensive,
sensitive, and robust analytical devices are therefore
essential for effective diagnosis and monitoring of dis-
ease treatment. This review provides an overview of
current electrochemical immunosensor and genosensor
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technologies employed in HCV detection. There are a
limited number of publications showing electrochemical
biosensors being used for the detection of HCV. Due to
their simplicity, specificity, and reliability, electrochemi-
cal biosensor devices have potential clinical applications
in several viral infections.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: The global market for hepatitis C virus (HCV)
treatment will reach $20 billion annually by the end of
the decade. Therefore, a considerable interest in de-
veloping simple and reliable methods for detecting and
quantifying HCV is required. Conventional HCV diagnos-
tic tests include virus isolation, immunofluorescence mi-
croscopy, enzyme immunoassays and polymerase chain
reaction techniques are becoming obsolete for routine
clinical practices. In this issue, the current knowledge
on the alternative diagnostic devices for HCV detection
is updated, addressing all the topics with a practical
point of view to make this “Topic Highlight” interesting
and useful to most clinicians.

Uliana CV, Riccardi CS, Yamanaka H. Diagnostic tests for
hepatitis C: Recent trends in electrochemical immunosensor
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INTRODUCTION

Hepatitis C virus (HCV) infection is a global health prob-
lem". HCV is a small (36-65 nm in size) and positive-
sense single-stranded RNA virus®. It can be transmitted
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through contact with the blood of an infected person,
organ transplantations, blood transfusions, renal dialysis,
and intravenous drug abuse”. An estimated 2%-3% of
the wotld’s population, corresponding to approximately
130-170 million persons, has been infected with HCVH,
Although recent advances in the treatment of HCV
genotype 1 infection using directly acting antiviral agents
are encouraging, there is still a need to develop vaccine
strategies capable of preventing infection”.

HCYV infection has low cure rates and causes serious
adverse effects in some patients, with chronic infections
including cirrhosis and hepatocellular carcinoma”. Accu-
rate and sensitive diagnosis in the eatly stages of HCV in-
fection is importantm; past HCV infection has no signifi-
cant influence on the risk of hepatocellular carcinoma'.

Research into new cost-effective and validated tech-
niques is ongoing, and aims to inform the best practices
for detecting HCV infection and for distinguishing be-
tween a resolved HCV infection and a false positive for
HCV antibody in patients with levels of HCV RNA that
are not detectable. The understanding of HCV diagnos-
tic strategies is important in order to be able to provide
comprehensive guidance on testing, reporting, and clini-
cal management, and will improve case definitions for
disease notification and surveillance.

HCV DIAGNOSTIC TESTS

Serological and virological tests have become essential in

the management of HCV infection in order to diagnose
infection, plan treatment, and assess the virological re-
sponse to antiviral therapy. Virological tools include anti-
HCV antibody detection, serological determination of
the HCV genotype, and molecular assays that detect and
quantify HCV RNA and determine the HCV genotype.
Anti-HCV antibody testing and HCV RNA testing atre
used to diagnose acute and chronic hepatitis C. Only pa-
tients with detectable HCV RNA should be considered
for pegylated interferon-alpha and ribavirin therapy, and
the HCV genotype should be systematically characterized
before treatment, as it determines the type and duration
of treatment, the dose of ribavirin, and the virological
monitoring procedure. HCV RNA monitoring during
therapy is used to tailor the duration of treatment in
HCV genotype 1 infection, and molecular assays are used
to establish the end of treatment and, most importantly,
the sustained virological response (in other words, the
therapy endpoint)”’,

Anti-HCV detection
The most commonly used assay for anti-HCV is the
enzyme-linked immunosorbent assay (ELISA, Figure 1).
The advantages of this technique include automation,
highly reproducible results, and low cost. Three genera-
tions of ELISA for anti-HCV have been developed over
the past decade.

The first generation of HCV ELISAs, reported in
1989, was produced using recombinant proteins comple-
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mentary to the NS4 region of the HCV genome, and was
used for HCV antibody screening of blood donations"”
These tests had limited sensitivity and specificity. In the
procedure, single recombinant antigens from the NS4
region of the HCV genome are immobilized in the wells
of a microtiter plate. The presence of anti-HCV antibod-
ies is revealed by anti-antibodies labeled with an enzyme
that catalyzes the transformation of the substrate into a
colored compound that can be measured by spectropho-
tometrym.

Gray and Wreghitt (1989 reported an adaptation
of a first generation ELISA for detecting anti-HCV to
differentiate nonspecific (low avidity) antibody binding
from specific (high avidity) binding by antibodies gener-
ated during long-term infection.

Second generation tests have included recombinant/
synthetic antigens from the core and nonstructural NS3
and NS4 regions of the HCV genome. This immunoas-
say improved the sensitivity and specificity of the test.
Furthermore, it has proved to be quite effective as a
screening test in individuals who are high-risk for chronic
hepatitis C. Approximately 92%-95% of chronic hepatitis
C cases can be detected by second generation ELISA. Fi-
nally, the anti-HCV can be detected approximately 10 wk
after the initial infection, compared to an average of 16
wk using the first generation ELISA"™

Clinical studies have shown a significant number of
HCV-infected individuals who developed antibodies to
the NS5 non-structural protein of the virus. Therefore,
the third generation tests include antigens from the NS5
region of the viral genome, in addition to NS3, NS4,
and the core!"'". The third generation tests provide
improved sensitivity and have shortened the antibody
detection period to around 5 wk!", The specificity of the
anti-HCV assay (3" generation) was found to be 99.5%
for blood donor samples and 99.4% for routine clinical
specimensw.

Ward ez al™ (1994) reported a modified anti-HCV
ELISA to show that anti-HCV avidity in dialysis patients
increases with time after primary infection. Furthermore,
it was observed that patients given immunosuppressive
therapy did not show a progressive increase in anti-HCV
antibody avidity, as was observed for non-immunosup-
pressed controls, suggesting that immunosuppression
slows the maturation of IgG avidity“z’m. Kanno and
Kazuyama™ (2002) reported that anti-HCV avidity was
lower in sera taken from patients with resolved infection
than in sera from chronically infected patients, and that
the avidity index declined in the latter after treatment
with intetferon.

Detection of anti-HCV antibodies is unable to dis-
tinguish between a current or past infection, because
people will retain anti-HCV antibodies for life once they
have been exposed to HCV™!. In addition, the testing for
anti-HCV antibodies might provide false negative results,
because it takes 45-68 d to develop anti-HCV antibodies
following HCV infection™. On the other hand, detec-
tion of HCV RNA can distinguish between a current or
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Figure 1 Scheme of serologic assays for hepatitis C virus diagnosis. HCV: Hepatitis C virus; ELISA: Enzyme-linked immunosorbent assay.

past infection. However, detection of HCV RNA could
provide false positive results due to contamination. It is
also too expensive and labor-intensive for routine use.
It has been reported that the HCV core antigen can be
detected in the serum of most patients during the acute
infection™.

HCV core antigen levels correlate well with HCV
RNA levels, and may consequently be used as an indi-
rect marker of HCV replication, in a low-cost alternative
technique for diagnosis of acute HCV infection™”. The
HCYV core antigen has been reported to appear eatlier than
the anti-HCV antibody, and may be detected within 1 or 2
d following the appearance of HCV RNA in serum™ .,

Effective treatment is available for HVC infection,
but since the disease is asymptomatic, most people with
HCV do not know they are infected. Since 1998, the
Center for Disease Control and Prevention (CDC) has
recommended HCV testing for persons with risk fac-
tors for HCV infection™. The recommended testing se-
quence for detection of current HCV infection is shown
in Figure 1. Firstly, the presence of anti-HCV antibodies
in a blood sample is evaluated. A non-reactive test result
indicates the absence of HCV infection. If the individual
is suspected to have been exposed to HCV, a HCV RNA
test is recommended.

An HCV antibody reaction is assumed to be indica-
tive of an infection, and subsequent supplementary anti-
HCV or HCV RNA tests are required. A repeated reac-
tive result is consistent with a current HCV infection,
a resolved HCV infection, or a false positive result for
HCV antibodies. The test for HCV RNA is evaluated in
order to confirm current infection. If the data are indica-
tive of an HCV reaction and HCV RNA is detected,
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the individual has a current HCV infection. All patients
should have a baseline HCV RNA level measured prior
to starting treatment. If the data are indicative of an
HCV teaction and HCV RNA is not detected, then there
is no current HCV infection. If distinction between true
and false positivity for HCV antibodies is desired, and if
the sample is repeatedly reactive in the initial test, supple-
mentary HCV antibody assays are recommended. This is
also the case if the person tested is suspected of having
had exposure to HCV within the past 6 mo, has clinical
evidence of HCV disease, or if there is concern regard-
ing the handling or storage of the test specimen[‘w.

In 2003, CDC published guidelines for the laboratory
testing of antibodies to HCV and the reporting of re-
sults™ and issued an update in 2013 due to (1) changes
in the availability of certain commercial HCV antibody
tests; (2) evidence that many persons identified as reactive
by an HCV antibody test might not subsequently be eval-
uated to determine if they have current HCV infection”™
and (3) significant advances in the development of antivi-
ral agents with improved efficacy against HCVP,

Guidance updates in HCV testing technologies

A rapid test for HCV antibodies should firstly be used.
Anti-HCV assays to detect antibodies to HCV Encoded
Antigen, include Abbott PRISM HCV (Abbott, 2006)"
and the Ortho HCV Version 3.0 ELISA Test System
(Ortho-Clinical, 2009)"”.

In 2011, the United States Food and Drug Admin-
istration (FDA) approved the OraQuick” HCV Rapid
Antibody platform using finger prick capillary blood and
venipuncture whole blood, which enables healthcare pro-
viders to deliver an accurate diagnosis in 20 min"’". The
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Figure 2 Scheme of biosensors devices.

FDA also approved the waived test permitting use of the
assay in untraditional settings such as physicians’ offices,
hospital emergency departments, health department clin-
ics, and other independent counseling and testing sites*"!.

In a next step, all positive HCV screening serologic
tests require confirmation by HCV RNA detection.
FDA-approved HCV nucleic acid tests (HCV NAT) for
detection of HCV RNA should be used for testing indi-
vidual samples or pooled samples of blood from at-risk
patients who test reactive for HCV antibodies. Qualitative
and quantitative HCV NAT assays include the UltraQual
HCV RT-PCR Assay (2001)"*”, the COBAS AmpliScreen
HCV Test, v. 2.0 (2002)" the HCV RT PCR Assay
2007)* and the Multiplex Assay COBAS TaqScreen
MPX Test (2008)*.

Other FDA recommendations include supplemen-
tary testing for HCV antibodies. If testing is desired to
distinguish between true and false positivity for HCV
antibodies, anti-HCV monitoring may be performed with
a second HCV antibody assay, approved by the FDA for
diagnosis of HCV infection, which is different from the
assay used for the initial antibody testing. HCV antibody
assays vary according to their antigens, test platforms,
and performance characteristics, so biological false posi-
tivity is unlikely to be exhibited by more than one test
when multiple tests are applied to a single specirnen[%]

A specific and sensitive method for the quantification
of HCV core antigen using an ELISA screening method
has been reportedWAS]. However, while ELISA is less ex-
pensive than an HCV RNA test, its limitations mean that
alternative methods with lower detection limits, higher
sensitivity and selectivity, and faster responses need to be
developed™.

To this end, biosensor technology has the potential
to provide fast and accurate anti-HCV and HCV RNA
detection. According to IUPAC, a biosensor is a device
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(absorption, fluorescence, luminescence or reflection)

that uses specific biochemical reactions mediated by
isolated enzymes, immunosystems, tissues, organelles,
or whole cells to detect chemical compounds, usually by
means of electrical, thermal, or optical signalslsoj. Figure
2 shows a schematic diagram of biosensor devices. The
biological recognition element immobilized on biorecep-
tor surface interacts to analyte; the tranducer converts
the recognition event into a measurable signal; finally, the
output from the transducer is amplified, processed and
displayed. The intensity of signal can be proportional to
the analyte concentrations.

In the present review, the focus will be on the most
recent developments in the technology of electrochemi-
cal immunosensors and DNA biosensors or genosensors
for use in HCV studies, including information on appli-
cations and future prospects for HCV diagnostics.

IMMUNOSENSOR FORMATS FOR
DIAGNOSTIC APPLICATIONS

Immunosensors are solid-state affinity ligand-based bio-
sensing devices that couple immunochemical reactions
to appropriate transducers. Generally, an immunosensor
consists of a sensing element and a transducer. The sens-
ing element is formed by means of the immobilization
of antigens or antibodies, and the binding event is trans-
formed into a measurable signal by the transducer”'. The
merits of immunosensors are obviously related to the
selectivity and affinity of the antibody-analyte binding
reaction. These devices are responsible for the transfor-
mation of specific antibody-antigen (Ab-Ag) interactions
into measurable piezoelectricm], acoustic”, electrochemi-
cal??+ magneticm, or optical signalslss’iqj, and have
been extensively studied for clinical diagnosislGoJ.

In recent years, great progress in nanoscience and
nanotechnology has opened new opportunities for as-
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sembling electrochemical immunosensors. Various nano-
materials have been utilized for the fabrication of electro-
chemical immunosensors, including colloidal gold/silver,
semiconductors, carbon or silica nanoparticles, and mag-
netic beads". Among these nanomaterials, novel carbon
nanostructures such as carbon nanotubes (CNT), carbon
nanofibers (CNF), and carbon nanorods (CNR) are pop-
ular as the support materials for electrochemical immuno-
sensors, due to their electrical conductivity, large surface
area, good chemical stability, and excellent biocompatibil-
ity***". Carbon materials have been extensively used as
immobilized substrates for the fabrication of biosensors,
because of their attractive mechanical, electronic, and
chemical propertiesm. Several researchers have focused
on the ability of surface-confined CNTs to promote
electron-transfer reactions in biosensing devices ™™,
CNTs can also be coated with high loads of enzymes and
secondary antibodies for signal amplification in sandwich
immunoassays'". The superior physical and chemical
properties of graphitized mesoporous carbons (GMCs),
including high specific surface area, good electrical con-
ductivity, excellent chemical stability, and large pore vol-
umes, indicate their potential for application in electro-
chemical biosensors™. The immunosensor formats used
for monitoring viral infections include sandwich-type
and competitive-type assays. In a competitive format,
unlabeled analyte (usually the antigen) in the test sample
is measured by its ability to compete with the labeled an-
tigen in the immunoassay. Typically, the detectable signal
decreases with the increase of analyte concentration, due
to the effect of the background signalm. Furthermore,
depending on the immunoassay format used, these tests
can be either direct (where the immunochemical reaction
is directly determined by measuring the physical changes
induced by the formation of the complex) or indirect
(wherte a sensitively detectable label is combined with the
antibody or antigen of interest) " The distinction has an
entirely different meaning to the use of the terms direct
and indirect in the immunoassay field, where both are
tracer-related. They are distinguished according to wheth-
er the antibody binding is directly detected (for example,
after an enzyme-labeled antibody is bound to an immo-
bilized coating conjugate, or an enzyme tracer is bound
to an immobilized antibody), or whether the detection
only takes place after a secondary binding reaction (such
as when an enzyme-labeled secondary antibody is used
to label a first antibody bound to an immobilized coating
conjugate)m’m.

In contrast, non-competitive immunoassay formats
(usually the sandwich-type formats) provide the highest
levels of sensitivity and specificity, due to the use of a
pair of matched antibodies” .

For the indirect assay modes, this significantly facili-
tates the problem of signal generation. The tracer labels
either the occupied binding sites of the antibodies or the
free sites. As for the sandwich-type immunosensors, the
primary antibodies are usually immobilized on a solid-
state support, and the sandwiched immunocomplex is
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formed between the immobilized primary antibodies
and signal antibodies (usually enzyme-labeled antibod-
ies or nanoparticle-labeled antibodies). The detectable
signal mainly derives from the labeled signal tags. In spite
of many advances in this field, there is still a paucity of
novel approaches for improving the simplicity, selectiv-
ity, and sensitivity of clinical immunoassays, in order to
respond to the demands and needs of modern medical
diagnostics and biomedical research applications. In this
regard, the protein-mediated assembly of nanoparticles
is a potential tool for the fabrication of new sandwich-
type immunosensors. This approach combines tunable
nanoparticle features (size, surface functionality, and core
properties) with the unique physical and chemical proper-
ties of proteins and peptides.

The measurement of the labeled analyte (usually
the antibody) is directly proportional to the amount of
antigen present in the sample, so the detectable signal
increases with increasing amounts of the target ana-
lyte™. The sandwich-type assay is therefore one of the
most popular schemes used in immunosensing and im-
munoassays. Although the antigen-antibody reaction can
cause the detectable signal to change to some extent, the
change is comparatively small. High-affinity antibod-
ies and appropriate labels are usually employed for the
amplification of the detectable signalm].

Typical methods involve the use of an indicator
system (such as an enzyme label) that results in the
amplification of the measured product[go]. Since, for steric
reasons, there is usually a 1:1 ratio of enzyme and signal
antibody used in the traditional enzyme immunoassays,
the detectable signal is always limited®™. The rapidly
emerging research field of nanoparticle labels, and the
processes used to generate, manipulate, and deploy nano-
materials, provides exciting new possibilities for the ad-
vanced development of new analytical tools and instru-
mentation. One major advantage of using nanoparticle
labels lies in the ability to control and tailor their proper-
ties to meet the needs of specific applications. Compared
to the bulk materials, the nanomaterials offer unique
chemical and physical properties, such as high surface-
to-volume ratios and unique conductivities and optical
propertiesm]

Various nanoparticle labels including noble metal

, and can provide good biocompatibility.

nanoparticles, carbon nanomaterials, semiconductor
nanoparticles, metal oxide nanostructures, and hybrid
nanostructures have been developed for use in the
sandwich-type immunosensors and immunoassays” . An-
tibodies (antigens) labeled with nanoparticles can retain
their bioactivity and interact with their counterparts, and
the amount or concentration of an analyte can be deter-
mined, based on the detection of the nanoparticlesm.
The enormous signal enhancement associated with the
use of nanomaterial amplifying labels and with the for-
mation of nanoparticle-antibody-antigen assemblies
provides the basis for ultrasensitive immunosensing and
immunoassays[28’84]. When one antibody on the nanopat-
ticle reacts with the corresponding antigen, other biomol-
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Table 1 Recent developments on hepatitis C virus detection by electrochemical immunosensors

Electrode Immunosensor Antigen Labelled system Technique Performance of the Ref.
format immunosensor
3-Mercaptopropionic, - Thionine HCV Cyclic voltammetry The linearity of Hepatitis [90]
acid was assembled horseradish and Linear scan Cin the range of 3.2 to 16
on gold electrode to peroxidase (HRP) voltammetry mg/L with the correlation
form a self-assembled antibody coefficient of 0.995
monolayer
Glassy carbon electrode Sandwich-type HCV core Label-free Cyclic voltammetry, Stability: 98.5% (30 d) [91]
modified with a Electrochemical Detection limit: 0.17 ng/mL
nanocomposite (gold/ impedance RSD (different electrodes):
zirconia/ chitosan) spectroscopy 5.1%,3.9% and 4.8% for 2, 32
and 128 ng/mL HCV core
antigen
GMCs-MB Sandwich-type HCV core Horseradish peroxidase-  Cyclic voltammetry, Stability: 91.6% (10 d) [92]
nanocomposite DNA-coated CMWNTs as a Electrochemical Detection limit: 0.01 pg/mL
secondary antibody layer impedance Regeneration: 8 mol/L urea
spectroscopy solution (RSD, 3.1%)
Glassy carbon electrode Sandwich-type HCV non- Horseradish peroxidase- ~ Cyclic voltammetry, Detection range: [93]
was modified with an structural 5A labelled antibody Chronoamperometry, 1.0 ng/mL-50 pg/mL
Au-MoO3/ Chitosan protein Electrochemical
nanocomposite impedance
spectroscopy
Silk fibroin Direct assay HCV non- Label-free Cyclic voltammetry Sensitivity: 28 nA/ug [94]
nanostructured films on structural 5A Detection range:
screen-printed carbono protein 0 pg/mL-0.2 ug/mL

electrode

HCV: Hepatitis C virus; GMCs-MB: Graphitized mesoporous carbon-methylene blue; CMWNTs: Carboxyl multi-wall carbon nanotubes.

ecules labeled on the nanoparticle will be carried over,
and thus participate in the reaction. Therefore, the high
amount immobilized with the antibodies can increase the
possibility of antigen-antibody reaction, while the en-
zymes can enhance the sensitivity by amplification of the
detectable signal.

Electrochemical immunosensors for HCV monitoring
Several studies have revealed significant correlations be-
tween HCV core antigen levels and HCV RNA levels in
untreated patients with high viral loads™

There ate various methods that can be used to detect
HCV core antigen™*", The advantages of excellent
sensitivity, rapid response, and cost-effectiveness of the
nanostructured metal oxides make them the preferred
choice for the fabrication of biosensors™ ™,

Electrochemical immunosensors, based on the highly
specific molecular recognition of an antigen by its anti-
bodies, have attracted a high level of interest in clinical
diagnostics, and will be expected to provide fast and high-
ly sensitive detection of HCV core antigen™. However,
to the best of our knowledge, there are few reports con-
cerning the use of electrochemical immunosensors for
detection of HCV core antigen. It is valuable to explore
the possibility of using electrochemical immunosen-
sors to detect HCV core antigens in clinical applications.
Table 1 indicates recent developments in HCV detection
using electrochemical immunosensors.

Li ez al™ (2005) reported an electrochemical immu-
nosensor for clinical application, with detection of HCV
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in human serum. Cyclic voltammetry and linear scanning
voltammetry were used to investigate the chemical char-
acteristics of the immunosensor. Linear scanning voltam-
metry provided linearity for hepatitis C in the range
3.2-16 mg/L, and a correlation coefficient of 0.995. This
method was in good agreement with the enzyme-linked
immunosorbent assay.

Ma e ol (2012) reported a label-free electrochemi-
cal immunosensor for detecting the core antigen of the
HCV. A glassy carbon electrode was modified with a
nanocomposite made from gold nanoparticles, zirconia
nanoparticles, and chitosan. A sandwich-type immuno-
sensor was developed that displayed high sensitivity to
the HCV core antigen in the concentration range 2-512
ng/mL, with a detection limit of 0.17 ng/mL (at S/N
= 3). Under optimized conditions, this immunosensor
exhibited a wide linear range, good stability, and high sen-
sitivity for the detection of HCV core antigen. The assay
was convenient and cost-effective, and had promising po-
tential for the early clinical diagnosis of HCV infection.
This immunosensor provides an alternative approach
towards the diagnosis of HCV.

In 2013, an ultrasensitive and selective electrochemi-
cal immunosensor was developed for the detection of
HCV core antigen. The immunosensor consists of an
electrode modified with graphitized mesoporous carbon-
methylene blue (GMC-MB) nanocomposite, with horse-
radish peroxidase-DNA-coated carboxyl multi-wall car-
bon nanotubes (CMWNT5) as a secondary antibody layer.
After modification of the electrode with the GMC-MB
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nanocomposite, Au nanoparticles were electrodeposited
onto the electrode to immobilize the captured antibod-
ies. The bridging probe and secondary antibodies linked
to the CMWNTS, together with DNA concatemers, were
obtained by hybridization of the biotin-tagged signal and
auxiliary probes. Finally, streptavidin-horseradish peroxi-
dases (HRP) were labeled on the secondary antibody layer
by means of a biotin-streptavidin system. The MB reduc-
tion current was generated in the presence of hydrogen
peroxide, and was monitored by squate wave voltamme-
try. Under optimum conditions, the amperometric signal
increased linearly with the core antigen concentration
(in the range 0.25-300 pg/mL). The immunosensor had
a detection limit of as low as 0.01 pg/ml.,, and showed
high selectivity. The new protocol presented acceptable
stability and reproducibility, as well as favorable recovery
for HCV core antigen in human serum. The proposed
immunosensor has considerable potential for use in clini-
cal applications, and provides a promising universal multi-
sHRP-DNA-CMWN'Ts label for different analytes”.

A novel electrochemical immunosensor was prepated
for the detection of the non-structural 5A protein of
HCV. A glassy carbon electrode was modified with an
Au-MoOs/chitosan nanocomposite that exhibited good
conductivity and biocompatibility. Mesoporous silica
with a large specific surface served as a nanocarrier for
horseradish peroxidase and the polyclonal antibody as the
reporter probe. The immunosensor was characterized by
scanning electron microscopy, electrochemical imped-
ance spectroscopy, and cyclic voltammetry. Following the
sandwich-type immunoreaction, horseradish peroxidase
was efficiently captured on the surface of the electrode
to catalyze the decomposition of hydrogen peroxide. The
analytical signal was obtained as an amperometric i-t curve
(chronoamperometry). The reported assay had a wide
concentration range (between 1 ng/ml. and 50 ;,Lg/ ml)
and a low detection limit of 1 ng/mL for the HCV non-
structural 5A protein. The results demonstrated excellent
reproducibility, high selectivity, and outstanding stability
for determination of the HCV non-structural 5A protein,
and the technique was successfully applied for detection
of the analyte in real serum samples. A one-step modifi-
cation procedure with Au-MoOs/chitosan nanopatticles
was introduced to avoid cumulative error in multistep
modification, and an RSD of 4.5% was obtained. Benefits
of the biosensor included a short analysis time, a low limit
of detection, high selectivity, and excellent stability for the
determination of HCV NS5A, and the technique was suc-
cessfully used to detect HCV in real samples'”.

Moraes ¢ al™? (2013) demonstrated the feasibility of
immunosensors based on nanostructured silk fibroin
(SF) films prepared by the layer-by-layer technique. The
antigenic NS5A-1 peptide, derived from the HCV NS5A
protein, was immobilized into the films in order to pre-
pare a highly specific immunosensor. UV-Vis absorption
measurements indicated that the peptide was proportion-
ally adsorbed onto SF in each bilayer deposited. Fluores-
cence and circular dichroism (CD) spectra indicated that
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the SF/peptide film interaction induced secondary struc-
ture in NS5A-1. This amperometric sensor (SF/NS5A-1)
proved to be highly sensitive when the composite film
was tested in the presence of anti-HCV. The peptide/silk
fibroin interaction can provide new architectures of im-
munosensors based on antigenic peptide and SF as an
immobilization matrix. The immunosensor described was
able to detect the antibody using a dilution range from
1:100 to 1:10000, with a sensitivity of 28 uA/ug per mil-
liliter. The sensitivity of the device was determined from
the slope of the curve of the linear response plotted
against the anti-HVC concentration in the range 0-0.2
ug/mL (0 to 1:500).

Immunosensor formats for hepatitis viruses have
employed both piezoelectric[%’%] and surface plasmon
resonance-based transducers””. Alternatively, cell-based
assays have been considered for HCV detection, using
interaction of the virus with hepatocytes immobilized in
a reactor coupled to electroimpedance monitoring[()g], and
specific detection of viral protease in mammalian cells
using green fluorescent protein as reporter molecule has
been described”™. However, the immunochemical assays
cannot discriminate between current and previous expo-
sures, and in the case of acute infection, the antibodies
might not be present ). For these reasons, the detection
of HCV RNA using the polymerase chain reaction (PCR)

[101,102

is a valuable alternative assay 1 The oligonucleotide

probes suitable for capture of target sequences were in-

vestigated using BIAcore"” "™,

ELECTROCHEMICAL GENOSENSORS FOR
HCV DETECTION

The DNA molecule has structural features that allow its
immobilization on electrode surfaces as single (ss-DNA)
or double (ds-DNA) helices""""", to produce electro-
chemical biosensots or genosensors“og’m]. Genosensors

are an alternative for the determination of a range of
analytes in different samples in order to evaluate damage
and/or protection of the DNA molecule, and are suit-
able tools for the analysis and determination of DNA in
order to diagnose diseases.

DNA hybridization technology has been applied in
biosensor systems, particularly for diagnostic tests, and
offers lower cost, speed, and simplicity of execution.
In the hybridization process, the electrode is modified
by immobilizing the ss-DNA probe, which identifies
the complementary DNA strands and forms a double-
stranded hybrid. This identification is effective and
specific in the presence of other non-complementary
sequences”m’m]. HCV is a single-stranded RNA virus,
so the RNA should first be isolated from the serum of
the patient, after which complementary DNA (cDNA) is
produced by transcriptase reaction, and finally the DNA
can be amplified by the PCR.

Although a variety of techniques can be employed
to monitor HCV DNA hybridization, in this review the
focus is on electrochemical biosensors. Various elect-
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rodic materials can be modified with DNA, including
goldmz’lm, graphiteﬂM], carbon paste[m], and boron doped
diamond"'”. There are many ways in which nucleic acids
can be immobilized onto electrodes, including covalent
attachment, affinity, self-assembled monolayers (SAM),
adsorption, and electrochemical adsorption[m()’“ﬂ.

Hybridization detection can be performed directly or
indirectly """, Direct detection (or label-free detection)
involves the measurement of changes in electrochemi-
cal signals related to the electroactivity of DNA bases,
most commonly from oxidation of guanine or adenine
moieties in DNA strands. Charge transfer resistance
measured using electrochemical impedance spectroscopy
(EIS)“ZO] is also direct detection, while indirect detection
can be based on the incorporation of electroactive indi-
cators, using a DNA sequence previously labeled with a
redox-active enzyme or nanoparticles“zﬂ. Indirect DNA
hybridization detection can be performed using electro-
chemical techniques such as amperometry, differential
pulse voltammetry (DPV), square wave voltammetry
(SWV), and cyclic voltammetry (CV)"**, except when
monitoring using guanine or adenine.

A selective and sensitive label-free DNA hybridiza-
tion electrochemical method for detection of HCV was
proposed by dos Santos Riccardi ez al'™, Specific se-
quence HCV type-1 DNA probes were immobilized on
polypyrrole films deposited on Pt microelectrodes. The
monitoring of the hybridization with the complementary
DNA was based on electrostatic modulation of the ion-
exchange kinetics of the polypyrrole film, and allowed
the detection of HCV-1 with a limit of detection (LOD)
of 1.82 X 10™" mol/L. With this biosensor, HCV-1 DNA
detection did not show unspecific interactions in the
presence of mismatched sequences from different HCV
genotypes, such as 2a/c, 2b, and 3.

Alteration in the guanine oxidation signal after duplex
formation between the probe and target DNA was used
for DNA hybridization detection in the work developed
by Pournaghi-Azar et al'*". A 20-mer oligonucleotide
called PHCV1, complementary to the universal sequence
of the HCV1a core protein gene, was used as the probe,
and its complementary oligonucleotide (HCV1a), cot-
responding to the consensus sequence of the HCV1 core
protein gene, was used as the target DNA. After optimi-
zation of probe immobilization and hybridization condi-
tions, the selectivity of the biosensor was studied using
non-complementary oligonucleotides. The biosensor
presented a LOD of 6.5 nmol/L, which, according to the
authors, was comparable with other label-free (guanine-
based) electrochemical hybridization detection methods.

The use of disposable electrodes in the construction
of DNA biosensors can be advantageous, since these
electrodes have low construction cost, good reproducibil-
ity of the area, the possibility of large-scale production,
and the absence of surface inactivation. Different dispos-
able electrodes have been used, including pencil graphite
electrodes (PGE) and recordable gold CD-Rs.

Riccardi Cdos et a/'™? developed a disposable HCV
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genosensor with thin film siloxane-poly(propylene oxide)
hybrids prepared by the sol-gel method and deposited
onto a PGE surface by dip-coating (Figure 3). The recog-
nition probe immobilization was based on the streptavi-
din (STA)/biotin attachment, since strong interaction oc-
curs between avidin (or streptavidin) and biotin. The STA
was encapsulated in the films, and biotinylated 18-mer
DNA probes for HCV (genotypes 1, 2a/c, 2b, and 3)
were immobilized by means of STA. The complementary
DNA was hybridized to the immobilized target-specific
oligonucleotide probe, followed by avidin-peroxidase
labeling, Using the amperometric technique, the hybrid-
1zation event was detected by monitoring the enzymatic
response at -0.45V ps Ag| AgCl, using H20:2 as enzyme
substrate and KI as electron mediator. Negative and
positive controls were analyzed, together with positive
samples of sera from patients, and the HCV 1, 2a/c, 2b,
and 3 oligonucleotide probes immobilized on PGE were
able to distinguish between positive and negative serum
samples.

Genosensor development requires that several param-
eters be optimized, such as the type of immobilization,
concentration of immobilized biomolecules, amongst
others, which leads to an increase in the number of ex-
periments required. The application of statistical tools is
therefore very important in order to be able to explore
and analyze the extensive range of data obtained for a
system. Chemometric studies were employed for the de-
velopment of another biosensor for HCV using PGE!",
The main steps of the methodology were the immobi-
lization of STA on a sol-gel film deposited on the PGE
surface, followed by interaction with biotinylated DNA
probes specific for HCV. The hybridization reaction oc-
curred when the electrode was placed in contact with
biotinylated complementary DNA, and avidin-peroxidase
labeling was performed to indirectly detect the HCV.
Electrochemical measurements of the enzymatic activity
were performed using H2Oz and 5-aminosalicylic acid as
substrate and electron mediator, respectively. Fractional
factorial and factorial with center point designs were ap-
plied in order to simultaneously evaluate the variables of
interest that had a significant influence on the biosensor
response. MINITAB software was used to generate level
combinations for all factors used in the assays. This strat-
egy had several advantages, such as a reduced number of
experimental runs, more information, and optimization
of the experimental conditions in terms of the biosensor
response. It was possible to obtain optimized concentra-
tions and incubation times for all the biomolecules tested.

Also applying chemometric experiments for the opti-
mization of many parameters, gold electrodes built using
a recordable compact disc (CDtrodes) were used for the
construction of a disposable genosensor for Hev!'™,
The variables evaluated were the degree of dilution and
incubation time of DNA probes for HCV-1, dilution and
incubation time of complementary DNA, and concentra-
tion and incubation time of conjugate avidin-peroxidase,
which was the label for hybridization. The enzymatic re-
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Figure 3 Hepatitis C virus DNA genosensor. PPO: Poly propylene oxide; BSA: Bovine serum albumin; STA: Streptavidin; HRP: Peroxidase.

sponse was measured by constant potential amperometry,
at -0.05 V us Ag| AgClxciw. After optimization of all the
parameters for biomolecule immobilization, the ampero-
metric genosensor was employed for HCV-1 DNA de-
tection in HCV-infected patients previously submitted to
the standard qualitative Amplicor HCV test. The results
showed that the current intensities for the positive sam-
ples were higher than for the negative samples. The facto-
rial design procedure enabled the identification of critical
parameters, while knowledge of the chemistry involved
enabled further refinement of the technique, where nec-
essary. Full and fractional factorial design methods were
employed for the optimization of a biosensor for hepati-
tis C diagnosis, and could be extended to other types of
DNA-based biosensors.

A versatile electronic detection platform based on
disposable DNA chips was described by Umek ez a/'”,
who fabricated an electrode array containing capture
probes specific for sequences in the HCV on separate
electrodes. Printed circuit board technology was used to
manufacture chips with 14 exposed gold electrodes, each
of which was wited to a connector at the chip edge. The
gold electrodes were coated with a self-assembled mono-
layer containing DNA capture probes. Unlabeled nucleic
acid targets were immobilized on the surface of the SAM
by sequence-specific hybridization with the DNA capture
probe. A separate signaling probe, containing ferrocene-
modified nucleotides and complementary to the target
in the region adjoining the capture probe binding site,
was held in close proximity to the SAM in a sandwich
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complex. Since ferrocene is a redox-active metal com-
pound, when a given potential is applied to the electrode,
electron transfer occurs between the ferrocene and the
electrodic surface. The authors demonstrated that the
versatility of this electronic detection platform made it
suitable for multiple applications in diagnostics and phat-
macogenetics.

Instead of employing enzymes as a label for hybrid-
ization, Liu e/ al'™ reported the cleavage capacity of an
endonuclease enzyme in the DNA analysis. The authors
developed an approach for qualitative and quantitative
HCV detection based on site-specific DNA cleavage of
BamHI endonuclease, an enzyme derived from Bacillus
amyloliquefaciens. The enzyme recognizes the palindromic
sequence 5 GGATCC-3" and cleaves after the first nu-
cleotide, leaving four-base 5’ overhangs*”. The thionine-
labeled probe DNA was self-assembled on the surface of
a gold electrode and hybridized with target cDNA, which
is a 21-mer oligonucleotide related to HCV. The detec-
tion was based on vatiation of the electrochemical signal
of thionine®™ or ferroceneacetic acid (FcA)™, measured
by cyclic voltammetry before and after digestion with
BamHI endonuclease. BazHI recognizes the duplex sym-
metrical sequence 5-GGATCC-3’ and catalyzes double-
stranded cleavage between the guanines in the presence
of Mg”". After the hybridization with complementary
DNA, the cyclic voltammogram showed a pair of re-
dox peaks corresponding to the thionine process. After
hybridization, the electrode was immersed in a solution
containing BazHI, the dsSDNA was cleaved at a specific
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site (5>-G/GATCC-3"), and the thionine was removed
from the electrode surface. Therefore, no thionine redox
peak was observed, and the DNA-Ba#HI endonuclease
interaction model could be used for qualitative HCV
detection. The developed method was used to detect
HCV in serum samples from patients. The results dem-
onstrated that the samples characterized as positive using
the standard qualitative Amplicor HCV test were able
to hybridize with the probe on the electrode, with the
voltammetric signal of thionine decreasing significantly
after cleavage by BamHI, while those samples appearing
as negative in the Amplicor assay were unable to hybrid-
ize, so that the thionine response remained almost un-
changed after cleavage by BanHI. The major advantages
of this enzymatic cleavage assay were its good specificity,
ease of use, and the ability to perform real-time monitor-
ing. Gold nanoparticles (AuNPs) amplified the signal of
the electroactive label molecule (thionine)™™".

Peptide nucleic acid (PNA) is an extremely good
structural mimic of DNA (or RNA), capable of forming
Watson-Crick base pair-dependent double helices with
DNA or RNA complementary sequences'”". Tts struc-
ture is simple, consisting of repeating N-(2-aminoethyl)-
glycine units linked by amide bonds. The purine (A, G)
and pyrimidine (C, T) bases are attached to the backbone
through methylene carbonyl linkagesmz]. Unlike DNA or
DNA analogs, PNAs do not contain any (pentose) sugar
moieties or phosphate groups. An interesting property of
PNA is that the neutral backbone also increases the rate
of hybridization significantly in assays where either the
target or the probe is immobilized"*”.

Detection of the DNA sequence related to the HCV
genotype 3a (pHCV3a) core/E1 region was performed
by the group of Dr Pournaghi-Azar using PNA™, Tn
the first work™" the PNA probe was covalently attached
on a gold electrode, followed by hybridization with a
complementary DNA. The hybridization was detected by
accumulating methylene blue (MB) as an electroactive in-
dicator, and the reduction signal of the accumulated MB
was measured by using DP voltammetry. A significant in-
crease in the MB signal was observed after hybridization
with complementary oligonucleotide. Increase in the peak
current was attributed to hybridization of the PNA probe
with the ds-DNA, resulting in PNA/ds-DNA formation,
with which more MB molecules interacted. On the other
hand, non-complementary oligonucleotide showed no
significant interaction with PNA, since the MB signal was
low. The results suggested that the DNA sensor respond-
ed selectively to the target. The biosensor presented a
LOD of 5.7 X 10" mol/L, was highly reproducible, and
with regeneration could be used seven times for detec-
tion of the target DNA. The authors”" also developed
a biosensor based on direct detection of the target DNA
sequence in recombinant plasmid without denaturation
of ds-DNA. The detection principle was based on hy-
bridization between the PNA, immobilized on a gold
disk electrode, and the target double-stranded plasmid.
The sequence corresponded to a consensus sequence in
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the core/E1 region of the HCV genome, and was used
as a universal segment for detection of all HCV geno-
types. Plasmid molecules were used as double-stranded
structures (ds-pl) for hybridization without denaturation,
with the target having a length of 4568 bp and contain-
ing core/E1 encoding cDNA. A non-complementary
plasmid was also used. Detection of the hybridization
was accomplished by monitoring the difference between
the DP voltammetric response of methylene blue accu-
mulated on the PNA, before and after hybridization with
complementary ds-pl. After optimization of the param-
eters, including treatment with RNase A enzyme, washing
time, and washing temperature, interaction between PNA
and the complementary plasmid resulted in a consider-
able increase in the MB reduction signal, while the non-
complementary plasmid did not lead to any significant
increase of the signal, due to the absence of significant
hybridization between the probe and non-complementary
ds-pl. In this method, the ds-DNA denaturation step was
not necessary, which was adequate for the detection of
target DNA in real samples.

Instead of using DNA or PNA, Park ez al” used ri-
bonucleic acid (RNA) oligomer of the internal ribosome
entry site sequence specific to the HCV as a target for
a biosensor based on hybridization with the PNA mol-
ecule. The HCV genome composed of 9600 bases con-
tains untranslated regions (UTR) at both ends, which play
important roles in translation and transcription. In the 5'
UTR, there is an internal ribosome entry site (IRES) se-
quence, which is one of the most conservative regions in
the whole HCV genome. Therefore, it is not transformed
during its mutation, and can be considered a suitable
target for HCV analysis. A gold electrode was modified
by the SAM of 3-thiophene-acetamide-diaza-18-crown-6
(TADC) to hold amine-terminated PNA. The nonspecifi-
cally bound PNA molecules were removed by displacing
them iz the formation of 3-mercaptopropionic acid
(MPA), and finally the electrode modified with PNA and
MPA was dipped into the target RNA solution. RNA de-
tection was conducted by Foutier transform electrochem-
ical impedance spectroscopy (FT-EIS) in the presence of
the Fe(CN)({%’/ * redox probe. The ratio of charge-transfer
resistance before and after hybridization showed a linear
increase with log[Crna], and the LOD was approximately
23 pmol/L.

In most genosensors, the function of electrochemi-
cally active compounds is only to act as indicators. The
electrochemical indicators have different binding affini-
ties towards ss-DNA and ds-DNA, and show different
response signals. In recent work, Zhang ez al™ selected
the [Co(phen)2(L.-Cys)] metal complex, used as an indica-
tor in DNA biosensors, to act as an indicator as well as
to play a role in immobilization of probe DNA, which
simplified the construction procedure. The gold electrode
was modified by firstly immersing it in saturated L-Cys
methanol solution, followed by dropping [Co(phen)2Cl2|Cl
dimethyl sulfoxide onto the L-Cys-modified electrode
surface to produce [Co(phen)2(I-Cys)]. The DNA probe
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was immobilized by dropping the solution onto the
modified electrode. Hybridization was carried out using
a specific oligonucleotide sequence of HCV subtype 1b.
The results obtained by square wave voltammetry indi-
cated that the current intensity of the probe decreased
sharply when it hybridized with complementary DNA,
while one-base mismatch of the target DNA caused a
very different response signal, and no hybridization signal
was found for the non-complementary DNA. The sensor
showed a response for detection of the specific oligo-
nucleotide sequence that was linear to the logarithm of
the concentration in the range 1.0 pmol/L to 1.0 pmol/L..
According to the authors, the design concept is workable
and [Co(phen)2(I.-Cys)] can play the dual roles of electro-
chemical indicator and anchor for probe DNA immobili-
zation during construction of the sensor.

A commercial electrochemical sensor, called eSensor”
HCV Genotyping Test"™, was designed for the typing and
subtyping of HCV 1a, 1b, 2a/c, 2b, 3, 4, 5, and 6a/b. In
the device, the target DNA is mixed with the signal probe
solution in the cartridge, and is analyzed using electro-
chemical detection. DNA from a positive sample is ampli-
fied by PCR using specific primers. The amplified DNA is
converted to single stranded DNA by exonuclease diges-
tion, and then combined with a signal buffer containing
ferrocene-labeled signal probes that are specific for the
different subtypes. The mixture of amplified sample and
signal buffer is loaded onto a cartridge containing single-
stranded oligonucleotide capture probes bound to gold-
plated electrodes. The cartridge is inserted into the XT-8
instrument, where the single-stranded targets first hybrid-
ize to the perfect match signal probe and then hybridize
to the complementary sequences of the capture probe.
The presence of each target is determined by voltam-
metry, which generates specific electric signals from the
ferrocene-labeled signal probe. This novel technology was
validated by Sam ¢ a/"™. The amplicon from the commer-
cial kit served as a template for nested PCR, followed by a
direct analysis on the electrochemical eSensor” XT-8 detec-
tion system for the identification of HCV genotypes. The
assay was validated for limit of detection, which was be-
low 175 TU/mL for all the subtypes except Gab, as well as
specificity, accuracy, and precision. The authors reported
high performance characteristics, which should facilitate
viral genotyping for personalization of dose and duration
of treatment. The high sensitivity, good intra- and inter-
assay precision, and agreement with a validated method
make this assay particularly well suited for clinical HCV
genotyping to guide antiviral therapy.

CONCLUSION

Studies of electrochemical immunosensors and genosen-
sors for hepatitis C virus have demonstrated the potential
usefulness of these approaches in public health applica-
tions. The methodology for immobilization of the an-
tigen, ss-DNA, and PNA onto the electrode is similar,
but the patient does not need to produce antibody im-
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mediately after the exposure. Very good sensitivity can
be obtained with genosensors, but replication of c-DNA
requires PCR technology. Nanotechnologies applied to
biosensors have improved the methods for construction
of these devices, with miniaturization increasing porta-
bility, accuracy, and reliability. An ideal electrochemical
biosensor should be both integrated and highly auto-
mated in order to improve the efficiency of diagnostic
testing. The global biosensor market is currently worth
US $2.3 billion, and is expected to double in value over
the next 5 years, with an annual growth rate in excess of
10% (http://unsw.technologypublisher.com/technol-
ogy/3102). Howevet, the main challenge is to obtain the
results in a short period of time, at home or in the doc-
tor’s office, using a point-of-care (POC) device that could
be operated by non-laboratory personnel.
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