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Abstract

Nearly 60 million people worldwide are infected with Hepatitis C Virus (HCV), a bloodborne pathogen which leads

to liver cirrhosis and increases the risk of hepatocellular carcinoma. Those with limited access to healthcare resources,
such as injection drug users and people in low- and middle-income countries, carry the highest burden. The current
diagnostic algorithm for HCV is slow and costly, leading to a significant barrier in diagnosis and treatment for those
most at risk from HCV. There remains no available vaccine for HCV, and infection is often asymptomatic until signifi-
cant cirrhosis has occurred, which makes screening incredibly important to prevent liver damage and transmission.
Recent investigation has sought to address these issues through improvements in various aspects of the diagnostic
procedure, using methods such as isothermal amplification techniques for viral RNA amplification, the use of viral pro-
tein as an analyte, and the incorporation of streamlined, self-contained testing systems to reduce administrative skill
requirements. This review provides a comprehensive overview of current commercial standards and novel improve-
ments in HCV diagnostics, as well as a framework for future integration of these improvements to develop a one-step
diagnostic that meets the needs of those most affected.
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Background

Hepatitis C Virus (HCV) is a blood-borne pathogen that
causes inflammation of the liver. HCV is primarily trans-
mitted through poor blood and organ donation screen-
ing procedures, and other poor sanitation practices [1].
Worldwide, 59 million people are living with HCV and
an estimated 2.8 million people in the United States are
currently infected [2—4]. HCV infection is separated into
two designations, acute and chronic. Acute infection
encompasses the first six months following exposure, and
for around ~40% of those who contract HCV, the infec-
tion will resolve naturally. For the remaining 60% of peo-
ple, the infection will become chronic [1]. Chronic HCV
infections can lead to liver cirrhosis, cancer, and even
death [1]. Unlike other hepatitis viruses, HCV currently
has no available vaccine.

é @@@ HCV +

HCV is a ribonucleic acid (RNA) virus with seven
core genotypes. Genotype 1 is the most prevalent and is
responsible for about 46% of infections worldwide. It is
also the primary genotype found in the United States [5].
HCYV genotypes are generally regionally bound and have
different disease courses and responses to treatment [5].
The structure of the virus is shown in Fig. 1. The virus
itself is composed of two membrane layers around the
RNA, one directly protecting the RNA that is referred
to as the capsid and then an additional lipid membrane
made of glycoproteins that surrounds the capsid [5]. The
capsid is made of HCV core proteins that are relatively
well conserved across genotypes and are the most com-
mon target for protein-based HCV detection methods.
The lipid membrane is composed of two proteins, E1 and
E2, which are also occasionally used as assay targets. The
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Fig. 1 Generalized structure and genome of HCV virus

HCV genome also encodes several non-structural pro-
teins known as NS1-5(a/b). NS3-5 are commonly used
together as antigens in immunoassays for the detection of
anti-HCV in patient blood samples [5]. For these assays,
the antigens are used to capture the patient’s antibodies
that have developed against the virus.

The effective treatment of HCV relies on early diagno-
sis and antiviral medication. This is essential to minimize

Nonstructural Proteins

liver damage and prevent transmission. In more affluent
countries like the U.S., the focus is on screening high-
risk groups such as dialysis patients and injection drug
users [1]. However, in low and middle-income coun-
tries where disease prevalence is higher, testing is often
conducted on the general population, despite limited
access to testing. The traditional two-step testing pro-
cess for HCV infection, illustrated in Fig. 2, can be
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time-consuming [1]. At-risk individuals are first tested
to see if they have developed antibodies to the virus. If
they are found to have developed antibodies, they are
tested for viral RNA, which will confirm if they are cur-
rently infected. The initial tests for antibodies are stand-
ard for mitigating healthcare costs because they are less
resource-intensive to conduct. However, they are not
strictly necessary for diagnosis because the follow-up
RNA tests determine HCV infection. Since HCV often
does not present with clear symptoms until liver damage
has already progressed, there is an especially high risk of
accidental transmission. There is a clear and urgent need
for the development of rapid, low-cost HCV diagnostics
that can be used for at-risk populations, especially since
HCV prevalence is higher among populations with lim-
ited access to healthcare. Both developed and developing
countries require improved HCV diagnostics, but each
setting has different constraints. Testing can be done in
centralized laboratories with advanced equipment and
technicians in communities with significant resources.
The focus for these communities is ease of access and
convenience for high-risk populations that may need
more convincing to get tested. It is important to ensure
that testing is affordable, and that sample collection can
be introduced to widespread locations such as phar-
macies. However, there are additional requirements in
more remote settings where transport and equipment
are limited. Low-resource communities require testing
systems that do not need sensitive temperature controls
or advanced centralized laboratories [6]. For treatment
monitoring, the diagnostics must be highly sensitive to
support the sustained virological response (SVR) stand-
ard for successful treatment, which equates to the virus
being undetectable in the bloodstream [7]. Currently,
treatment monitoring is carried out using quantitative
RNA testing, but the SVR standard allows for qualitative
tests using RNA or viral protein if they meet sensitivity
standards.

First level screening—testing for antibodies

Antibody tests are used as the initial test in HCV screen-
ing because they are less expensive and can provide
rapid results. The initial antibody test can determine if
the patient has ever been infected with HCV. There are
two primary limitations to antibody tests. First, anti-
body tests rely on the body’s response to infection. Since
it could take 8—11 weeks for the body to develop HCV
antibodies, accuracy of the tests is limited until over a
month after initial exposure [8]. The second limitation
with antibody tests is that they cannot discern between
active and prior infections. This is because antibodies can
remain present in the blood even after an infection has
been resolved by the body. They are also mostly used for

Page 4 of 25

qualitative determination. Because of these limitations,
antibody tests cannot serve as independent tools for
diagnosis. Commercial antibody tests are available in two
formats: enzyme-linked immunoassays (ELISAs) such as
the BioRad Ortho HCV Test and rapid lateral flow assays
(LFAs) such as the OraQuick test [1, 9]. The rapid LFA
tests can return results within 20 min at a point of care
level, whereas ELISA tests require more extensive work,
must be performed by trained personnel, and can take
1-3 h to complete, with an average time to result being
1-2 days due to transport limitations [1]. There are also
commercially available tools with similar methodologies
and limitations as ELISA, such as the Electrochemilumi-
nescence Assay (ECLIA) produced by Roche [10, 11].

Enzyme-linked immunosorbent assays (ELISAs)

ELISAs work by labeling the desired analyte with an anti-
body that has been conjugated with a reporter molecule.
For ELISAs with antibodies as the target analyte, the
sample is first exposed to a solution of antigens bound to
a plastic well plate. The antibodies in the sample form a
complex with the antigen, which binds them to the plate.
The plate is then rinsed, following which a secondary
antibody that has been tagged with an enzyme is intro-
duced to the well, forming a complex with the desired
antibody at the center. The plates are rinsed again, and
finally, a substrate is added, which is catalyzed by the tag-
ging enzyme, producing an evaluable result [12]. ELISAs
can also be completed using beads as the base surface
instead of a well plate.

ELISA tests can take a number of forms—direct, indi-
rect, sandwich, and competitive, as shown in Fig. 3.
Whether an ELISA is considered direct or indirect is
determined by which antibody is conjugated with the
signal molecule [13]. In direct ELISA tests, the antibody
against the desired antigen (primary antibody) is directly
tagged with a signal molecule that aids in fluorescent or
colorimetric detection. In indirect ELISA tests, the anti-
body against the primary antibody is untagged, while a
secondary antibody against the conserved region of the
primary antibody is tagged [13]. This is primarily done
to reduce cost since a tagged secondary antibody could
be used in multiple ELISAs so long as the primary anti-
bodies are from the same host. ELISA tests are also dif-
ferentiated by what is affixed directly to the plate. The
most basic ELISA adheres the antigen to the plate, and
then an antibody is used to bind and detect that anti-
gen. For Sandwich ELISAs, primary capture antibodies
are attached to the plate, and additional primary detec-
tion antibodies are free in solution. Thus, the antibod-
ies form a “sandwich” around the antigen. There are also
competitive ELISAs that use a tagged version of the ana-
lyte and produce an observable signal that is inversely
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Fig. 3 Enzyme linked immunoassay forms: direct, indirect, sandwich and competitive

proportional to the amount of analyte in the sample.
Since HCV ELISA tests traditionally detect anti-HCV, an
HCYV protein is used as the antigen affixed to the plate,
and an anti-human antibody is used as the reporter in
most tests [13].

Research-scale innovation for the detection of anti-
HCV using ELISA has included two approaches. The first
is the use of recombinant proteins from multiple parts
of the HCV virus as antigens. Pedersen et al. developed
a novel anti-HCV ELISA procedure using a customized
recombinant protein composed of a maltose binding
protein tag as well as HCV core, NS3, NS4, and NS5 pro-
teins connected by flexible linkers. The protocol used an

indirect ELISA with horseradish peroxidase (HRP) tagged
anti-human as the detection antibody and 2,2’-Azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) as the
substrate for HRP. Using this novel protein, a diagnostic
sensitivity of 98% and a specificity of 97% was achieved
[14]. The second innovation was the development of
diagnostics, which detected both viral proteins and anti-
HCV in order to capture a greater range of the infection
timeline. Since viral proteins are present earlier than anti-
HCYV in the blood detecting both reduces the chance of
false negatives. In 2020, Kheirabad et al. evaluated multi-
ple types of ELISA tests for anti-HCV and E2 and found
that a combined approach that simultaneously detected
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anti-HCV and E2, had the best diagnostic performance.
For the detection of anti-HCV, an indirect model was
used where a combination of HCV nonstructural pro-
teins NS3, NS4 and NS5 were used as the antigens and
HRP was used as the tag. To detect E2 an indirect sand-
wich design was used with anti-E2 as the primary anti-
body and a secondary HRP tagged antibody. Using this
double detection assay a clinical sensitivity of 100% and a
specificity of 99.6% was achieved [15].

Lateral flow assays

Lateral flow immunoassays (LFIAs) or more generally
lateral flow assays (LFAs) are diagnostic methods based
on the same principle as ELISAs but use capillary action
and colorimetric detection to create a rapid platform
that requires relatively little skill to use. Due to their ease
of use, they are often used as P.O.C. diagnostics. As the
sample moves through the LFA test strip by capillary
action, the target analyte in the sample becomes bound
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to antibodies already present in the LFA which are tagged
with reporter particles such as colloidal gold, magnetic
nanoparticles, latex particles and quantum dots [16].
These complexes then proceed to the read-out line where
capture bioreceptors are bound to the test strip. The
conjugated antibody-analyte complexes then bind with
the capture receptors. This binding orients the tagged
domains on the reporter antibodies and condenses them
which results in a visible readout [17]. A schematic of
a basic LFA is shown in Fig. 4. The commercially avail-
able LFAs for HCV detection utilize a standard sandwich
scheme. Gold nanoparticles decorated with antibodies
against the conserved region of human antibodies are
used in the conjugate pad as reporters and HCV antigens
affixed to the test line serve as the capture receptor.
There have been numerous investigations into LFA’s for
anti-HCV detection. One of the main goals has been to
improve the sensitivity of LFAs and provide quantitative
data for physicians. Traditional colorimetric LFAs only
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Fig. 4 Overview of lateral flow immunoassay mechanism
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show a simple positive or negative result and are less sen-
sitive compared to other methods like ELISA and PCR.
To address this, Clarke et al. developed an LFA-based
rapid vertical flow assay for Anti-HCV that can be evalu-
ated visually and also provide a quantitative result using
Surface-enhanced Raman spectroscopy (SERS). They
used gold nanoparticles labeled with a Raman reporter
molecule for this purpose. SERS is a spectroscopic tech-
nique that relies on the electromagnetic properties of
surfaces and materials and can be influenced by topog-
raphy and chemical changes. Using a benchtop Raman
spectrometer, they demonstrated a limit of detection
(LOD) of 53.1 pg/mL [18]. Using a benchtop Raman
spectrometer, they were able to demonstrate a limit of
detection (LOD) of 53.1 pug/mL [19]. While the benchtop
spectrometer may not be applicable in lower resource
point of care settings, the option of visual or spectro-
scopic readout contributes flexibility for the test to be
used in different ways depending on the limitations of the
use case.

The use of fluorescent labels has been investigated as a
method for increasing sensitivity and allowing for quanti-
tative determination of Anti-HCV in LFAs. This technol-
ogy has been leveraged to create multiplexed diagnostics
for HCV and other primarily bloodborne pathogens.
Ryu et al. developed a multiplexed fluorescent LFA sys-
tem that detected anti-HCV as well as two markers for
Hepatitis B (HBV) and could be run on a small benchtop
fluorescent reader. For the HCV LFA component a com-
bination of NS3, NS4 and NS5 were used as the antigens
on the test line and anti-human antibodies tagged with
europium chelate were used as the fluorescent report-
ers [20]. The clinical sensitivity and specificity for the
HCV component of the developed diagnostic was 98.8%
and 99.1%, respectively. Overall, the whole test could be
completed in 20 min. A LOD of the HCV component of
the biosensor was not determined [20]. Another multi-
plexed fluorescent LFA to detect Anti-HCV, anti-Human
Immunodeficiency virus (HIV), anti-treponema pallidum
(TP) and HBV antigen, was developed by Rong et al. in
2021. A customized single cartridge multistrip device
that channeled the sample from an initial well into four
individual LFA strips using gravity applied by spinning
centrifugal force was developed. As a label, nanobeads
embedded with quantum dots were used. The label com-
plexes were optically red and fluorescent when exposed
to UV light. Quantum dots are semiconductor nanocrys-
tals the exhibit unique electrical and optical properties
due to their small size [21]. Using a customized fluores-
cence reader, a LOD of 0.14 NCU/mL, a clinical sensitiv-
ity of 93.59% and a sensitivity of 93% was achieved.

Similar to the anti-HCV ELISAs developed, recombi-
nant proteins have also been used for anti-HCV LFAs.
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Zhou et al. developed an LFA for anti-HCV using recom-
binant HCV fusion protein composed of NS3 and HCV
core domains as the antigen. An unconventional sand-
wich method was used for detection, with biotin conju-
gated HCV fusion protein used as the primary reporter
and another recombinant protein made of streptavidin
and maltose binding protein domains immobilized on
gold nanoparticles as the secondary reporter. The result-
ing test was able to be completed in 10 min and displayed
a clinical sensitivity of 95% and a specificity of 98% [22].

There has also been an investigation into the develop-
ment of LFAs for joint detection of Anti-HCV and HCV-
core antigen (HCVcAg) since the HCV core protein
is often present in the bloodstream earlier but in lower
amounts than anti-HCV, and anti-HCV alone cannot
determine active infection. Patel et al. developed a multi-
line LFA to assess both HCVcAg and anti-HCV. As the
receptor for HCVcAg, they used anti-HCV core antibod-
ies were used, and a combination HCV protein made of
NS3, NS4, and NS5 was used as the antigen for patient
anti-HCV [23]. A direct sandwich format was used with
gold nanoparticle-tagged anti-HCV core and anti-human
antibodies to achieve colorimetric reporting [23]. Using
the double-test LFA, they demonstrated a 100% clini-
cal sensitivity and specificity, with inverse proportions
of samples showing positive for both bands when tested
on a seroconversion panel. That is, samples with weak
anti-HCV results had a higher proportion of positive
HCVcAg results and vice versa, which is in line with the
delayed production of anti-HCV and resulting inhibition
of the virus [23].

Electrochemical biosensors

Electrochemical biosensors have also been investigated
for HCV diagnostics. Electrochemical biosensors work
by employing a biorecognition element that, when bound
to a desired analyte, causes a change in the electrochemi-
cal properties of the system, which can then be quantified
[24]. A traditional electrochemical sensor is composed of
three electrodes: the working electrode, the counter elec-
trode, and the reference electrode. The working electrode
serves as the active surface where a redox reaction will
take place and, thus, is where the biorecognition elements
are immobilized [24]. The counter electrode serves to
complete the circuit, and the reference electrode allows
for the comparison of the working electrode against an
electrode with a known potential. In development, these
electrodes are traditionally individual components, but in
rapid testing applications, they are often combined into
a single test strip or screen-printed electrode. Screen-
printed electrodes essentially combine all the compo-
nents of an electrochemical cell, the working, reference,
and counter electrodes, into a single coated paper strip
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with different cast lines of metal or carbon components
to act as the necessary electrodes [25].

There are three main categories of measurements used
in electrochemical biosensors: potentiometric, ampero-
metric, and impedimetric. Potentiometric sensors meas-
ure the change in potential of the working electrodes
occurring because of the recognition event on the elec-
trode surface. A simple example of a potentiometric sen-
sor is a pH meter or other ion-selective electrodes [26].
Amperometric sensors, the most common type of elec-
trochemical sensors, work by measuring the current gen-
erated by the electrochemical reactions at the working
electrode as a result of the recognition event. Home glu-
cose meters are a common example of an amperometric
electrochemical biosensor [27]. The final main category
of electrochemical sensors is impedance sensors [27].
Impedance sensors work by measuring the amount of
impedance across the electrode. A redox compound is
used in a solution that naturally reacts at the electrode
surface, and as the desired analyte becomes trapped on
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the surface by the bioreceptor, it begins to interfere with
the redox compound, thus increasing the impedance
across the electrode. In some cases, the analyte itself can
act as the redox compound [27]. The three types of elec-
trochemical sensors are shown in Fig. 5.

To create a more point-of-care (POC) applicable quan-
titative diagnostic for anti-HCV, expressed HCV core
protein as the recognition molecule. Yeast cells with sur-
face-expressed HCV core protein were placed on a gold
screen-printed electrode (SPE) and used as the receptor
for anti-HCV. In order to make the binding of the Anti-
HCV to the yeast protein detectable, a secondary alka-
line phosphatase (ALP) tagged anti-human antibody was
used, which, when exposed to its substrate, catalyzes a
reaction that is detectable using cyclic voltammetry(CV)
[28]. Cyclic voltammetry is a potential sweep technique
that aids in the determination of electrochemical signal
strength (current) as a function of concentration. Using
this method, a LOD of 2 nM was achieved as well as a
detectable range of 4-250 nM for anti-HCV in buffer
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Fig. 5 Interactions on the working electrode for basic electrochemical methods. Counter and reference electrodes are not depicted but are
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solution with quantified readout on a smartphone [28].
Venkatesh et al. further investigated the electrochemi-
cal yeast model by looking at secreted and released ver-
sions of an HCVcAg — gold binding protein (GBP) fusion
as the recognition molecule [29]. Using the same ALP
reporter system as in Aronoff-Spencer, three strategies
for immobilization of the protein on the electrode surface
were investigated; protein displayed on yeast membrane,
proteins chemically released from the yeast and proteins
secreted from the yeast. The secreted protein was found
to have the most consistent and stable results but dis-
played a lower LOD than the whole cell version at 32 nM.
Using the secreted construct, a linear range of 32 nM to
3.2 uM as well as significant differences between healthy
and infected serum samples was achieved [29].

Most of the recent research into anti-HCV detection,
as shown in Table 1, has been limited to assessing clini-
cal efficiency or analytical specificity instead of a holis-
tic approach that evaluates quantification abilities and
clinical use. Some of this may be due to the movement
away from anti-HCV as a diagnostic target due to its late
expression in the infection and its inability to determine
active infection on its own. Overall, anti-HCV detec-
tion methods have a greater capability for POC use than
RNA-based methods but are limited by the need for fol-
low-up testing and minimally reported quantification.

Second level screening—testing for active
infections

Screening for HCV viral proteins

The detection of viral proteins represents another
approach in HCV diagnosis, offering distinct advan-
tages over RNA and anti-HCV as detectable analytes.
Viral proteins serve as markers of active infection, being
present only during ongoing HCV infection, in con-
trast to anti-HCV, which may persist for years following
clearance of the infection. Additionally, viral proteins
are detectable in the blood much earlier after exposure
compared to HCV antibodies, which can take up to two
months to reach detectable levels [1, 23]. Despite appear-
ing earlier than antibodies, viral proteins are not detect-
able as early as viral RNA. In addition, viral proteins
eliminate the need for amplification, reducing the equip-
ment and temperature-dependent components required
to determine active infection.

The HCVcAg core protein is currently the only viral
protein developed for commercial diagnostic use. The
Abbott Architect HCV test is the sole commercially
available test tailored for HCVcAg, capable of detect-
ing levels as low as 3 fmol/L of protein [35]. Roche has
also introduced a joint test that detects both HCVcAg
and anti-HCV. Both tests employ CLIAs, a subset of
immunoassays similar to ELISAs, where the reporter is a
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chemiluminescent molecule [36]. Although not currently
utilized for HCV, other traditional methods for viral pro-
tein detection include ELISAs and latex particle aggluti-
nation tests, in which the binding of the desired protein
to antibody-coated particles results in agglutination [37].

Electrochemical methods

Many commercial tests require the integration and use
of large and expensive diagnostic machines, which lim-
its their application as a point-of-care or low-resource
diagnostics. Much of the work into HCV protein detec-
tion has been done using electrochemical methods due
to their relatively quick detection time and quantifiable
results. In both commercial and research scale diagnos-
tics HCVcAg is the most common HCV protein chosen
as the analyte. This is largely due to the core protein’s
conserved nature across various genotypes [5]. Antibod-
ies are a popular receptor for electrochemical sensors
due to their high specificity and relative ease of genera-
tion. Valipour et al. developed an electrochemical bio-
sensor for HCVcAg using thiolated graphene quantum
dots layered on a glassy carbon electrode, with subse-
quent layers of silver nanoparticles and anti-HCV. Differ-
ential pulse voltammetry (DPV) was used to detect the
HCVcAg. This method achieved a LOD of 3 fg/mL and
a linear range of 0.05 pg/mL—60 ng/mL in spiked phos-
phate-buffered saline (PBS) solution [38]. Pusomyjit et al.
developed a similar immunosensor for HCVcAg using a
SPE based with single walled carbon nanotubes (SWC-
NTs) and platinum nanoparticles as a conducive layer.
Anti-HCV was used as the bioreceptor, and the signal
analyzed using DPV. Using a phone adaptor potentio-
stat a LOD of 0.015 pg/mL in buffer. The sensor was also
shown to be stable for 20 days at 4 C [39].

There has also been an investigation into sandwich-
style approaches to increasing signal. Wang et al. used
sandwich stacking of antibodies with additional tags
to develop an HCV core antigen diagnostic. The initial
setup of the electrode used anti-HCV fixed to a gold
electrode with BSA as a blocking component. Follow-
ing exposure to the sample, the electrodes were incu-
bated with additional DNA tagged anti-HCV, forming
a sandwich around the captured HCVcAg. To further
increase the signal response, terminal deoxynucleotidyl
transferase (TdT) was used to extend the length of the
DNA tags without a template. The electrodes were then
additionally incubated with methylene blue loaded DNA
nanowires, which bound to the extended DNA tags,
maximizing signal response. DPV in ferri/ferrocyanide
solution was used to quantify the HCVcAg detection
and resulted in a LOD of 32 fg/mL with a linear range of
0.1-312.5 pg/mL. The primary drawback to this method
was the requirement for multiple temperature-sensitive
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Table 1 Comparative analysis of anti-HCV diagnostic techniques
Stage of Product/ Technique Preprocessing Required Receptor LOD Sensitivity % Specificity %
Development Reference Steps Equipment
Commercial OraQuick [9] Colorimetric Fingerpick None NR N/A NR NR
LFA
Commercial Abbot Bioline  Colorimetric Fingerpick None NR N/A 99.3 98.1
HCV [30] LFA
Research [20] Fluorescent LFA  Blood Draw/ Automated NS3,NS4, NS5 N/A 98.8 99.1
Plasma Separa-  Fluorescent
tion Immunoas-
say System
Machine,
Centrifuge
Research [31] Fluorescent LFA  Blood Draw/ Custom NR 0.14 NCU/mL 93.59 93.15
Plasma Separa- Portable Strip
tion Reader, Centri-
fuge
Research [23]° Colorimetric Blood Draw/ Centrifuge Combined HCV  N/A 100 100
LFA Plasma Separa- Antigen
tion
Research [22] Colorimetric Blood Draw/ Centrifuge HCV Antigen N/A NR NR
LFA Plasma Separa-
tion
Research [19] Colorimetric/ Blood Draw/ Centrifuge, NR 53.1pg/mL  NR NR
SERS RVF Plasma Separa-  RAMAN Spec-
tion trometer
Commercial Acon Foresight  Indirect Colori-  Blood Draw/ Centrifuge, Recombinant  N/A 99.9 99.8
[32] metric EIA Plasma Separa-  Plate Reader Core, NS3, NS4,
tion NS5
Commercial BioRad Ortho ELISA Blood Draw/ Centrifuge, €22-3,¢200, N/A 99.95 NR
[33] Plasma Separa-  Plate Reader and NS5
tion
Commercial Liaison Murex  Indirect Chemi- Blood Draw/ Liaison analyzer Core & NS4 N/A 989 99.7
[34] luminescent Plasma Separa-
ELISA tion
Commercial Roche Elecsys  Electro chemi-  Blood Draw/ Cobas analyzer, Recombinant  N/A 99.67 99.8
Anti-HCV I [10]  luminescence  Plasma Separa- Centrifuge Antigens
(ECLIA) tion
Commercial Roche Elecsys  ECLIA Blood Draw/ Cobas analyzer, Recombinant ~ N/A 99.87 99.94
HCV Duo [11]° Plasma Separa-  centrifuge Antigens, Anti-
tion HCV Core
Research [14] Indirect Colori-  Blood Draw/ Centrifuge, Recombinant ~ N/A 98 97
metric ELISA Plasma Separa- Incubator, Plate  multiepitope
tion Reader protein
Research [53 Indirect Blood Draw/ Centrifuge, Core, NS3, NS4, N/A 100 996
Sandwich Plasma Separa-  Incubator, Plate NS5
Colorimetric tion Reader
ELISA
Research [28] Electrochemi-  Blood Draw/ Centrifuge, HCV Core 2nM NR NR
cal Plasma Separa-  Smartphone Protein
tion Add-on Poten-
tiostat
Research [29] Electrochemi-  Blood Draw/ Centrifuge, HCV Core GBP 32 nM NR NR

cal

Plasma Separa-
tion

Potentiostat

fusion protein

NR Not Reported, N/A Not Applicable

2 Detects both anti-HCV and HCV protein
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biologic compounds and the significant time consumed
by repeat incubation steps [40].

Other bioreceptors, such as aptamers, have also been
investigated for electrochemical detection of HCV pro-
teins. Aptamers are strands of RNA or DNA that fold
in a way that allows them to bind or interact with vari-
ous compounds or biomolecules. While aptamers are
often used as receptors and can have high selectivity,
they are unable to be directly generated like antibodies.
Instead, they must be filtered and modified from a large
screening library [41]. The primary method of identify-
ing aptamers with ideal binding behavior for a particular
application is a process called Systematic Evolution of
Ligands by EXponential Enrichment (SELEX) [41]. The
SELEX process works by starting with a large library of
oligonucleotides with randomized central sequences
and uniform beginning and end regions to allow for effi-
cient amplification. They then undergo repeat screening
rounds for interaction with the target protein, where the
qualifications for progression to the next cycle become
increasingly rigorous, first filtering by the presence of any
interaction over a longer incubation time to preferential
quick binding in the presence of generalized competitor
proteins [41].

Ghanbari et al. designed an impedimetric biosensor
using a SELEX identified aptamer as the bioreceptor
against HCV core protein. Graphene quantum dots were
used on a glassy carbon electrode to increase conductiv-
ity and serve as a binding base for the aptamers. Using
Electrochemical Impedance Spectroscopy (EIS) a clear
concentration dependent increase in the charge trans-
fer resistance was demonstrated and the LOD found
to be 3.3 pg/mL [42]. Building on the previous sensor,
Ghanbari et al. also developed an electrochemical sen-
sor for HCV core antigen that combined aptamers and
a molecularly imprinted polymer (MIP). MIPs are often
referred to as “artificial antibodies” and work by form-
ing a polymer matrix around a desired analyte and then
removing that analyte to create a molded receptor pocket
for the desired protein or compound. MIPs offer advan-
tages over antibodies in that they are more reproduc-
ible and have better storage capabilities since they are
abiotic. They are also often less specific than antibod-
ies and must be custom generated instead of commer-
cially purchased. The developed sensor used a combined
aptamer-antigen complex bound to a multi-walled car-
bon nanotube-chitosan base layer as the template for
the MIP. DPV with ferri/ferrocyanide as the redox com-
pound was used to quantify HCVcAg binding. With this
method, a LOD of 1.67 fg/mL was demonstrated which
was a significant improvement from the aptamer alone
structure [43]. MIPs have also been applied to other
HCYV proteins. Antipchik et al. created an MIP for E2 on
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a gold screen-printed electrode. Using ferri/ferrocyanide
as the redox compound and DVP as the analysis method.
A LOD of 4.6x10™* ng/mL was demonstrated for HCV
mimetic particles with E2 expressed on the surface [44].

Other detection methods

Other varied approaches to HCV protein detection have
been employed such as the use of graphene field effect
transistors (GFETs). GFETs are composed of a graphene
channel connected to an electrode on either end. Modi-
fications or binding in the channel effect the electric field
channel resulting in changes in conductivity, essentially
creating a modulable resistor [45]. Walters et al. devel-
oped a GFET to detect HCV core protein in small (5 pL)
sample volumes using anti-HCV as the receptor. The
final GFET device demonstrated a LOD of 100 pg/mL in
spiked PBS solution [46].

Less conventional diagnostics have also been devel-
oped. Ozefe et al. created a smartphone-assisted
magnetic detection device for the HCV protein NS3. Car-
boxylated polystyrene microbeads were functionalized
with anti-NS3 and placed in a magnetic chamber within
a mirror system stand that allowed a phone to be placed
on top and used for visualization of the beads. The device
operated on the principle of density-associated sinking
so that as NS3 attachment to the beads increased, their
position in the magnetic field dropped. The final device
required 30 pl of sample and could provide a result in
three minutes. It demonstrated a LOD of 50 pg/mL [47].
Additionally, Ozefe et al. designed a paper-based micro-
fluidic colorimetric detector for NS3. The paper device
had wax-walled channels that distributed the sample into
a test well. A standard indirect sandwich immunoassay
for colorimetric detection is used, with HRP-tagged anti-
goat as the reporter and TMB as the substrate. Using this
method, a LOD of 10 ng/mL was demonstrated [48].

Colorimetric detection of HCVcAg using an aptamer
assay was developed by Vazquez et al. Three Enzyme
Linked Oligonucleotide Assays (ELONA) were devel-
oped to confirm aptamer performance in HCVcAg
detection. The first was an indirect ELONA wherein his-
tamine tagged HCVcAg was immobilized on the plate,
and a digoxigenin tagged aptamer was in solution and
eventually bound to anti-DXN which was in turn tagged
with HRP. The second ELONA system used a sandwich
design using biotin-tagged aptamer bound to the plate
and free HCVcAg in solution with the reporter com-
plex mentioned in the indirect ELONA. The final assay
was competitive ELONA, where free DXN-aptamer was
allowed to bind to free HCVcAg in solution before being
put in a well with the same components as the indirect
assay allowing for assessment of release rate between
the aptamer and HCV [49]. The aptamer showed good,
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continued binding resulting in proportional decreases in
HRP tagged complexes with an increase in initial solution
HCVcAg concentration. For each assay multiple aptamer
versions were tested to compare sensitivity and bind-
ing properties. Using these assays, a calculated LOD of
2 pM was achieved though the selected aptamer was not
directly utilized in an HCV diagnostic format [49].

As shown in Table 2, novel electrochemical methods
have already achieved initial LODs of less than 5 fg/mL.
Unfortunately, there is little consensus on the conver-
sion between g/mL and the IU/mL standard for HCVcAg
diagnostics, making it difficult to determine how close
these methods have come to clinical viability. Moving
forward, the main challenge will be overcoming the prac-
ticalities of whole sample detection such as nonspecific
binding and alterations to experimental fluid viscosity.
None of the shown studies evaluated their sensor on clin-
ical samples which could significantly reduce the sensitiv-
ity of the systems. Overall, HCV protein diagnostics have
the advantage of being able to perform one-step diagno-
sis with detection earlier in infection that Anti-HCV, but
most are still relatively early in their development and
require significant further work before they can be clini-
cally applied.

Screening for HCV viral RNA

For individuals who tested positive in the antibody test,
an additional screening based on RNA, the nucleic acid
amplification test (NAAT) is used to determine if the

Table 2 Comparative analysis of HCV-Protein diagnostic techniques
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infection is currently active. RNA NAAT tests work
by amplifying the viral nucleic acid found in the blood
stream. Traditional methods of RNA quantification and
detection require comparatively large amounts of RNA
as they solely isolate and visualize the existing sample
RNA. RNA NAAT testing is able to be much more sen-
sitive because it amplifies the RNA signal. NAAT tests
traditionally do this using the polymerase chain reaction
(PCR) but can also use other techniques such as loop-
mediated isothermal amplification (LAMP). RNA from
the blood sample is first isolated and then exposed to an
enzyme called reverse transcriptase which translates the
RNA into a deoxyribonucleic acid (DNA) strand. This
DNA strand then undergoes PCR which makes copies of
the desired sequence. Specific primers are employed to
only amplify the HCV RNA, and from there the amount
of DNA generated by PCR after a given number of cycles
can be used to estimate the original concentration of viral
RNA in the sample [50, 51].

RT-PCR current standards and improvements

The current gold standard NAAT for diagnosis of active
HCYV infection is reverse transcription polymerase chain
reaction (RT-PCR) due to its ability to detection infec-
tion soon after exposure and its high sensitivity allowing
for detection of small amounts of HCV RNA found in
the blood stream. For this reason, it is also the strategy
used to monitor effectiveness of anti-viral medications
[1]. Conventional RT-PCR for HCV detection has five

Stage of Product/ Approach Receptor Target Pre-Processing Required LOD

Development Reference Steps Equipment

Commercial Abbott Architect ~ Chemiluminescent Anti-HCVcAg HCV-Core Antigen  Blood Draw/ Centrifuge, Archi- 3 fmol/L

[35] Microparticle Plasma Separation  tect System
Immunoassay

Research [38] Electrochemical Anti-HCVcAg HCV-Core Antigen  Blood Draw/ Centrifuge, Poten- 3 fg/mL
Plasma Separation  tiostat

Research [44] Electrochemical MIP E2 Blood Draw/ Centrifuge, Poten- 046 pg/mL
Plasma Separation  tiostat

Research [42] Electrochemical Aptamer HCV-Core Antigen Blood Draw/ Centrifuge, Poten- 3.3 pg/mL
Plasma Separation  tiostat

Research (43] Electrochemical Aptamer MIP HCV-Core Antigen Blood Draw/ Centrifuge, Poten-  1.67 fg/mL
Plasma Separation  tiostat

Research [40] Electrochemical Anti-HCVcAg HCV-Core Antigen Blood Draw/ Centrifuge, Poten- 32 fg/mL
Plasma Separation  tiostat

Research [46] GFET Anti-HCVcAg  HCV-Core Antigen Blood Draw/ Centrifuge, Resist- 100 pg/mL
Plasma Separation ance Monitor

Research [47] Magnetic Levita-  Anti-NS3 NS3 Blood Draw/ Centrifuge, Phone 50 pug/mL

tion Plasma Separation

Research [48] Immunoassay Anti-NS3 NS3 Blood Draw/ Centrifuge 10 ng/mL
Plasma Separation

Research [49] ELONA Aptamer HCV-Core Antigen  Blood Draw/ Centrifuge, Plate 44 pg/mL

Plasma Separation

Reader
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main steps. The first step is blood collection and serum
isolation. A blood sample is taken from the vein in the
patient’s arm by a trained phlebotomist, and then spun
in a centrifuge to separate the red blood cells from the
plasma and serum [52]. Once the serum or plasma has
been isolated the RNA must then be extracted from the
sample using a standardized microbiologic procedure by
a trained professional, often completed using a commer-
cial kit. The actual RT-PCR process begins once the RNA
has been isolated. The RNA is incubated with reverse
transcriptase, as well as with the necessary oligonucleo-
tide primers to transcribe the desired RNA sequence. The
process produces complementary DNA (cDNA) which
then undergoes PCR. During the PCR process the cDNA
is incubated with a thermostable polymerase and prim-
ers to initiate the desired sequence. The solution then
undergoes thermocycling which heats the formed DNA
to denature it and assure it becomes single stranded. It
is then cooled enough to allow for the primers to bind in
a step referred to as annealing [53]. From there the final
step in the cycle, extension, begins when the polymerase
binds to the primers and starts creating a complementary
strand. The cycle is repeated multiple times to generate
exponential copies of the original DNA. The final step in
the overall RT-PCR detection process is quantification
of the PCR process, determining how many copies were
formed which can be used to calculate the amount of ini-
tial template and thus how much viral RNA was present
in the sample [53]. The most common way to quantify
PCR products is using real time quantitative PCR which
uses a fluorescent oligonucleotide probe designed to
anneal to a mid-section of the desired DNA strand. This
probe has a fluorescent tag, as well as a quencher tag,
which when in close proximity to the fluorescent tag, as
it is on the probe, inhibits the fluorescence. When the
DNA polymerase moves along the strand and encoun-
ters the probe it will degrade it allowing the fluorescent
and quencher tags to separate from each other produc-
ing a fluorescent signal that can be detected by a sensor
in thermocycler [54]. The conventional RT-PCR process
has many points that require long periods of time, spe-
cialized equipment and trained personnel, all factors that
can increase cost and limit access for resource low com-
munities. Because of this, there have been several innova-
tions focused on reducing the limitations of various steps
in this process. An overview of the novel RNA detection
methods discussed is shown in Table 3.

Many approaches for improving nucleic acid tests for
HCYV detection focus on streamlining or improving exist-
ing RT-PCR methodology. One avenue of innovation
has been improvements to RNA extraction step. Vaghi
et al. developed an on-chip microdevice platform that
allowed for RNA extraction, reverse transcription, and
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PCR on the same chip. The initial well was functional-
ized to adsorb the RNA onto the well surface and retain
it for reverse transcription. The cDNA product was then
transferred to a secondary non-functionalized well for
PCR. The chip still required a thermocycler to maintain
necessary temperatures for the RT-PCR steps but did
reduce some of the necessary equipment. Using capillary
electrophoresis to quantify the PCR product, DNA from
clinically infected samples was successfully amplified but
the limit of detection as well as the clinical sensitivity and
specificity were not evaluated [73].

There has also been an investigation into paper-based
devices to reduce instrumentation necessary for reverse
transcription. Shiju et al., developed a cellulose mem-
brane using lyophilized reverse transcription reagents
with a low operating temperature that allowed for room
temperature reverse transcription of the RNA without
the need for additional instrumentation. Using this paper
device, a LOD of 100 copies/pL as well as 30-day storage
stability at 20°C were demonstrated [76].

Other works have focused on making DNA quantifica-
tion more accessible and eliminating the need for a spe-
cialized piece of equipment to quantify the results. In
2022, Kim et al. developed a method for PCR product
visualization using primers tagged with biotin and digox-
igenin, respectively. The resulting DNA then formed
crosslinked aggregates when in solution of Anti-DXN
coated and streptavidin coated particles which could be
seen with the naked eye. Using this method, a LOD of
10 IU/mL with a 100% clinical sensitivity and specific-
ity was demonstrated, though it should be noted that the
alternate viruses that were tested against did not include
any close relatives of HCV [74]. Teengam et al. developed
a method of HCV ¢DNA visualization that eliminated
the requirement for amplification. Pyrrolidinyl peptide
nucleic acid (acpcPNA) was used as a probe for a paper-
based device that allowed for visualization of the cDNA
within 15 min. AcpcPNAs are synthetic nucleic acids
where instead of the standard sugar-phosphate backbone
they have a peptide like backbone that makes them more
stable and resistant to various degradation enzymes and
pHs. A single stranded DNA specific dye was then used
to visualize the bound cDNA with an adapted iPhone
under black light. Using this paper-based device a LOD
of 5.1 pmol, a limit of quantification (LOQ) of 16.9 pmol
and a linear region of 5-100 pmol were found [75].

Adaption of existing commercial diagnostics plat-
forms to detect HCV has also been investigated as a way
to limit the equipment burden for the RT-PCR process.
Llibre et al. developed an adaptation of the standard
RT-PCR process for HCV to operate on the Genedrive
instrument, a commercial benchtop diagnostic platform.
The RNA extraction, reverse transcription and PCR were
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all completed in individual cartridges within the instru-
ment allowing for a more streamlined process. Using this
method, a LOD of 2362 IU/mL was achieved. A clinical
sensitivity of 98.6% and clinical specificity of 100% was
also demonstrated [72].

Isothermal amplification methods

One of the primary focuses in improving diagnostic PCR
for HCV has been on the use of isothermal amplifica-
tion methods to eliminate the need for the expensive and
highly specific thermocycler. Schematics of the isother-
mal methods that have been applied to HCV diagnostics
are shown in Fig. 6. The most common method of iso-
thermal amplification is LAMP. LAMP was first pub-
lished upon in 2000 and is a strand displacement-based
method [79]. It utilizes four primers and a DNA polymer-
ase prone to strand displacement. Initially the innermost
primers bind to the template strand and polymerization
is initiated [79]. The outermost primers then bind further
back on the template and polymerization begins again.
As the outer primer-initiated strand encounters the inner
primer it pulls it up and separates it from the template,
which begins the stand displacement process. The dis-
placed strand then forms a loop at the end as the inner
and outer primer regions interact. From there the inner
primers continuously attach to the formed loop region
initiating and displacing new stands eventually forming a
zigzag like set of strands with loops at each turn which
occasionally separate into smaller components and then
continues the generation — replacement process [79].

HCV genotype can play a key role in determining the
course of antivirals prescribed to a patient. Nyan and
Swinson used reverse transcription LAMP (RT-LAMP)
to detect HCV and differentiate HCV RNA by genotype.
Custom primers were used to amplify multiple sequences
in the non-coding region of the HCV genome, allowing
for variance in amplification product that can be visual-
ized in the band patterns of a gel. The commercial Gel-
Green UV-fluorescent DNA stain was used to quantify
DNA production. A consistent LOD at 100 [U/mL was
found but the test was able to demonstrate detection as
low as 10 IU/rxn when evaluating on a gel for 40% of the
tests. The method was also evaluated on clinical sam-
ples and demonstrated a 91.5% diagnostic sensitivity and
100% diagnostic specificity [58].

One of the most prominent challenges to conventional
NAATs is the need for trained personnel and special-
ized equipment; because of this there have been multiple
investigations into the use of microfluidic or cassette sys-
tems to streamline the process. Sharma et al. developed
a multichambered microfluidic device to detect HCV
RNA utilizing RT-LAMP. Magnetic beads were used
to attract the RNA and direct it through the different
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chambers using an automated magnetic bar. The first
chamber included a lysis buffer to allow the RNA in the
sample to associate with the beads. To purify the RNA,
the beads were then moved through a series of chambers
with alternating oil-buffer solutions. The RT-LAMP reac-
tion occurred in the final chamber with an integrated
heater underneath to facilitate the process and the DNA
dye SybrGreen was used to quantify the result. A chip
detector was able to detect the HCV at a LOD of 500
virions/mL after 45 min of processing time [59]. Seok
et al., expanded the use of RT-LAMP and microfluidics to
develop a multiplexed cassette device that detected HCV,
HBYV, and HIV simultaneously. The device used a paired
slider set up wherein the sample sat on a lower slider and
was moved through the cassette in time with an upper
slider which activated successive blister packs for each
part of the process. A fluorescent green DNA dye was
used to quantify the results which were able to be cap-
tured with a camera using an attached LED to excite the
dye. The multiplex diagnostic demonstrated a clear result
with 6.9x10* TU/uL of HCV but did not evaluate the
analytical sensitivity with HCV.

RT-LAMP has also been used to detect HCV in paper-
based applications. In 2021, McConnell et al. demon-
strated a detection device that combined an RT-LAMP
reaction chamber with a LFA strip. For the LFA, gold
nanoparticles conjugated with antibodies which bind to a
tag on the DNA were used as the reporter, the tag in this
case was a biotin molecule covalently attached to the for-
ward loop primer. On the test line antibodies for fluores-
cein isothiocyanate (FITC) were adhered to the strip and
used to bind with the FITC tag on the backwards primer
thus tying the gold nanoparticle to the strip resulting in
a red color visible to the naked eye. The detection device
was able to demonstrate a LOD of 260 copies/rxn and
had a clinical sensitivity of 96% with a 91% specificity
[60]. Shi et al. also combined RT-LAMP with an LFA to
achieve a LOD of 20 copies/rxn [62].

Pairing isothermal amplification methods with LFA
readout systems has been a popular method to over-
come the relatively poor analytical sensitivity afforded
by LFAs and the general need for advanced equipment
for DNA quantification. Wang et al. utilized recombi-
nase aided amplification (RAA) in combination with a
LFA strip to create an HCV diagnostic. RAA operates
by using a mix including recombinase which is natively
part of the repair pathway, a displacing polymerase,
primers for the desired sequence, crowding agents, and
single stranded binding proteins. The crowding agents,
recombinase and primers form a complex that looks for
homologous regions in the DNA and then inserts the
primer, thus opening the DNA. From there, polymerase
comes in and extends the new strand. This then repeats
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Fig. 6 Methods of isothermal nucleic acid amplification. a Loop mediated ampilification (b) Hybridization chain reaction (c) recombinase
polymerase amplification (d) catalytic hairpin assembly, (e) rolling circle amplification

to amplify the target DNA [80]. For this diagnostic,
the RAA process was paired with an LFA that used a
similar system to the LAMP-LFA mentioned previously
and used biotin-FITC tagged primers as the label com-
ponent. The system was found to have a 100% clinical

specific and sensitivity with a detection limit of 10 cop-
ies/pl [66].

Su et al. used a similar diagnostic structure of an ampli-
fication reaction followed by transfer to an LFA. Instead
of RAA, catalytic hairpin assembly (CHA) was utilized.
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CHA is an isothermal amplification method which is
advantageous in that it only requires tagged DNA strands
and no enzymes. This reduces the need for cold chain
preservation of the components. Catalytic hairpin assem-
bly works by having primers which will fold to form
a hairpin with themselves as well as bind to each other
when straightened out. The primer initially opens to bind
to the target DNA which leaves a portion of the primer
that was folded over is now exposed which then binds
to the alternate primer and folds down to form a double
stranded DNA and recycles the template strand [81]. The
sample DNA acts as a trigger for the primers to anneal
together. In the case of this HCV diagnostic the primers
were tagged with biotin and digoxigenin (DXN) so that
when the amplified DNA was put on the LFA strip the
biotin bound to streptavidin coated gold nanoparticles
and then the digoxigenin bound to antibodies on the test
line. This test was able to achieve a LOD of 10 fM with a
linear range of detection of 10 nM-10 pM using fluores-
cent quantification [67].

The use of a paired LAMP-Casl2 systems has also
been investigated as a method of achieving high sensi-
tivity reporting of LAMP products. CRISPR/Cas 12 is a
bacteria nuclease employed for its combined target and
non-target cleavage. In LAMP applications, it is used
to identify and cleave the target DNA output from the
amplification process as well as cleave reporter non-tar-
get ssDNA, which is tagged on each end with a quencher
and fluorophore, respectively. This cleavage of the
reporter then allows for a fluorescent signal, which can
be used to quantify the amplification output. Kham-Kji-
ing et al. used this method paired with an LFA readout to
develop a diagnostic with a 10 ng/pL LOD, 96% sensitiv-
ity, and 100% specificity [63]. The LAMP-Casl2 system
has also been employed in combination with a field effect
transistor sensor to achieve an LOD of one copy/rxn
for synthetic HCV RNA [64]. While the application of
CRISPR systems for HCV diagnostics has been limited,
they have been applied to other viral diagnostics in many
ways. CRISPR technology is commonly used for diag-
nostics in two main ways. The first is that it can be used
as a reporting tool to create an amplified signal through
sequence-specific cleavage, such as described above
[82]. The second is that CRISPR systems can be used as
a checkpoint for isothermal amplification methods [83,
84]. Isothermal methods are often prone to non-specific
amplification and the sequence specificity of a CRISPR
system can be used to ensure that only desired amplifica-
tion is reported to the user [85, 86]. Since CRISPR sys-
tems can be operated isothermally their benefits can be
utilized without compromising the POC use goals for
many diagnostics.
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Another isothermal amplification method that has been
applied to HCV is rolling circle amplification (RCA). The
primary mode of action is the use of a specially designed
circular single-stranded DNA, which is copied on a con-
stant loop. The polymerase binds to the primer, com-
pletes the circle, and then displaces the previously made
strand creating a long strand with many repeats of the
same region. Wu et al. developed a method for HCV
RNA detection using RCA and Exonuclease III-assisted
target recycling amplification. The target DNA was cap-
tured by a custom DNA strand with a padlock probe
region and a strand complementary to the target. When
the target bound, it signaled the exonuclease to cleave
the complementary strand and release the target. The
single-stranded DNA fragments from the exonuclease
were then used to hybridize the padlock region forming
a full circle and initiating the RCA. The probe sequence
was designed to have cysteine-rich sequences, which
could accumulate silver nanoparticles when incubated in
a solution of AgNO3, resulting in a fluorescently detecta-
ble signal. This paired amplification method resulted in a
LOD of 48 fM and a linear region of 102107 fM [69]. Exo
II-assisted target recycling has also been used on its own
in HCV detection. Wu et al. developed a method that
used FeOOH to reduce the inhibition of fluorescent sig-
nal allowing for more sensitive detection of HCV cDNA.
Fluorescently tagged DNA probes are attracted to and
inhibited by the FeOOH nanosheets. When in the pres-
ence of target DNA, the probe formed a double-stranded
complex with the target, initiating the degradation of the
probe by the exonuclease. This then caused the probe to
be in such small fragments that it was no longer attracted
to the nanosheets and became free floating in the solu-
tion which allowed for the tag to fluoresce. Using this
method, a LOD of 10 pM was achieved [70].

Other isothermal amplification methods have also been
explored for HCV detection. Chia et al. used reverse
transcription recombinase polymerase amplification (RT-
RPA), which allowed for a faster run time (10—15 min)
and lower operating temperature (35—42 °C) than
LAMP. RPA works in a very similar way to RAA. The pri-
mary difference is the source of recombinase; RPA uses a
bacteriophage recombinase whereas RAA utilizes recom-
binase from bacteria or fungi [87]. For HCV detection,
two strategies were investigated: one using a single step
method, the other split into RT and RPA steps. The two-
step assay was found to perform better on real samples
and displayed a LOD of 25 copies/rxn for genotype 1,
with higher LODs for the other genotypes, with the high-
est LOD being 500 copies/rxn for genotype 3. The test
also demonstrated 100% clinical sensitivity and specific-
ity using 78 samples [65].
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Hybridization Chain Reaction (HCR) is another non-
enzymatic isothermal amplification method. The primary
difference between HCR and catalytic hairpin assembly is
that it is structured to that the primers can add infinitely
to a single strand [88]. Zhang et al. investigated the use of
HCR in HCV RNA detection in an unconventional way,
measuring the RNA as an inhibitor not as an initiator. An
HCR system was used that included an initiator so that
without target DNA the HCR would progress exponen-
tially. If target DNA was present, it would take the place
of one of the hairpin primers and prevent additional
primers from being added on. The detection of the cycle
inhibition was done by measuring fluorescence. Each
hairpin had a fluorescent and a quencher tag and when
the oligonucleotide was in hairpin shape the fluorescent
and quencher were close enough to turn of the fluores-
cence but when stretched out in a double stranded DNA
was allowed to fluoresce. A LOD of 0.625 nM was dem-
onstrated though there was minimal quantification abil-
ity at higher concentrations [68].

Other novel reporter methods

Isothermal methods and traditional RT-PCR both rely
on reverse transcription and a period of amplification
to be effective. To streamline HCV RNA detection even
further Shawky et al. developed a method for direct RNA
detection without amplification using gold nanoparticle
aggregation. Citrate capped gold nanoparticles (AuNPs)
coated with HCV specific RNA probes were used, that
when heated with the RNA, annealed the viral RNA to
AuNPs. Cysteamine AuNPs were then added which when
viral RNA was present adhered to the outer edges of the
viral RNA staying relatively separated but when no RNA
was present formed aggregates on the citrate capped par-
ticles. These aggregates affected the optical color turn-
ing the solution from a red to dark purple. The RNA was
then quantified using absorbance at 530 nm. This method
allowed for a LOD of 4570 IU/mL, a clinical sensitivity of
93.3% and a clinical specificity of 100% [77]. Mohammed
et al. used a similar method to directly detect HCV RNA
using citrate capped AuNPs but instead of using probes
directly attached to the AuNPs, probe hybridization
with the target was used to stabilize the AuNPs when
subjected to salt induced aggregation conditions. This
method resulted in a 30-min runtime and demonstrated
a LOD of 100 IU/mL [78].

Limitations of current diagnostics

The current two step screening process for HCV has sev-
eral limitations that inhibit its effectiveness, especially for
high-risk, low-resource populations. One of the primary
limitations is the time to result. Tests for Anti-HCYV,
though they may come in the rapid form of LFAs, cannot
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determine active infection. Thus, after Anti-HCV testing,
which can take from 20 min to 3 days depending on the
type of test used to return a result, an additional sam-
ple must then be taken for NAAT testing. Though indi-
vidual NAAT tests can be completed in as little as three
hours, given the need for highly specialized equipment
and trained technicians, samples must generally be col-
lected at POC or point of service (POS) facilities and be
shipped to diagnostic labs. This adds more time to get a
result and can take a few days up to a week [89]. This high
resource demand screening is one of the primary reasons
NAAT testing is not used as an independent diagnos-
tic. The need for specialized equipment and personnel
is another core limitation of the current testing scheme.
This prevents POC diagnosis which can severely limit
access for high-risk populations in both high and low-
and middle-income countries (LMIC) since those most at
risk often have limited ability to access centralized health
care, because of cost, time, or travel necessities [90, 91].
High risk populations in low prevalence countries are
often injection drug users and many times unhoused
making patient retention for repeat assessments diffi-
cult [92]. In LMICs, health centers are often few and far
between, making trips to them arduous and a significant
investment for patients in addition to the general lack of
trained personnel available [93].

There are also limitations to the research scale inves-
tigations completed so far for HCV diagnostics. All the
Anti-HCV diagnostics that have been recently developed
require pre-processing in the way of professional blood
draw and plasma separation which increases necessary
resources for the test. However, Anti-HCV detection
methods overall have improved the need for test spe-
cific equipment as many of the LFA based diagnostics do
not require any additional equipment or utilize a small
benchtop device that could be used for detection of mul-
tiple diseases. Notably, there have also been reductions
in the equipment necessities for electrochemical sensors
through the use of small portable potentiostats that func-
tion as a smartphone add-on instead of having a bench-
top potentiostat [28].

For RNA based diagnostics, there was a significant var-
iance in reported detection limit even amongst those that
use the same approach, RT-LAMP based methods alone
demonstrated LODs from 100 — 11,818 IU/mL [58, 60].
Isothermal methods, though promising, are also prone
to non-specific amplification, primer-dimers and carryo-
ver contamination which must be carefully controlled for
[94, 95]. Additionally, many of the novel RNA diagnostics
did not evaluate effectiveness on actual samples there-
fore their real-world detection capabilities may be poorer
than what was reported. Overall, RNA based diagnostics
have the advantage of being standalone tests capable of
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early and sensitive detection but are still limited by the
amount of time and equipment they require. For many
of these methods, maintenance of cold chain materials is
an additional concern since they largely rely on the use
of oligonucleotides or enzymes that will degrade without
careful storage.

Viral protein-based diagnostics offer an alternative to
RNA for diagnosis of active infection, but no research
scale development has gotten close to the level of ana-
lytical sensitivity established by the commercial archi-
tect test. Like the RNA diagnostics, investigations into
HCV protein as an analyte lacked evaluation on clinical
samples. They also did not establish stability longer than
20 days, even in refrigerated conditions which indicates a
need for further improvement to make them practically
applicable [38].

Though there have been significant improvement over
commercial timelines, as shown in Fig. 2, testing time
continues to be an important factor in developing the
next generation of HCV diagnostics. When accounting
for the time included in preprocessing steps RNA based
methods on average are the slowest to return a result
whereas Anti-HCV and protein-based methods have
lower overall times. Non-RNA diagnostics still maintain
an average testing time of over 30 min which is higher
than the optimal testing time of 15 min established by
the NIH endorsed target product profile discussed below
[96]. In addition, as shown in Table 4, there has not been
a demonstration of any method that could diagnosis
active infection in under 45 min when accounting for
sample preparation and readout times. This shows how
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far there is to go towards developing a diagnosis that
could meet the optimal requirements established in the
TPP.

Potential approaches for one step diagnosis

Target product profile

In 2017 a target product profile for the creation of new
HCV diagnostics was developed by gathering census
from stakeholders in industry, government, and public
advocacy [96]. This TPP was adopted by the National
Institute of Health (NIH) as part of their call for research
around HCV [97]. The developed profile described
requirements for tests that could stand alone or serve
as the second step in a two-step system. Stakehold-
ers did not unanimously agree that single step systems
were the best policy [96]. While one-test methods offer
convenience and may increase successful diagnosis the
restrictions provided by a two-step system also serve as
a method of screening patients by likelihood to be com-
plaint with a treatment regime. This is of particular con-
cern given the risk of developing drug resistance due to
inconsistent adherence to treatment. The profile out-
lined many minimum and ideal requirements for new
diagnostics that could determine active infection, focus-
ing on RNA and HCVcAg as analytes. Key requirements
are shown in Table 5. The most basic requirements were
those for sensitivity and specificity. The optimal analyti-
cal sensitivity was determined to be 200 IU/mL, and the
minimum sensitivity was 1,000 to 3,000 IU/mL. The opti-
mal diagnostic specificity was 99%, with 98% being the
minimum acceptable specificity. Sample type was also a

Table 4 Duration of diagnosis in relation to recent advancements in HCV testing methods

Analyte Shortest Longest Median Reference

Anti-HCV 30 min [22] 230 min [28, 29] 80 min [14,15,20, 22,23, 28,29,31]
Viral RNA 50 min [66] 240 min [73] 110 min [59-78]

Viral Protein 23 min [47] 170 min [40] 55 min [38, 40, 4244, 46]

Preprocessing steps accounted for using assumed values based on standard protocol when not thoroughly described in the investigational report. The assumed
values are as follows: Blood Draw—5 min, Plasma Isolation — 15 min, RNA extraction — 30 min, Reverse Transcription—30 min and Gel Electrophoresis — 50 min.

Shortest, longest, and median time determined from listed references

Table 5 Key target product profile metrics for new diagnostics of active infection [96]

Metric Optimal Minimum
Time to Result > 15 min >1h
Analytical Sensitivity 200 1U/mL 3000 IU/mL
Specificity 99% 98%

Specimen Type Capillary whole blood

Instrumentation Instrument free

Specimen Preparation
or volume required)

Integrated sample preparation (no precision time

Venous whole blood or plasma
Separate sample preparation device allowed
<2 Steps (no precision time or volume required)
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primary metric for developing HCV diagnostics. Cap-
illary blood was considered to be the optimal sample
because of its minimal invasiveness and because, unlike
venous blood that must be collected by a phlebotomist,
capillary blood can be collected by someone with mini-
mal training. Another key requirement defined in the
TPP was time; optimal tests would return a result within
15 min, with the minimum requirement being able to
provide a result within an hour. Even the minimum time
requirement established is considerably shorter than cur-
rent commercial methods for active infection diagnosis.
The TPP also outlined more directly practical parame-
ters, such as the necessary experience of the operator and
the necessity for the test materials to be able to be trans-
ported without cold-chain requirements [96].

Future innovation

Research-scale diagnostics for HCV have mainly focused
on improving two key metrics, time, and equipment
requirements. Going forward there are two key technolo-
gies that offer a path towards rapid POC one-step HCV
diagnosis: isothermal amplification of RNA and electro-
chemical detection of HCVcAg. The use of isothermal
amplification methods for viral RNA detection signifi-
cantly reduces equipment requirements by replacing the
need for an expensive thermocycler with a simple heat
block. Isothermal methods are often also quicker than
traditional PCR with time to result including preproc-
essing steps around an hour. HCVcAg based diagnostics
also offer improvements in time and equipment require-
ments. HCVcAg testing requires less pre-processing
before analysis due to the lack of amplification steps and
generally only requires a single readout instrument such
as a potentiostat. However, RNA remains the most pref-
erable analyte because it is capable of determining viral
genotype and because as HCV mutates the core protein
may become less recognizable to a developed sensor. The
use of incorporated cassettes that mix components and
transfer the sample through reaction chambers as neces-
sary also go a long way towards reducing the technical
competence necessary to complete the tests [59, 61].

So far, much of the research on HCV diagnostics has
been focused on individual detection steps. The next
step in moving towards practically functional detection
methods is the integration of each of these steps into a
single test. Diagnostic tests can be generally separated
into three steps: sample collection, processing, and read-
out. Sample collection for most methods includes blood
collection followed by centrifugation to isolate plasma
or serum. For RNA amplification methods, this can also
include RNA isolation and reverse transcription. The
processing step then includes the primary test. For RNA
methods this is the amplification step, be that through
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isothermal methods or standard PCR. For protein meth-
ods, this is the addition of the necessary buffers, redox
components, and substrates for the readout. Finally, the
readout is the component that delivers the result of the
test. This can be an LFA, electrochemical signal, or other
fluorescent or colorimetric output.

For each step there are innovations that can be lever-
aged to produce integrated diagnostics that could meet
the target goals. While significant investigation has gone
into reducing the equipment and components of HCV
tests, relatively little work has been done to integrate
these novel testing methods with simple sample prepa-
ration and collection. Most proposed methods require
relatively large samples of purified plasma/serum (>50
puL) which creates the requirement for both a trained
practitioner to collect venous blood since it is greater
than the volume produced by a finger prick as well as
require a centrifuge to separate the plasma from red
blood cells [98]. For sample collection, the integration of
a plasma or serum isolation method such as microfluidics
or membrane filtration could be used to isolate plasma
or serum from whole blood samples and eliminate cen-
trifuge requirements. For both methods, ensuring that
additional specialized equipment is not necessary is key.
Membrane filtration approaches rarely require additional
instrumentation since capillary action is the major driver
of flow through the system, but they are also at risk of fil-
tering out desired analytes. For microfluid approaches,
simple pressure systems such as the use of a manual
plunger or finger pump may be successful at providing
fluid flow through the system without the need for excess
instrumentation [99, 100]. Integration of elution buft-
ers for dried blood spots could also be used to improve
the viability of the diagnostics in low-resource settings.
Blood spots are often a preferred method of sample col-
lection for methods which require centralized equipment
since they can be collected by the patient themselves and
are more robust in transport than liquid samples [101]
For RNA diagnostics it will be necessary to incorporate
RNA isolation into the sample processing component
such as in Sharma et al. [59]. Overall, there also needs to
be further optimization to develop systems and methods
that can utilize the small sample volumes obtained from
capillary blood collection. The ideal system would likely
operate similarly to at-home glucose monitors where a
small sample of the capillary can be collected by mini-
mally trained personnel and deliver a result at the POC.

For the processing step, the main innovations are
dependent on the analyte. For RNA amplification diag-
nostics, the use of isothermal methods could reduce
equipment and time requirements. However, addi-
tional investigation into isothermal methods needs to
be completed in search of components to allow room
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temperature reactions so that a heat block or external
running device is not necessary. Some work has been
done into this such as the RT system developed by Shiju
which was able to operate at room temperature [76].
Practical charting of run-time efficiencies as they relate
to ambient conditions should also be completed. Effec-
tive diagnostics will need to be operatable in conditions
that may have variable temperature and humidity and
knowing the effect of these conditions on how to run
the tests will be necessary. Combining these isothermal
methods with blister-pack or otherwise simple fluid con-
trol systems such as in Seok and Sharma could also serve
to improve the expertise requirements of diagnostics,
allowing for disposable tests to be completed with mini-
mal training [59, 61]. The use of cassette fluidic systems
could also be applied in antigen diagnostics to automate
buffer application and reduce the necessary user exper-
tise. In this vein, designs that utilize disposable or single
use components will be the way forward since most point
of care facilities will lack the infrastructure for steriliza-
tion and system reloading would require technical exper-
tise. Additionally, for processes and systems with higher
inherent equipment burden, tailoring the diagnostic to fit
into an extensively used high investment piece of equip-
ment may allow for higher accuracy without the need
for additional equipment purchases. For example, the
GeneXpert system by Cepheid, has many commercial
diagnostic tests for several likely comorbidities and key
diseases increasing the likelihood such a system would be
already present at a core medical facility [102].

These process improvements then must be paired with
accessible readout methods. LFAs are the most tradi-
tional low-tech readout display and can produce naked
eye colorimetric qualitative results. They are not as inher-
ently sensitive as other methods, and further work into
high efficacy reporting tags and capillary systems will
be necessary to make them truly effective as a readout
method. Combining LFAs with amplified RNA systems
could overcome sensitivity hurdles by simply using the
amplification steps to produce excess signal that could be
easily displayed even from a low initial starting condition.
For electrochemical methods, the use of portable battery
powered potentiostats could reduce equipment burdens
while still allowing for the sensitivity and quantification
advantages inherent to those systems. The use of phone-
adaptor components such as add-ons for fluorescent cap-
ture could also serve to make readout more feasible and
reduce the resource burden.

There are several additional improvements that could
further increase the utility of developed HCV diagnos-
tics. The first is the development of multiplexed tests
that can detect multiple diseases, particularly those such
as HIV infection, which can increase susceptibility and
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severity of HCV infection. Multiplexed testing for sever-
ity markers such as ALP, which is upregulated in hepa-
tocellular carcinoma, could provide additional insight for
physicians when establishing treatment and monitoring
plans. The second is the development of genotype-spe-
cific readouts. Direct-acting antiviral (DAA) regimens are
informed by the HCV genotype, and knowing the geno-
type the patient is infected with will change which drugs
are most effective. Lastly, further investigation and devel-
opment into component storage methods are needed in
order to develop shelf-stable diagnostics that can achieve
the non-cold chain transport requirements established in
the TPP. Many of the proposed diagnostics involve mul-
tiple biologics which must be temperature controlled and
did not effectively evaluate storage stability. When reach-
ing at-risk populations, it is essential that these diag-
nostics be stable long enough to both get to the point of
care and be able to sit on the shelf without deteriorating
immediately.

Overall, there has been considerable progress made
toward improving HCV diagnostics from their current
commercial standards. Many novel approaches to HCV
diagnostics have yet to fully integrated from sample col-
lection to readout which especially for more molecu-
larly complicated methods results in diagnostic time
not accounted for by the length of the test itself but that
nonetheless would be important in clinical use.

Abbreviations

ABTS 2,2'-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
acpcPNA  Pyrrolidinyl Peptide Nucleic Acid

ALP Alkaline Phosphatase

AuNP Gold Nanoparticle

BSA Bovine Serum Albumin

cDNA Complementary Deoxyribonucleic Acid
CHA Catalytic Hairpin Assembly

cv Cyclic Voltammetry

DAA Direct Acting Antiviral

DNA Deoxyribonucleic Acid

DpPV Differential Pulse Voltammetry

DXN Digoxigenin

ECLIA Electrochemiluminescence Assay

EIS Electrochemical Impedance Spectroscopy
ELISA Enzyme Linked Immunoassay

ELONA Enzyme linked Oligonucleotide Assay
FITC Fluorescein Isothiocyanate

GBP Gold Binding Protein

GFET Graphene Field Effect Transistor

HBV Hepatitis B Virus

HCR Hybridization Chain Reaction

HCV Hepatitis C Virus

HCVcAg HCV Core Antigen

HIV Human Immunodeficiency Virus

HRP Horseradish Peroxidase

16] International Units

LAMP Loop-mediated Isothermal Amplification
LFA Lateral Flow Assay

LFIA Lateral Flow Immunoassay

LMIC Low- and Middle-Income Countries
LOD Limit of Detection

MIP Molecularly Imprinted Polymer

NAAT Nucleic Acid Amplification Test



Baber et al. Journal of Biological Engineering (2024) 18:48

NCU China National Clinical Units

PBS Phosphate Buffered Saline

PCR Polymerase Chain Reaction

POC Point of Care

POS Point of Service

RAA Recombinase Aided Amplification

RNA Ribonucleic Acid

RPA Recombinase Polymerase Amplification

RT-LAMP  Reverse Transcription Loop-mediated Isothermal Amplification
RT-PCR Reverse Transcription Polymerase Chain Reaction

RVF Rapid Vertical Flow Assay

SELEX Systematic Evolution of Ligands by Exponential Enrichment
SERS Surface Enhanced Raman Spectroscopy

SPE Screen Printed Electrode

SVR Sustained Virological Response

SWCNT Single Walled Carbon Nanotube

TdT Terminal Deoxynucleotidyl Transferase

T™MB 3,3,5,5 Tetramethylbenzidine dihydrochloride

TP Treponema Pallidum

TPP Target Product Profile

Acknowledgements
Not applicable.

Authors’ contributions

A.B. performed primary reference collection and manuscript writing. B.S.
contributed substantial revisions. R.R. made substantial contributions to the
conception of the manuscript and manuscript structure/core content. All
authors read and approved the final manuscript.

Funding
This research did not receive any specific grant from funding agencies in the
public, commercial, or not-for-profit sectors.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
"Nano Electrochemistry Laboratory, College of Engineering, University
of Georgia, Athens, GA 30602, USA.

Received: 24 May 2024 Accepted: 22 August 2024
Published online: 09 September 2024

References

1. What is hepatitis C - FAQ cdc.gov: Centers for Disease Control and
Prevention; 2020. Available from: https://www.cdc.gov/hepatitis/hcv/
cfag.html. Accessed 7/20/23.

2. Viral Hepatitis in The United States: Data and Trends HHS.gov: Office
of Infectious Disease and HIV/AIDS Policy (OIDP); 2016. Available
from: https://www.hhs.gov/hepatitis/learn-about-viral-hepatitis/data-
and-trends/index.html#:~:text=2.4%20million%20people%20are%
20estimated,as%20low%20as%202.5%20million &text=850%2C000%
20people%20in%20the%20U.5.,0r%20as%20low%20as%20730%
2C000. Accessed 7/20/23.

10.
1.
12.

20.

21.

22.

23.

24.

25.

26.

Page 23 of 25

Hepatitis C Surveillance in the United States cdc.gov: Centers for
Disease Control and Prevention; 2020. Available from: https://www.cdc.
gov/hepatitis/statistics/2018surveillance/HepC.html. Accessed 7/20/23.
Hepatitis C who.int: World Health Organization; 2022. Available from:
https:.//www.who.int/news-room/fact-sheets/detail/hepatitis-c#:~:
text=The%20incubation%20period%20for%20hepatitis,do%20not%
20exhibit%20any%20symptoms. Accessed 7/20/23.

Morozov VA, Lagaye S. Hepatitis C virus: Morphogenesis, infection and
therapy. World J Hepatol. 2018;10(2):186-212.

Morgan JR, Servidone M, Easterbrook P, Linas BP. Economic evaluation
of HCV testing approaches in low and middle income countries. BMC
Infect Dis. 2017;17(1):697.

Morgan JR, Marsh E, Savinkina A, Shilton S, Shadaker S, Tsertsvadze

T, et al. Determining the lower limit of detection required for HCV

viral load assay for test of cure following direct-acting antiviral-based
treatment regimens: Evidence from a global data set. J Viral Hepat.
2022;29(6):474-86.

Hepatitis C Questions and Answers for Health Professionals: Centers for
Disease Control and Prevention; 2023. Available from: https://www.cdc.
gov/hepatitis/hcv/hevfag.htmi#c3. Accessed 4/21/24.

OraQuick HCV Rapid Antibody Test orasure.com: Orasure Technologies;
Available from: https://www.orasure.com/products-infectious/OraQu
ick-HCV.html. Accessed 7/20/23.

Elecsys Anti-HCV II. Roche Diagnostics. 2024.

Elecsys HCV Duo. Roche Diagnostics. 2022.

Alhajj M ZM, Farhana A. Immunosorbent Assay. Treasure Island (FL):
StatPearls Publishing; 2023.

Overview of ELISA thermofisher.com: Thermo Fisher Scientififc; 2023.
Available from: https://www.thermofisher.com/us/en/home/life-scien
ce/protein-biology/protein-biology-learning-center/protein-biology-
resource-library/pierce-protein-methods/overview-elisa.ntml. Accessed
8/1/23.

Pedersen J, Moukandja IP, Ndidi S, Serensen A-L, Koumakpayi IH,
Lekana-Douki J-B, et al. An adaptable platform for in-house hepatitis C
serology. J Virol Methods. 2022;308: 114586.

Kheirabad AK, Nategh R, Shokri F, Pashabeyg KR, Norouzi M. Evaluation
of a Novel Enzyme-Linked Immuno Assay Model to Detect E2 Antigen
and Antibodies Against Core, NS3, NS4, and NS5 Antigens of Hepatitis C
Virus. Hepat Mon. 2020;20(9):1-7.

Mirica AC, Stan D, Chelcea IC, Mihailescu CM, Ofiteru A, Bocancia-
Mateescu LA. Latest Trends in Lateral Flow Immunoassay (LFIA) Detec-
tion Labels and Conjugation Process. Front Bioeng Biotechnol. 2022;10:
922772.

Koczula Katarzyna M, Gallotta A. Lateral flow assays. Essays Biochem.
2016;60(1):111-20.

Sharma B, Frontiera RR, Henry A-l, Ringe E, Van Duyne RP. SERS: Materi-
als, applications, and the future. Mater Today. 2012;15(1):16-25.

Clarke OJR, Goodall BL, Hui HP, Vats N, Brosseau CL. Development of

a SERS-Based Rapid Vertical Flow Assay for Point-of-Care Diagnostics.
Anal Chem. 2017;89(3):1405-10.

Ryu JH, Kwon M, Moon JD, Hwang MW, Lee JM, Park KH, et al. Develop-
ment of a Rapid Automated Fluorescent Lateral Flow Immunoassay to
Detect Hepatitis B Surface Antigen (HBsAg), Antibody to HBsAg, and
Antibody to Hepatitis C. Ann Lab Med. 2018;38(6):578-84.

Cotta MA. Quantum Dots and Their Applications: What Lies Ahead? ACS
Applied Nano Materials. 2020;3(6):4920-4.

Zhou S, Cao S, Ma G, Ding T, Mu J, Han W, et al. Recombinant streptavi-
din fusion proteins as signal reporters in rapid test of human hepatitis C
virus infection. J Clin Lab Anal. 2019;33(3): €22701.

Patel J, Sharma P. Design of a novel rapid immunoassay for simultane-
ous detection of hepatitis C virus core antigen and antibodies. Adv
Virol. 2020;165(3):627-41.

Magar HS, Hassan RYA, Mulchandani A. Electrochemical Impedance
Spectroscopy (EIS): Principles, Construction, and Biosensing Applica-
tions. Sensors. 2021;21(19):6578.

Garcia-Miranda Ferrari A, Rowley-Neale SJ, Banks CE. Screen-printed
electrodes: Transitioning the laboratory in-to-the field. Talanta Open.
2021;3: 100032.

Moretto LM, Kalcher K. Environmental Analysis by Electrochemical Sen-
sors and Biosensors. Fundamentals: Springer, New York; 2014.


https://www.cdc.gov/hepatitis/hcv/cfaq.html
https://www.cdc.gov/hepatitis/hcv/cfaq.html
https://www.hhs.gov/hepatitis/learn-about-viral-hepatitis/data-and-trends/index.html#:~:text=2.4%20million%20people%20are%20estimated,as%20low%20as%202.5%20million.&text=850%2C000%20people%20in%20the%20U.S.,or%20as%20low%20as%20730%2C000
https://www.hhs.gov/hepatitis/learn-about-viral-hepatitis/data-and-trends/index.html#:~:text=2.4%20million%20people%20are%20estimated,as%20low%20as%202.5%20million.&text=850%2C000%20people%20in%20the%20U.S.,or%20as%20low%20as%20730%2C000
https://www.hhs.gov/hepatitis/learn-about-viral-hepatitis/data-and-trends/index.html#:~:text=2.4%20million%20people%20are%20estimated,as%20low%20as%202.5%20million.&text=850%2C000%20people%20in%20the%20U.S.,or%20as%20low%20as%20730%2C000
https://www.hhs.gov/hepatitis/learn-about-viral-hepatitis/data-and-trends/index.html#:~:text=2.4%20million%20people%20are%20estimated,as%20low%20as%202.5%20million.&text=850%2C000%20people%20in%20the%20U.S.,or%20as%20low%20as%20730%2C000
https://www.hhs.gov/hepatitis/learn-about-viral-hepatitis/data-and-trends/index.html#:~:text=2.4%20million%20people%20are%20estimated,as%20low%20as%202.5%20million.&text=850%2C000%20people%20in%20the%20U.S.,or%20as%20low%20as%20730%2C000
https://www.cdc.gov/hepatitis/statistics/2018surveillance/HepC.html
https://www.cdc.gov/hepatitis/statistics/2018surveillance/HepC.html
https://www.who.int/news-room/fact-sheets/detail/hepatitis-c#:~:text=The%20incubation%20period%20for%20hepatitis,do%20not%20exhibit%20any%20symptoms
https://www.who.int/news-room/fact-sheets/detail/hepatitis-c#:~:text=The%20incubation%20period%20for%20hepatitis,do%20not%20exhibit%20any%20symptoms
https://www.who.int/news-room/fact-sheets/detail/hepatitis-c#:~:text=The%20incubation%20period%20for%20hepatitis,do%20not%20exhibit%20any%20symptoms
https://www.cdc.gov/hepatitis/hcv/hcvfaq.htm#c3
https://www.cdc.gov/hepatitis/hcv/hcvfaq.htm#c3
https://www.orasure.com/products-infectious/OraQuick-HCV.html
https://www.orasure.com/products-infectious/OraQuick-HCV.html
https://www.thermofisher.com/us/en/home/life-science/protein-biology/protein-biology-learning-center/protein-biology-resource-library/pierce-protein-methods/overview-elisa.html
https://www.thermofisher.com/us/en/home/life-science/protein-biology/protein-biology-learning-center/protein-biology-resource-library/pierce-protein-methods/overview-elisa.html
https://www.thermofisher.com/us/en/home/life-science/protein-biology/protein-biology-learning-center/protein-biology-resource-library/pierce-protein-methods/overview-elisa.html

Baber et al. Journal of Biological Engineering

27.

28.

29.

30.
31

32.
33.
34

35.
36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

(2024) 18:48

Grieshaber D, MacKenzie R, Vords J, Reimhult E. Electrochemical
Biosensors - Sensor Principles and Architectures. Sensors (Basel).
2008;8(3):1400-58.

Aronoff-Spencer E, Venkatesh AG, Sun A, Brickner H, Looney D, Hall DA.
Detection of Hepatitis C core antibody by dual-affinity yeast chimera
and smartphone-based electrochemical sensing. Biosens Bioelectron.
2016;86:690-6.

Venkatesh AG, Brickner H, Looney D, Hall DA, Aronoff-Spencer E.
Clinical detection of Hepatitis C viral infection by yeast-secreted HCV-
core:Gold-binding-peptide. Biosens Bioelectron. 2018;119:230-6.
Bioline HCV Hepatitis C Virus Test. Abbott. 2024.

Rong Z, Xiao R, Peng Y, Zhang A, Wei H, Ma Q, et al. Integrated fluores-
cent lateral flow assay platform for point-of-care diagnosis of infectious
diseases by using a multichannel test cartridge. Sens Actuators, B
Chem. 2021;329: 129193.

HCV Foresight EIA Kit. ACON Laboratories. 2024.

Ortho HCV Version 3.0 ELISA Test System. Bio-Rad Laboratories. 2024.
DiaSorin. LIAISON XL Murex HCV Ab. Food and Drug Administra-

tion. https://www.accessdata.fda.gov/cdrh_docs/pdf19/P190011C.
pdf. Accessed 4/16/24.

Architect System. HCV Ag. ilexmedical: Abbott Molecular. 2009.
Cinquanta L, Fontana DE, Bizzaro N. Chemiluminescent immunoassay
technology: what does it change in autoantibody detection? Auto
Immun Highlights. 2017;8(1):9.

Mead G. Microbial Analysis of Red Meat. Poutlry and Eggs: Woodhead
Publishing Limited; 2007.

Valipour A, Roushani M. Using silver nanoparticle and thiol graphene
quantum dots nanocomposite as a substratum to load antibody for
detection of hepatitis C virus core antigen: Electrochemical oxida-

tion of riboflavin was used as redox probe. Biosens Bioelectron.
2017,89:946-51.

Pusomijit P, Teengam P, Chuaypen N, Tangkijvanich P, Thepsuparungsikul
N, Chailapakul O. Electrochemical immunoassay for detection of hepati-
tis C virus core antigen using electrode modified with Pt-decorated
single-walled carbon nanotubes. Microchim Acta. 2022;189(9):339.
Wang Y, LiL, Dong Z,Yu, Zhou A, Zhao X, et al. Ultrasensitive elec-
trochemical detection of hepatitis C virus core antigen using terminal
deoxynucleotidyl transferase amplification coupled with DNA nanow-
ires. Microchim Acta. 2021;188(8):285.

Chai C, Xie Z, Grotewold E. SELEX (Systematic Evolution of Ligands by
EXponential Enrichment), as a Powerful Tool for Deciphering the Pro-
tein—-DNA Interaction Space. In: Yuan L, Perry SE, editors. Plant Transcrip-
tion Factors: Methods and Protocols. Totowa, NJ: Humana Press; 2011. p.
249-58.

Ghanbari K, Roushani M, Azadbakht A. Ultra-sensitive aptasensor
based on a GQD nanocomposite for detection of hepatitis C virus core
antigen. Anal Biochem. 2017,534:64-9.

Ghanbari K, Roushani M. A nanohybrid probe based on double recogni-
tion of an aptamer MIP grafted onto a MWCNTs-Chit nanocomposite
for sensing hepatitis C virus core antigen. Sens Actuators, B Chem.
2018;258:1066-71.

Antipchik M, Reut J, Ayankojo AG, Opik A, Syritski V. MIP-based electro-
chemical sensor for direct detection of hepatitis C virus via E2 envelope
protein. Talanta. 2022;250: 123737.

Victoria Tsai BW. Graphene Field Effect Transistors for Biological and
Chemical Sensors. 2023. Available from: https://www.sigmaaldrich.
com/US/en/technical-documents/technical-article/materials-scien
ce-and-engineering/organic-electronics/graphene-field-effect-trans
istors. Accessed 8/1/23.

Walters F, Burwell G, Mitchell JJ, Ali MM, Daghigh Ahmadi E, Mostert
AB, et al. A Rapid Graphene Sensor Platform for the Detection of Viral
Proteins in Low Volume Samples. Advanced NanoBiomed Research.
2022;2(6):2100140.

Ozefe F, Arslan YA. Smartphone-assisted Hepatitis C detection assay
based on magnetic levitation. Analyst. 2020;145(17):5816-25.

Ozefe F, Arslan YA. Fabrication and development of a microfluidic
paper-based immunosorbent assay platform (uPISA) for colorimetric
detection of hepatitis C. Analyst. 2023;148(4):898-905.

Torres-Vazquez B, de Lucas AM, Garcia-Crespo C, Garcia-Martin JA,
Fragoso A, Ferndndez-Algar M, et al. In vitro Selection of High Affinity
DNA and RNA Aptamers that Detect Hepatitis C Virus Core Protein of

50.

52.

53.

54,

55.

56.

57.
58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Page 24 of 25

Genotypes 1 to 4 and Inhibit Virus Production in Cell Culture. J Mol Biol.
2022;434(7): 167501.

Coffin JM HS, Varmus HE. Overview of Reverse Transcription. Retrovi-
ruses. Cold Spring Harbor (NY): Cold Spring Harbor Laboratory Press;
1997.

Dharmaraj S. The Basics: RT-PCR thermofisher.com: Thermo Fisher
Scientific; 2023. Available from: https://www.thermofisher.com/us/en/
home/references/ambion-tech-support/rtpcr-analysis/general-articles/
rt—-pcr-the-basics.ntml. Accessed 7/20/23.

Gupta E, Bajpai M, Choudhary A. Hepatitis C virus: Screening, diag-
nosis, and interpretation of laboratory assays. Asian J Transfus Sci.
2014;8(1):19-25.

Polymerase Chain Reaction (PCR). National Library of Medicine. 2020.
Available from: https://www.ncbi.nlm.nih.gov/probe/docs/techpcr/.
Cited Aug 1st, 2023.

Real-Time gRT-PCR. National Center for Biotechnology Information:
National Library of Medicine. 2020.

Cobas HCV Test. Roche Diagnostics. 2024.

RealTime HCV Viral Load. Abbott. 2024.

Aptima HCV Quant Dx Assay. Hologic Inc. 2024.

Nyan DC, Swinson KL. A method for rapid detection and genotype
identification of hepatitis C virus 1-6 by one-step reverse tran-
scription loop-mediated isothermal amplification. Int J Infect Dis.
2016;43:30-6.

Sharma S, Thomas E, Caputi M, Asghar W. RT-LAMP-Based Molecular
Diagnostic Set-Up for Rapid Hepatitis C Virus Testing. Biosensors
(Basel). 2022;12(5).

Witkowska McConnell W, Davis C, Sabir SR, Garrett A, Bradley-Stewart
A, Jajesniak P, et al. Paper microfluidic implementation of loop medi-
ated isothermal amplification for early diagnosis of hepatitis C virus.
Nat Commun. 2021;12(1):6994.

Seok, Yin Q, Li R, Mauk MG, Bai H, Bau HH. Manually-operated, slider
cassette for multiplexed molecular detection at the point of care.
Sens Actuators, B Chem. 2022;369: 132353.

ShiY, Zhou Q, Dong S, Zhao Q, Wu X, Yang P, et al. Rapid, visual, label-
based biosensor platform for identification of hepatitis C virus in
clinical applications. BMC Microbiol. 2024;24(1):68.

Kham-Kjing N, Ngo-Giang-Huong N, Tragoolpua K, Khamduang W,
Hongjaisee S. Highly Specific and Rapid Detection of Hepatitis C
Virus Using RT-LAMP-Coupled CRISPR-Cas12 Assay. Diagnostics.
2022;12(7):1524.

Ho HY, Kao WS, Deval P, Yu LS, Lin CH, editors. Microfabricated
Isothermal Eg-Fet Sensor For Lamp Mediated Crispr/Cas12a Detec-
tion Of Hepatitis C Virus. 2023 IEEE 36th International Conference on
Micro Electro Mechanical Systems (MEMS); 2023 15-19 Jan. 2023.
Chia CT, Bender AT, Lillis L, Sullivan BP, Martin CD, Burke W, et al.
Rapid detection of hepatitis C virus using recombinase polymerase
amplification. PLoS ONE. 2022;17(10): e0276582.

Wang H, Zhang Y, Zhou J, Li M, Chen Y, Liu Y, et al. Rapid Visual Detec-
tion of Hepatitis C Virus Using Reverse Transcription Recombinase-
Aided Amplification-Lateral Flow Dipstick. Front Cell Infect Microbiol.
2022;12.

Su F, Zou M, Wu H, Xiao F, Sun'Y, Zhang C, et al. Sensitive detection
of hepatitis C virus using a catalytic hairpin assembly coupled with a
lateral flow immunoassay test strip. Talanta. 2022;239: 123122.

Zhang C,Qu Q, Yao'Y, Fan X, Wu G. Detection of Hepatitis C virus
RNA using a novel hybridization chain reaction method that com-
petitively dampens cascade amplification. PLoS ONE. 2023;18(3):
€0268917.

Wu N, Zhang H-C, Sun X-H, Guo F-N, Feng L-X, Yang T, et al. Detection
of HIV/HCV virus DNA with homogeneous DNA machine-triggered
in situ formation of silver nanoclusters. Sens Actuators, B Chem.
2022;352:131041.

WuT, Li X, FuY, Ding X, Li Z, Zhu G, et al. A highly sensitive and selective
fluorescence biosensor for hepatitis C virus DNA detection based on
6-FeOOH and exonuclease lll-assisted signal amplification. Talanta.
2020;209: 120550.

LuT,HanY, Zhang R, Zhang K, Lin G, Li J. Quantitative detection of
hepatitis C virus RNA in urine of patients with chronic hepatitis C using
a novel real-time PCR assay. J Med Virol. 2019;91(1):115-23.


https://www.accessdata.fda.gov/cdrh_docs/pdf19/P190011C.pdf
https://www.accessdata.fda.gov/cdrh_docs/pdf19/P190011C.pdf
https://www.sigmaaldrich.com/US/en/technical-documents/technical-article/materials-science-and-engineering/organic-electronics/graphene-field-effect-transistors
https://www.sigmaaldrich.com/US/en/technical-documents/technical-article/materials-science-and-engineering/organic-electronics/graphene-field-effect-transistors
https://www.sigmaaldrich.com/US/en/technical-documents/technical-article/materials-science-and-engineering/organic-electronics/graphene-field-effect-transistors
https://www.sigmaaldrich.com/US/en/technical-documents/technical-article/materials-science-and-engineering/organic-electronics/graphene-field-effect-transistors
https://www.thermofisher.com/us/en/home/references/ambion-tech-support/rtpcr-analysis/general-articles/rt--pcr-the-basics.html
https://www.thermofisher.com/us/en/home/references/ambion-tech-support/rtpcr-analysis/general-articles/rt--pcr-the-basics.html
https://www.thermofisher.com/us/en/home/references/ambion-tech-support/rtpcr-analysis/general-articles/rt--pcr-the-basics.html
https://www.ncbi.nlm.nih.gov/probe/docs/techpcr/

Baber et al. Journal of Biological Engineering

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.
89.

90.
91.
92.

93.

94.

95.

(2024) 18:48

Llibre A, Shimakawa Y, Mottez E, Ainsworth S, Buivan TP, Firth R, et al.
Development and clinical validation of the Genedrive point-of-care test
for qualitative detection of hepatitis C virus. Gut. 2018;67(11):2017-24.
VaghiV, Potrich C, Pasquardini L, Lunelli L, Vanzetti L, Ebranati E, et al.
On-chip purification and detection of hepatitis C virus RNA from
human plasma. Biophys Chem. 2016,208:54-61.

Kim SK, Oh YH, Ko DH, Sung H, Oh HB, Hwang SH. Nanoparticle-Based
Visual Detection of Amplified DNA for Diagnosis of Hepatitis C Virus.
Biosensors (Basel). 2022;12(9).

Teengam P, Nisab N, Chuaypen N, Tangkijvanich P, Vilaivan T, Chailapa-
kul O. Fluorescent paper-based DNA sensor using pyrrolidinyl peptide
nucleic acids for hepatitis C virus detection. Biosens Bioelectron.
2021;189: 113381.

ShijuTM, Tripura C, Saha P, Mansingh A, ChallaV, Bhatnagar |, et al.
Ready-to-use vertical flow paper device for instrument-free room
temperature reverse transcription. New Biotechnol. 2022;68:77-86.
Shawky SM, Awad AM, Allam W, Alkordi MH, El-Khamisy SF. Gold
aggregating gold: A novel nanoparticle biosensor approach for the
direct quantification of hepatitis C virus RNA in clinical samples. Biosens
Bioelectron. 2017;92:349-56.

Mohammed AS, Balapure A, Khaja MN, Ganesan R, Dutta JR. Naked-
eye colorimetric detection of HCV RNA mediated by a 5'UTR-targeted
antisense oligonucleotide and plasmonic gold nanoparticles. Analyst.
2021;146(5):1569-78.

Notomi T, Okayama H, Masubuchi H, Yonekawa T, Watanabe K, Amino
N, et al. Loop-mediated isothermal amplification of DNA. Nucleic Acids
Res. 2000;28(12):E63.

Lobato IM, O'Sullivan CK. Recombinase polymerase amplification:
Basics, applications and recent advances. Trends Analyt Chem.
2018;98:19-35.

Liu J, Zhang Y, Xie H, Zhao L, Zheng L, Ye H. Applications of Catalytic
Hairpin Assembly Reaction in Biosensing. Small. 2019;15(42):1902989.
Nguyen LT, Smith BM, Jain PK. Enhancement of trans-cleavage activity
of Cas12a with engineered crRNA enables amplified nucleic acid detec-
tion. Nat Commun. 2020;11(1):4906.

Kaminski MM, Abudayyeh OO, Gootenberg JS, Zhang F, Col-

lins JJ. CRISPR-based diagnostics. Nature Biomedical Engineering.
2021;5(7):643-56.

Ghouneimy A, Mahas A, Marsic T, Aman R, Mahfouz M. CRISPR-Based
Diagnostics: Challenges and Potential Solutions toward Point-of-Care
Applications. ACS Synth Biol. 2023;12(1):1-16.

Chen S-J, Rai C-I, Wang S-C, Chen Y-C. Point-of-Care Testing for Infec-
tious Diseases Based on Class 2 CRISPR/Cas Technology. Diagnostics.
2023;13(13):2255.

Bahrulolum H, Tarrahimofrad H, Rouzbahani FN, Nooraei S, Sameh MM,
Hajizade A, et al. Potential of CRISPR/Cas system as emerging tools in
the detection of viral hepatitis infection. Virol J. 2023;20(1):91.

ChenW, Fan J, Li Z, Zhang Y, Qin Y, Wu K, et al. Development of Recom-
binase Aided Amplification Combined With Disposable Nucleic Acid
Test Strip for Rapid Detection of Porcine Circovirus Type 2. Front Vet Sci.
2021;8.

Evanko D. Hybridization chain reaction. Nat Methods. 2004;1(3):186.
Viral Hepatitis and Liver Disease: Laboratory Tests: U.S. Department of
Veterans Affairs; Available from: https://www.hepatitis.va.gov/hcv/scree
ning-diagnosis/laboratory-tests.asp. Accessed 4/21/24.

Suthar AB, Harries AD. A Public Health Approach to Hepatitis C Control

in Low- and Middle-Income Countries. PLoS Med. 2015;12(3): €1001795.

Graham CS, Swan T. A path to eradication of hepatitis C in low- and
middle-income countries. Antiviral Res. 2015;119:89-96.

Feld JJ, Hepatitis C. Virus Diagnostics: The Road to Simpilification. Clin
Liver Dis (Hoboken). 2018;12(5):125-9.

Dawkins B, Renwick C, Ensor T, Shinkins B, Jayne D, Meads D. What
factors affect patients'ability to access healthcare? An overview of
systematic reviews. Tropical Med Int Health. 2021;26(10):1177-88.

Ma C, Wang F, Wang X, Han L, Jing H, Zhang H, et al. A novel method to
control carryover contamination in isothermal nucleic acid amplifica-
tion. Chem Commun. 2017;53(77):10696-9.

Alhamid G, Tombuloglu H, Al-Suhaimi E. Development of loop-medi-
ated isothermal amplification (LAMP) assays using five primers reduces
the false-positive rate in COVID-19 diagnosis. Sci Rep. 2023;13(1):5066.

96.

97.

98.

99.

100.

101.

102.

Page 25 of 25

Ivanova Reipold E, Easterbrook P, Trianni A, Panneer N, Krakower D,
Ongarello S, et al. Optimising diagnosis of viraemic hepatitis C infec-
tion: the development of a target product profile. BMC Infect Dis.
2017;17(1):707.

Notice of Special Interest (NOSI): Advancing Development of Rapid
Point-of-Care Hepatitis C Virus Diagnostics: National Institutes of Health;
2023. Available from: https://grants.nih.gov/grants/qguide/notice-files/
NOT-AI-23-001.html. Accessed 4/22/24.

Serafin A, Malinowski M, Prazmowska-Wilanowska A. Blood volume and
pain perception during finger prick capillary blood sampling: are all
safety lancets equal? Postgrad Med. 2020;132(3):288-95.

Ordutowski H, Dal Dosso F, De Wispelaere W, Van Tricht C, Vermeire S,
Geukens N, et al. Next generation point-of-care test for therapeutic
drug monitoring of adalimumab in patients diagnosed with autoim-
mune diseases. Biosens Bioelectron. 2022;208: 114189.

Lu CH, Shih T-S, Shih P-C, Pendharkar GP, Liu C-E, Chen C-K, et al. Finger-
powered agglutination lab chip with CMOS image sensing for rapid
point-of-care diagnosis applications. Lab Chip. 2020;20(2):424-33.
Tuaillon E, Kania D, Pisoni A, Bollore K, Taieb F, Ontsira Ngoyi EN, et al.
Dried Blood Spot Tests for the Diagnosis and Therapeutic Monitoring of
HIV and Viral Hepatitis B and C. Front Microbiol. 2020;11.

GeneXpert System with Touchscreen: Cepheid; 2024. Available from:
https://www.cepheid.com/en-US/systems/genexpert-family-of-syste
ms/genexpert-system.html. Accessed 4/21/24.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://www.hepatitis.va.gov/hcv/screening-diagnosis/laboratory-tests.asp
https://www.hepatitis.va.gov/hcv/screening-diagnosis/laboratory-tests.asp
https://grants.nih.gov/grants/guide/notice-files/NOT-AI-23-001.html
https://grants.nih.gov/grants/guide/notice-files/NOT-AI-23-001.html
https://www.cepheid.com/en-US/systems/genexpert-family-of-systems/genexpert-system.html
https://www.cepheid.com/en-US/systems/genexpert-family-of-systems/genexpert-system.html

	Current advances in Hepatitis C diagnostics
	Abstract 
	Background
	First level screening—testing for antibodies
	Enzyme-linked immunosorbent assays (ELISAs)
	Lateral flow assays
	Electrochemical biosensors

	Second level screening—testing for active infections
	Screening for HCV viral proteins
	Electrochemical methods
	Other detection methods

	Screening for HCV viral RNA
	RT-PCR current standards and improvements
	Isothermal amplification methods
	Other novel reporter methods


	Limitations of current diagnostics
	Potential approaches for one step diagnosis
	Target product profile
	Future innovation

	Acknowledgements
	References


