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HIV that are released abundantly approximately 2-4 weeks after infection. In this review, we have
outlined various strategies for detecting the Tat protein, which helps transcribe the virus and enhances
replication. Detection strategies presented include immunoassays, biosensors and gene expression,

Keywords: which utilize antibodies or aptamers as common probes to sense the presence of Tat. Alternatively,
H.IV-l Tat measuring the levels of gene transcription is a direct method of analysing the HIV gene to confirm the
Biosensor presence of Tat. By detection of the Tat protein, virus transmission can be detected in high-risk in-
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globe, and infection levels have increased throughout the years.
According to the World Health Organization (WHO), by the end of
2013, over 35 million people had been infected. HIV was dis-
covered soon after the first case of Acquired Immune Deficiency
Syndrome (AIDS) was reported in the USA in the 1980s and was
given the name of HTLV-III/LAV (human T-cell lymphotropic virus-
type Ill/lymphadenopathy-associated virus), which was changed
to HIV later (Shaw et al., 1984). There are two types of HIV viruses,
known as HIV-1 and HIV-2, which have been classified according
to their origin. Scientists believe that HIV-1 was originally trans-
mitted from Simian immunodeficiency virus (SIV) in chimpanzees
in Central or West Central Africa, while HIV-2 originated from
monkey species from a coastal range in West Africa (Van Rensburg,
2000). The virus was then mutated to HIV when it became capable
of entering the human body. HIV infection in humans is a cross-
species infection originally caused by the slaughter and con-
sumption of the HIV-carrying primates. However, most of the
cases of HIV infection are due to HIV-1, which is more viral and
pandemic.

HIV is a type of virus that slowly integrates into the immune
system in the human body. Human infections occur through direct
contact with bodily fluids, such as blood transfusion, sexual in-
tercourse or syringe sharing among drug addicts. There are three
stages of HIV infection: the early infection stage, the clinical la-
tency stage and AIDS. Once HIV enters the human body, HIV in-
tegrates and replicates inside CD4* T cells and activates DNA-
dependent protein kinase (DNA-PK) (Cooper et al., 2013). CD4* T
cells, known as T helper cells, are white blood cells covered with
the CD4 glycoprotein on their surfaces that are a part of the in-
fection-fighting immune system. DNA-PK acts to destroy the in-
fected CD4™" T cells to eliminate the virus but at the same time it
weakens the immune system due to a lack of immune cells to
guard the human body from disease. The virus also has the ability
to evolve, rapidly, replicating and producing 10'° virions/day
(Dangeti, 2014) while evolving to suit the current host conditions.
Due to the rapid replication of the virus, early detection of HIV is
very important in order to eliminate the virus as early as possible
with antiretroviral therapy (Basavaraj et al., 2010; Siegfried et al.,
2010). Fig. 1 illustrates the described regulation process of HIV and
the roles of its proteins.
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Fig. 2. Structure of human immunodeficiency virus with a diameter of approxi-
mately 120 nm.

HIV is an almost round-shaped virus (Fig. 2) with a diameter of
almost 120 nm. It is composed of two RNA strands and fifteen
different types of proteins with their own unique functions in
promoting HIV replication and integration into human cells
(Frankel and Young, 1998). There are viral structural proteins/en-
zymes, structural proteins and accessories proteins. The viral
structural proteins or viral enzymes have three subunits, including
reverse transcriptase (RT), integrase (IN) and protease (PR). RT
(p55/p65) plays a very important role in viral replication by syn-
thesizing a complementary DNA (cDNA) strand from the viral RNA
in a process known as reverse transcription. The viral RNA is then
integrated into the host genome by the integrase (p11) enzyme
and continues the replication process to become cDNA. This cDNA
lies dormant in the host for decades and is difficult to fight. Pro-
tease (p15) is essential for the maturation of HIV particles, cleaving
the long polyproteins of HIV so that the proteins can function
properly. The structural proteins include the matrix, surface (SU),
transmembrane (TM), capsid and nucleocapsid proteins. The
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Fig. 1. Steps of HIV regulation in infected cells. (1) Viral fusion with the host cell, (2) release of HIV proteins and RNA into the host cell, (3) viral RNA is carried across the
nuclear membrane, (4) viral RNA integration into host DNA, (5) production of new viral proteins, (6) formation of new viruses on the cell surface and (7) release of individual
viruses. The function of HIV-1 Tat protein is needed between steps no. 4 and 5 during the transcription of new viral RNA.
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matrix protein (p17) exists on the inner surface of the HIV mem-
brane and associates into trimers to help new virus particles bud
on the surface of the infected immune cells. The SU (gp120) and
TM (gp41) proteins function to envelope the proteins attached to
the surface of the immune cells and form spikes to penetrate the
cell wall to deliver the viral RNA into the cell. These proteins are
coated with carbohydrates, making it difficult for antibodies to
recognise and mediate the elimination of the infected cell. Capsid
(p24) is a protein that forms a cone shape in the middle of the viral
particle. It coats the RNA and helps deliver the RNA into the cell
during infection. Nucleocapsid (p9) functions to protect the viral
RNA because RNA is easily degraded. It forms a complex with the
RNA to stabilise and avoid the degradation of the RNA by nu-
cleases. The accessory proteins include Tat (trans-activator of
transcription), Rev (regulator of virion), Nef (negative regulatory
factor), Vpu (viral protein u), Vif (viral infectivity factor), Vpr (viral
protein r) and P6. Tat is important in the transcription of viral RNA
and enhances the amount of protein produced by attaching itself
to the viral RNA (Rubartelli et al., 1998; Bayer et al., 1995). The Rev
protein binds to the viral RNA and regulates its splicing and
transport. Nef is one of the important proteins that leads to the
progression of AIDS by collapsing the human immune system. This
negative regulatory factor makes the infected cell stop producing
proteins that are important for the body's defence against disease.
Vpu is important when the infected cell begins to produce viral
buds; it helps to weaken the interaction between the new envel-
ope protein and cell receptors to allow the virus to escape the cell.
Vif functions in the newly infected cell to deactivate the cell's
defence proteins while Vpr helps to guide the viral genome to the
nucleus of the infected cell. P6 is a largely unstructured protein
that promotes Vpr incorporation into the new cell. All of the
proteins have been classified by their genes and summarised in
Table 1 and play an important role in viral replication and survival
in the human body.

In this review, we focused on the early diagnosis of HIV using
the HIV-1 Tat protein as the target. Currently, the gold standard for
HIV testing is the ELISA method, which is highly accurate at de-
tecting anti-HIV antibodies within human blood. The current an-
tibody-based testing requires approximately 3-6 months post-
infection to obtain a valid result. In contrast, the Tat protein is an

Table 1
Types of HIV-1 protein (Frankel and Young, 1998).

optimal target because it is present in the virus and released in the
body at an early stage of infection. Tat helps the virus penetrate
the infected host cell nucleus by passive diffusion and increases
virus transcription. During early infection, the RNA that integrates
into the host cell will produce the Tat protein. Once a certain
amount of Tat protein has been produced, HIV transcription in the
host cell increases, and at a certain point the patient develops the
flu-like acute HIV infection syndrome. This stage usually happens
between 2-4 weeks after infection and varies between individuals.
This justifies the selection of the Tat protein as an indicator for the
early detection of HIV. In this early infection stage, Tat is actively
participating in the multiplication process of HIV; thus, the Tat
protein is released extracellularly and is detectable in human
serum. By detecting the Tat protein, we may be able to eliminate
the limitations in detection within the first 3 months of infection
and reduce the high risk of transmission during this stage.

2. A current approach to HIV detection

The presence of HIV can be detected by biological tests using
various methods. There are several tests for HIV detection that are
reliable and accurate to indicate infection in humans. Antibody-
based HIV detection is the most common test for HIV screening
(Greenwald et al., 2006; Oelrichs, 2004). Another approach to HIV
screening would be the antigen test. However, this method is cost-
consuming and more complex. These tests detect the HIV itself
and eliminate the possibility of a false negative during HIV infec-
tion. They detect the presence of either viral proteins (Bukrins-
kaya, 2007; Tehe et al., 2006; Schpbach et al., 2001; Pedersen et al.,
1987) or viral genes. An antigen test works by detecting the viral
antigen from the virus using antibodies. HIV consists of 15 differ-
ent types of proteins and RNA, which is also considered an antigen.
Each protein is specifically detected by its own complementary
antibodies that can be used for the antigen test. Among these, the
P24 antigen is commonly used for the antigen test to detect in-
fection at an early stage in patients with suspected HIV infection
(Fearon, 2005). The P24 protein is present in the viral capsid and
produced abundantly during early infection before the body de-
velops antibodies against it. Due to its higher copy number in the

Gene Name of protein (Size) Function
Precursor Products
gag Gag (p55) Gag precursor protein encoding the capsid proteins
CA (p24) Viral capsid coating around viral RNA
MA (p17) Viral matrix coating the inner surface of the viral membrane
NC (p7) RNA-binding protein protecting the viral RNA
(p6) Helps with Vpr incorporation into the new cell
pol Pol (pr 1608%&P°!) Pol precursor protein encoding viral enzymes
RT (p65/55) Reverse transcriptase that builds a DNA copy of the viral RNA genome
PR (p15) Protease helps in the maturation of HIV particles
IN (p11) Integrase inserts the viral RNA copy into the infected cell genome
env Env (gp160) Envelope precursor protein encoding viral glycoproteins
SU (gp120) Envelope surface protein
T™ (gp41) Transmembrane protein
tat Tat (p14) Transactivate viral gene expression
rev Rev (p19) Regulates viral mRNA splicing and transport
nef Nef (p27) Collapsing the self defence of the infected cell by stopping the production of several proteins
vif Vif (p23) Deactivate the host defence proteins
vpr Vpr (p18) Guide the viral genome to the host nucleus
vpu Vpu (p15) Let the virus escape the host cell receptors during budding
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Fig. 3. Schematic reaction of a lateral flow system (a) before analytes pass through
the strip and (b) after analytes pass through the strip. When analytes pass through
the strip, they bind to the conjugated antibody at the conjugate pad, and the
complex will bind an antibody immobilized on the test line. The unbound con-
jugated antibody will bind to the specific antibody on the control line. This type of
reaction will produce two coloured bands on the strip (positive reaction), indicating
the present of the analyte in the sample solution.

viral capsid, approximately 2000 molecules per virus particle, it
can be easily detected during the early infection stage. However,
the sensitivity of this test declines after the development of anti-
bodies, and it does not work very well using blood samples unless
they undergo virus culture and isolation. A lateral flow im-
munoassay is another test that has been widely used since it was
introduced in the 1960s, especially in pregnancy tests. Since then,
many lateral tests for the detection of various proteins have been
developed (He et al., 2014; Novell et al., 2012; Njiru, 2011). The test
is basically a strip of a pad containing immobilized biomolecules.
Usually, there is a conjugate pad (containing an immobilized
conjugated antibody), a test line (containing an immobilized an-
tibody specific to the target analyte) and a control line (containing
an immobilized antibody specific to the conjugated antibody)
(Sajid et al., 2014), as illustrated in Fig. 3. When the analyte passes
through the strip, it will bind to the test and control lines. With the
presence of the analyte, both lines will change colour, while
without the presence of the analyte, only the control line will
change colour. The HIV test kit that has been approved by The
Food and Drug Administration (FDA) is a detection strip (OraQuick
and Oraquick Advance) that has been developed for HIV screening
(Zachary et al., 2012; Holguin et al., 2009; Reynolds and Muwonga,
2004). This strip contains synthetic gp41 for antibody detection.
The accuracy of the result is questionable for certain cases and
requires confirmation at a hospital to clarify the results due to the
inability of the device to detect a low viral load and the possibility
of false negative results during the early period of infection (Pavie
et al., 2010), when the body is in the process of developing anti-
bodies against the HIV virus. This early stage can vary between
9 days to 3-6 months based on the individual. Any antibody-based
detection can result in a false negative due to the inability of the
test to sense the presence of antibodies (due to their absence or an
ultra-low level in human blood). However, after the immune
system produces antibodies, the level of the virus will return to
the initial infection level. With time, the virus will advance to the
next stage, which is the clinical latency stage. At this stage, the
virus will continue to replicate in the body with either no symp-
toms or only mild symptoms. Antibodies are detectable during this
stage. During these two stages, it is important to start taking

medication to suppress viral replication. With the proper medi-
cation, HIV patients can prolong their lifespan to that of a healthy
person. Depending on various factors, viral replication will even-
tually decrease the CD4* T cell count to 200 cells per millimetre of
blood (cells/mm?; normal count: 500-1600 cells/mm?) (Lobritz
et al., 2011). This situation will eventually lead to the development
of AIDS.

The current approach used for HIV detection for point of care
testing (POCT) is similar to the OraQuick lateral flow strip. The main
constraint of POCT is the poor sensitivity during the early infection
period that may last approximately 3-6 months. An additional con-
cern to the specificity and sensitivity is that POCT needs to be low-cost,
easy to use, and have results that are easily interpreted and reliable. To
avoid the necessity of further laboratory tests if the POCT test is po-
sitive, dual probe-based testing needs to be developed. Detection of
both anti-HIV antibodies and antigens can both be performed con-
currently on one testing device by immobilizing two different probes
for a single sample in order to gain confirmation. This approach will
also reduce the sample volume required for testing. POCT with a lower
sample requirement (to a microliter or nanoliter level) will add an
additional advantage. Moreover, a detection device can also be used
for the detection of co-infection in HIV patients, who often suffer from
other diseases such as hepatitis, herpes and tuberculosis. POCT should
be developed for home testing to increase the frequency of testing
among high-risk individuals. The result should be easy to interpret,
which will further reduce the manpower required. Additionally, the
development of a smartphone dongle for HIV testing is another new
technology that enables easy in-situ testing, and the results can be
shared online with doctors for result interpretation.

3. Why the HIV-1 Tat protein?

The Tat protein is typically produced by the HIV virus as soon as it
enters the human body in order to ensure the sustainability of the
virus. It is involved in viral transcription (Romani et al., 2010; Rana and
Jeang, 1999), helping the virus to spread by penetrating the host cell
membrane (Ziegler and Seelig, 2004; Rudolph et al., 2003). This pro-
cess begins once the virus enters the human body, as explained in
Fig. 1. The Tat protein is present from the early stage of HIV infection.
Tat can travel in and out of the cell without being detected through
passive diffusion (Cardarelli et al., 2007). It binds to phospholipids and
travels freely across the nuclear membrane (Debaisieux et al., 2012).
The presence of Tat protein in the extracellular environment is toxic
and plays a key role in the progression from HIV to AIDS (King et al.,
2006). Tat is released by HIV-infected cells and is detectable in in-
fected human blood serum down to levels of 40 ng/ml (Wang et al.,
2011; Campbell and Loret, 2009).

The Tat protein can be divided into five different regions ac-
cording to its amino acid sequence; amino acids 1-19 (N-terminal
activation region), amino acids 20-39 (cysteine-rich domain),
amino acids 40-47 (core region), amino acids 48-56 (basic region)
and amino acids 57-71 (glutamine-rich region) (Rubartelli et al.,
1998; Klostermeier et al., 1997). The protein structure is illustrated
in Fig. 4. The cysteine-rich region is believed to be involved in
metal-ion binding (Garber et al., 1998; Weeks and Crothers, 1993),
while the core, basic and glutamine-rich regions are all involved in
RNA binding, which will later be used as the region for Tat protein
detection (Karn, 1992).

The P24 and Nef proteins are also produced in early HIV in-
fection. P24 forms the capsid of the virus. It is used as a detection
target due to its abundant presence in the bodily fluids of HIV-
infected people (Bukrinskaya, 2007). However, antibodies against
the P24 protein are mixed with the bodily fluids and bind to the
P24 protein if present, making the test less sensitive; thus, P24
detection only works before the body produces antibodies against
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Fig. 4. (a) HIV-1 Tat protein and (b) the protein structure based on its region by
colour difference. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article.)

the P24 protein (Pedersen et al., 1987). Nef expression is re-
sponsible for approximately three-quarters of the viral mRNA load
during the early phase (Das and Jameel, 2005); however, using the
Nef protein as an indicator for HIV infection has not been thor-
oughly explored. Thus, we see the Tat protein as one of the most
promising candidates for diagnostic tests for HIV screening.

4. Antibodies and aptamers as biomolecular probes

Detection of the HIV-1 Tat protein has been conducted using a
biological probe, which can be either an antibody, an aptamer, a
DNA strand or an enzyme. In this review, we are going to evaluate
the usage of antibodies and aptamers, which are the two primary
probes used. Antibodies are heavy Y-shaped proteins used by the
immune system to label targets for cells of the immune system,
such as bacteria and viruses. Five different classes of im-
munoglobulin exist, including IgA, IgD, IgE, IgG and IgM. A single
antibody is made up of two heavy chains and two light chains. The
light chains contain the region that recognizes an epitope on the
targeted antigen. Each antibody consists of three regions, two of
which are the Fab regions that act as the antigen identification site.
Antibodies are widely used by biologists for assays including en-
zyme-linked immunosorbence assay (ELISA), lateral flow, Western
blot and dot blot. Antibodies are also widely used as probes for
protein detection due to their specificity of recognition (Saerens
et al., 2008). However, antibodies are easily denatured at room
temperature and experience a loss in activity upon freeze and
thaw cycles.

Aptamers are oligonucleotides derived from DNA or RNA that
can bind to their targets with high selectivity. They have the ability
to discriminate between chiral molecules, enantiomers and pro-
tein isoforms. Aptamers can be engineered in vitro by the Sys-
tematic Evolution of Ligands by EXponential enrichment (SELEX)
process, and modifications can be made to produce aptamers with
the desired characteristics. There are a few advantages of aptamers
compared with antibodies or enzymes as probes. Aptamers remain
very stable at high temperatures, extreme pH or in chemically
modified environments, and they do not easily denature. Apta-
mers are usually molecules with low immunogenicity and toxicity
because nucleic acids are not typically recognised by the human
immune system as foreign agents, which means that the aptamer
recognition reaction is free from interference (Song et al., 2012).
Since they were first reported in 1990, aptamers have received
significant interest from researchers, and the first aptasensor was

reported in 1996 (Radi, 2011). Aptamers performed better at de-
tecting Immunoglobulin E than monoclonal antibodies did under
similar conditions (Maehashi et al., 2007). A few researchers have
demonstrated that the reaction between an RNA aptamer and a
protein involves an electrostatic interaction between the arginine
region of the protein and G bases from the aptamer (Yamamoto
et al.,, 1998). One study investigated the effectiveness of RNA ap-
tamer binding with the Tat protein using NMR spectroscopy. The
strong-affinity reaction was due to the formation of two binding
complexes consisting of hydrogen bonds between arginine and the
nucleotides from the Tat peptide (Matsugami et al., 2003). Despite
the excellent performance of aptamers as recognition probes, an-
tibodies are more widely used than aptamers due to a lack of lit-
erature and research development of aptamers for various dis-
eases. The comparison of these two types of probes is shown in
Fig. 5.

5. Strategies for HIV-1 Tat detection

Research on the detection of HIV-1 Tat has been conducted in
various ways but remains limited (Table 2). Many studies on HIV-1
Tat have focused on the structure and function of Tat (Campbell
and Loret, 2009; Pugliese et al., 2005; Jeang, 1996) and reactions
with Tat (Comandini et al., 2013; McQueen et al., 2011; Cardarelli
et al.,, 2008; Rudolph et al., 2003; Zhao et al., 2003). Here, we
describe the different methods of HIV-1 Tat detection, including
immunoassay, biosensor and gene expression.

5.1. Immunoassay

Immunoassay testing is basically a method that implements the
antigen-antibody reaction; most immunoassays require a label
that acts as the signal producer (Cox et al., 2012). The target an-
tigen present in human serum or urine will react with the epitope
from the antibody and produce a measurable signal that may be
emitted in the form of light, radiation, fluorescence or colour
change. This type of testing is widely used around the world due to
the accurate and reliable results produced. However, in most cases
an immunoassay requires a moderate sample volume, and it is not
a regenerative test. In the case of the HIV-1 Tat protein, there are
several studies that have demonstrated the effectiveness of im-
munoassays in detecting the viral proteins.

w Tat protein
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Fig. 5. Probe based detection (a) antibody based detection; (b) aptamer based
detection. These probes display different affinities. Other differences between these
probes are stability and suitable for chemical modification.
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Method Probe Lowest LOD Advantages Disadvantages Reference
Immunoassay
ELISA IgG antibody - Good signal readout Usage of an enzyme label Re et al. (2001)

Western blot

Immunostaining
Fluorescence immunoassay

Biosensor

Frequency-based device
(QCM)

Surface plasmon resonance
(SPR)

SG-FET electrical

K51 mel methyl-lysine
specific antibody

Rabbit polyclonal antiserum
RNA aptamer

Monoclonal antibody anti-
Tat /| RNA aptamer
RNA aptamer

Split RNA aptamer

- Differentiate between mono-, di-
and trimethylated Tat peptides

- No extraction

- Good affinity and specificity

0.25 ppm Low sensitivity
0.25 ppm Low sensitivity
1 nM Reusable

Need to lyse the cell sample

Human evaluation
Label method

Specific, reliable and re-
producible readout
Specific, reliable and re-
producible readout
Electrical detection in lab

Pagans et al. (2011)
Del Valle et al. (2000)

Yamamoto and Kumar
(2000)

Minunni et al. (2004)
Tombelli et al. (2005)

Ruslinda et al. (2013)

characterization

Gene expression
Fluorescent bioassay Fluorescent irradiated cell -
assay

Bioinformatics tools Tat gene -

No extraction procedures, enzymatic

Accurate result

Daelemans et al.
(2001)
Mullick et al. (2010)

Need to culture cells

Complicated sampling
procedure

5.1.1. Enzyme-linked immunosorbence assay

Enzyme-linked immunosorbence assay (ELISA) is one of the
most common tests used in the world to detect the presence and
concentration of desired analyte solutions. This test typically uses
antibodies conjugated with enzymes such as horseradish perox-
idase (HRP). The enzyme will eventually give rise to colour chan-
ges if there are target analytes present in the sample solution and
can be quantified either by the naked eye or using a spectro-
photometer. There are four types of ELISA, including direct, in-
direct, sandwich and competitive ELISA (Fig. 6). In direct and in-
direct ELISA, the antigen is immobilized on top of microtiter plates.
If the sample tested contains an antibody for the specific antigen,
it will bind on top of the antigen and the conjugated enzyme will
cause a colour change when it reacts with the substrate. The
substrate is the solution that is used to elicit the signal readout.

A research group from Italy has demonstrated the interaction be-
tween anti-Tat antibodies and the HIV-1 Tat full length protein or
peptide in human blood serum (Re et al., 2001). They measured the
anti-Tat antibodies that reacted with full-length Tat protein or in-
dividual Tat peptides in patients with different levels of HIV viremia.
Blood samples from HIV-positive patients and healthy controls were
taken, and the presence of antibodies and full-length Tat was analysed
by ELISA method. The antibody used also reacts to individual Tat
peptides with good signal strength, indicating that the antibody is very
efficient at detecting the Tat protein. In HIV-1-infected patients,

a b
Substrate
Substrate e Color change
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i Color change antibody

Primary antibody conjugate

conjugate

Ag

Direct ELISA Indirect ELISA

immune response is stronger against the HIV-1 Tat protein and in-
versely correlated to the viral load in blood which means a spiking
level of antibody against Tat peptides is corresponding to an un-
detectable plasma viral load. These findings make the way to generate
vaccines containing anti-HIV-1 Tat.

5.1.2. Western blot

Western blotting is a technique of detecting a protein in a
complex solution of proteins by gel electrophoresis (Hnasko and
Hnasko, 2015). Usually the sample taken from the cells must be
extracted by lysing. This method is divided to three steps, which
are separation by size, transfer to solid support and protein
marking using a conjugated antibody for visualization (Mahmood
and Yang, 2012). The protein is separated by size through gel
electrophoresis and the desired protein (band) is transferred to a
membrane. The protein is incubated with bovine serum albumin
(BSA) first to block non-specific interactions before being detected
by a conjugated antibody for signal visualization.

Pagans et.al. have used the Western blot method to detect the
presence of HIV-1 Tat protein. They investigate the modification of
an antibody to detect the lysine 51 region in Tat protein. Lysine 51
includes mono-, di- and tri-methylated lysine and is a conserved
residue located in RNA binding region of Tat. The antibody used in
this study was extracted from a rabbit (the rabbit was injected
with three different types of modified antibody) and purified, and
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Fig. 6. Different types of ELISA immunoassay. (a) Direct ELISA, (b) Indirect ELISA, (c) Sandwich ELISA and (d) Competitive ELISA. All types of detection will present changes in
colour after the addition of the substrate solution if antigen is present. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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a

Bare device

Frequency signal

Biomoleculeimmobilized

Frequency signal

Fig. 7. Schematic structure of QCM measurement. Changes in the frequency signal
can be observed on (a) a bare device and (b) after the immobilization of biomo-
lecules (ex.: antibodies and antigens). The presence of the target analyte can be
detected by signal changes.

a Western blot was used to determine the specificity of the pur-
ified antibodies. This modified antibody (K51 mel1 methyl-lysine
specific antibody) can differentiate between mono-, di- and tri-
methylated Tat peptides with similar sensitivity (Pagans et al.,
2011). However, methylated Tat was not detected in cells, which
may be because Tat is not present in its methylated form within
cells, or it is present at levels below the limit of detection.

5.1.3. Immunostaining

Using immunostaining, Del Valle et al. have demonstrated ef-
fective Tat protein detection. Immunostaining is a label-based
method used to detect the specific protein within tissue or cells
using a chemical stain and can either be directly evaluated using a
microscope or fluorescence (Maity et al., 2013). Other types of
labels used can be non-fluorescent biomolecules such as using
enzymes and radioactive elements that can later be visualised
using autoradiography.

Del Valle et al. focused on the use of Progressive Multifocal
Leukoencephalopathy (PML) to investigate HIV-infected glial cells.
Cells containing Tat protein are treated with rabbit polyclonal
antiserum generated from recombinant HIV-1 Tat protein. This
technique results in changes in colour from blue to red during
immunostaining (Del Valle et al, 2000). However, the im-
munostaining method has a drawback with regards to microscope
analysis due to the need for two microscopists to evaluate the
results together to achieve consensus.

5.1.4. Fluorescence immunoassay

Fluorescence is the emission of light from a substance that has
absorbed light. In most cases, the emitted light has a longer wa-
velength and therefore lower energy than the absorbed radiation.
Fluorescence immunoassays have been used for a long time for the
detection of many compounds including viruses, bacteria, anti-
body-antigen complexes, proteins and drugs (Hicks, 1984). This
method involves using fluorescent labelling for detection and vi-
sualization under fluorescent light. The fluorescent label will ab-
sorb light at certain wavelength and emit light at another wave-
length and can therefore be quantified using a fluorometer
(Hemmila, 1985).

Yamamoto and Kumar investigated the interaction of RNA ap-
tamers with HIV-1 Tat and successfully implemented fluorescence

labelling to validate the interaction (Yamamoto and Kumar, 2000;
Yamamoto et al., 1998). The aptamer beacon (an aptamer that
possesses a stem-loop structure) is modified covalently at each
end with fluorescent and non-fluorescent quenchers. The folding
structure of the beacon aptamer brings the fluorophore and
quencher in close proximity, resulting in no fluorescent signal.
When HIV-1 Tat is present together with its complimentary oli-
gomer, the aptamer beacon forms a duplex structure with the
oligomer and intercalates with the protein in the middle of the
duplex, resulting in the splitting of the beacon aptamer at both
ends, permitting the aptamer to exhibit fluorescence.

5.2. Biosensor

In order to develop point of care detection, efficient and low-
cost sensor devices known as biosensors have been developed
(Mohd Hanafiah et al., 2013; Peeling and Mabey, 2010). A bio-
sensor consists of three major parts: the probe, the transducer and
the signal processor. The probe is a biological entity (e.g., aptamer,
antibody, or enzyme) that acts as a molecular recognition unit.
Usually, intermediate material will be used on the device as the
base site for probe immobilization. The material used primarily
functions to improve the signal produced during the biological
interaction between the probe and the target analyte. The trans-
ducer converts the signal from one form of energy to another form
of energy that can be easily measured and quantified. The signal
produced can be in various forms depending on the type of device,
whether it is a frequency-based device that reflects the mass
changes on the device surface, an electrical-based device that re-
flects changes in resistance, capacitance and ion transfer or a
colour-based device that reflects fluorescence or UV-vis changes
in the wavelength value. The signal processor receives the signal
from the transducer and processes it to form the display signal
such as the frequency, current or chromatogram. Additionally, a
smartphone dongle used with the lateral flow system can be used
to install software to detect HIV antibodies (Laksanasopin et al.,
2015). Limited research has been performed to evaluate possible
electronic biosensors for HIV-1 Tat detection. In this review, we
focus on quartz crystal microbalance (QCM), surface plasmon re-
sonance (SPR) and field effect transistor (FET) techniques because
they are the most established and explored methods for disease
diagnosis and for HIV-1 Tat detection. In addition to that, these
methods cover basic fundamental of sensing principles.

5.2.1. Quartz crystal microbalance

Quartz crystal microbalance (QCM) is a device made out of
quartz as the substrate and is widely used as a sensor (Vashist and
Vashist, 2011). The sensing mechanism is based on the piezo-
electric effect of quartz. By applying an electrical field across the
quartz, a mechanical oscillation of a characteristic frequency is
produced (Marx, 2003). When any material or molecule sits on top
of the quartz, there are changes in the mass on the surface, and
this can be quantified by the QCM in the form of changes in fre-
quency (Fig. 7).

Minunni et.al. have studied the detection of HIV-1 Tat using
QCM (Minunni et al., 2004). They detected the presence of HIV-1
Tat by frequency signal variation with biomolecule immobilization
on top of a biosensor crystal surface, demonstrating the limit of
protein detection at 0.25 ppm. The fabricated aptasensor has the
ability to differentiate between different types of proteins and has
a high selectivity towards HIV-1 Tat. The sensor can measure up to
fifteen cycles of detection without losing its sensitivity, demon-
strating the reliability and repeatability of the frequency-based
sensor. A comparison between the probe aptamer and antibodies
has also demonstrated that the two probes have the same sensi-
tivity limit, 0.25 ppm, and almost the same performance of the
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sensor. These results enable the aptamer to replace antibodies in
future research because the aptamer is a more stable molecule
with a more efficient handling procedure. However, the sensitivity
of the device is still low and cannot reach the detection level ne-
cessary with human blood samples.

5.2.2. Surface plasmon resonance chip

The surface plasmon resonance (SPR) chip measures the dif-
ference in the reflection of incident light during analyte detection
(Sang et al., 2013). A polarised light is directed onto an electrically
conductive thin metal coating on the chip and reflected back to-
wards detector. When the light strikes the thin metal coating, an
evanescent wave is generated and is adsorbed by the electrons on
the gold surface. These adsorbed electrons generate a plasmon
that reduces the intensity of the reflected light.

In another study, Tombelli et al. used the same aptasensor ap-
proach and compared QCM and SPR, both of which use the concept of
frequency-based detection (Tombelli et al., 2005). The dextran-mod-
ified SPR chip was immobilized with streptavidin and biotinylated
aptamer. Three different chips were modified with the same method,
demonstrating the high reproducibility of immobilization. The signal
was measured using the Biacore X in a nuclease-free environment.
Biacore works by measuring changes in the refracted light after the
binding or dissociation interaction of the Tat protein with the bioti-
nylated aptamer. This device shows selectivity towards Tat, with only
25% of the signal towards the HIV-1 Rev protein.

5.2.3. Field effect transistor

Another potential device that has been used for the detection of
biomolecular interactions is the field effect transistor (FET). It
works by detecting the charge regulation on its active area
(channel) (Im et al., 2007). The FET consists of a three-electrode
system (source, drain and gate) and a channel. Deposition of ma-
terial and immobilization of biomolecules taking place on the
channel will result in changes in the electron density on the
channel surface (Poghossian et al, 2005). The changes are re-
flected on the current output at the source electrode.

Research conducted by Ruslinda et al. (2013) has implemented
the split RNA aptamer as the detection probe for HIV-1 Tat. They
have fabricated FET device that is surface modified with diamond
to act as the base site of the biomolecular interaction (Fig. 8). This
device measures the electron charge regulation during the inter-
action that comes from the charges that surround the biomole-
cules and interprets it as an electrical signal. With a limit of de-
tection of up to 1 nM and repeatable results, the device is a start in
developing a field effect biosensor for the early detection of HIV
infection using detection of the HIV-1 Tat protein.

5.3. Gene expression for HIV-1 Tat detection

In addition to using antibodies and aptamers as the capturing
probes for the HIV-1 Tat protein, detection can also proceed by
measuring the gene expression in the infected cell. The first
method, using a green fluorescence protein (GFP) reporter gen,
was developed by Daelemans et al. (2001) for the detection of HIV-
1 Tat transactivation inhibitors. Two types of cell, one containing
Tat protein and one without, were cultured and transfected with
GFP. Fluorescence microscopy was used to monitor the signal of
the cells, which are divided into 96-well plates. A low fluorescence
signal was measured in the cells without Tat, while cells with Tat
exhibited a bright fluorescent signal. However, the main goal of
this research was to investigate the usage of GFP as a reported, so
there was no quantification of the LOD. Mullick et al. also used the
Tat gene for molecular characterization of the HIV-1 Tat protein
using bioinformatics tools (Mullick et al., 2010). The samples, ta-
ken from the National Center for Biotechnology Information,
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Fig. 8. Solution gate field effect transistor (SGFET) detection mechanism.
(a) Addition of Tat protein and (b) regeneration using urea solution. The difference
in the Ids Vgs curve after biomolecule immobilization is due to the difference in
charge on the channel surface. The changes of the signal are recorded as (i) the
curve recorded for the aptamer immobilized on SGFET and (ii) the shift due to the
positive charge from the Tat protein and shift back to the initial condition as in
(i) due to the removal of the Tat protein.

originated from injection drug users in Manipur, India. The sam-
ples were amplified by polymerase chain reaction and the Tat gene
present in the samples was visualised by gel electrophoresis.

6. Immunoassay vs biosensor: perspective

We have reviewed several different methods of HIV-1 Tat detec-
tion, i.e,, immunoassay, biosensors and gene expression, of which the
latter involves tedious laboratory procedures. Immunoassay detection
relies on an antibody-antigen reaction and has been widely used
around the world. This test provides accurate results but requires time,
cost and a large sample volume. However, because of the widely used
antibody-antigen reaction, this type of detection is easily available
from the supplier and is accessible by HIV patients. Biosensors are
typically highly sensitive and specific, but still require proper valida-
tion and confirmation of the test results. The use of biosensors can be
classified as a new technique in medical detection. The signal pro-
duced by a biosensor is optimal because it can display variations
during the biological interactions among molecules. In a biosensor
device, each change in the active area provides quantifiable readouts
that can be calculated to obtain the amount of the biomolecules
present. However, precautionary steps such as blocking and washing
treatments are a must to avoid interference in the signal recorded.
Notably, the biosensor device can often be reused, which can provide
cost savings and make the technique more environmentally friendly.
Researchers are looking forward to biosensor usage in medical de-
tection systems to reduce the manpower, cost and sample quantity
required, but there are still many factors that need to be studied to
produce a reliable and highly sensitive sensor ready for the market.

7. Conclusion and future perspective

HIV is a rapidly evolving virus, and currently there is no cure for
those who have been infected. Nevertheless, HIV can be controlled
by medication to slow the progress of viral replication in the hu-
man body. There are currently many tests available for HIV
screening that aim for POCT, including immunoassays and antigen
tests. However, the main constraint of POCT is the sensitivity.
Currently, the gold standard for HIV screening uses the ELISA test
kit, which can be used at a hospital or clinic and should be
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conducted by a medical specialist. The goal is that in the future,
HIV tests can be performed with low cost, will be easy to use and
will provide simple and reliable results. Although some may
consider HIV a non-critical disease due to its slow progression
with proper medicinal control, the development of a reliable and
accurate POCT for home testing would help to avoid the risk of HIV
transmission in high-risk areas.

Antigen detection for HIV screening has been extensively studied.
We have summarised the development of HIV detection methods that
target the Tat protein. Since Tat is present in the virus and is produced
at high copy numbers in the early infection stage, between 2 and
4 weeks, it is a very suitable candidate for early HIV detection to help
eliminate the lengthy waiting period for HIV testing. Detection of Tat
can occur via immunoassay, biosensors and measuring gene expres-
sion. Each method has its own advantages as well as disadvantages
that should be improved in order to develop more reliable detection
methods. The biosensor method of detection is the most promising for
development as a future screening method for HIV due to its ability to
produce fast and accurate data, but there are many improvements that
should be made in the development of a Tat protein POCT biosensor.
Developing a fast and easy detection method for early detection is
critical in order to minimise the risk of infection amongst the human
population. With early detection systems, a practical treatment
method can be developed to halt viral replication and provide a nor-
mal life to HIV patients.
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