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ABSTRACT
Detecting acute Human Immunodeficiency Virus
Human Immunodeficiency Virus (HIV-1) at the point-ofcare (POC) is an unmet clinical need. Current POC
detection methods such as dipsticks and OraQuick detect
antibodies and not the intact virus. These methods are not
effective due the low concentration of antibodies [1, 2].
Infected persons with acute HIV-1 can potentially
transmit the infection because they are not aware of their
disease [3, 4]. Rapid and inexpensive POC detection
diagnostic tool to detect acute HIV-1 can potentially have
a substantial effect on preventing HIV-1 transmission
through people at high risk of HIV-1.
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INTRODUCTION
Rapid, inexpensive, and portable biomicrosensors
have broad applicability in clinical diagnosis and public
health. Detecting infectious diseases including HIV-1 at
resource-constrained settings is one of the promising and
attractive applications. Specifically, detecting acute HIV1 where viral replication and shedding (106-108
copies/mL) occur and the antibodies concentration is low
and undetectable could have a substantial effect on the
disease transmission prevention [2, 5]. Infected patients
with acute HIV-1 can potentially have an important role
in transmitting the disease since they might not be aware
of their disease [3, 4]. For instance, statistically a
significant ratio of the HIV-1 infected people in US (20%
of the 1.2 million HIV infected people) is not aware of
their HIV status. Further, and a majority of HIV infected
population in the US (72%) is not suppressed with
antiretroviral drugs [6]. These statistics clearly show the
importance of developing a rapid, inexpensive, and
disposable diagnostic tool for acute HIV-1 detection at the
POC.
There are several commercially available RNA
assays including Roche COBAS, Abbott Real Time,
Siemens Versant, and bioMerieux NucliSens for HIV-1
viral load measurement in developed countries [7]. Other
less complex assays such as P24 assay [8], the ExaVir RT
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viral load assay [9], and real time reverse transcription
quantitative PCR (RT-qPCR) [1, 10] to measure the viral
load are also available. However, these tests require
expensive reagents and must be conducted by experienced
operators at the field and consequently are not compatible
with the requirements at resource-limited settings [7, 11,
12].
One of the attractive diagnostic methods used in
biosensors is impedance spectroscopy of the biological
sample. Electrical sensing in microfluidic devices on cells
through Coulter counting [13], impedance spectroscopy
[14], capacitance [15], and Dielectrophoresis (DEP) [1619] have been utilized effectively for cells physical and
electrical
properties
measurement
and
cellular
manipulation [20]. Impedance change in a sample could
have several reasons such as binding the target molecules
to receptors [21], conductivity change of the medium by
growth of cells [22], capturing bacterial cells with DEP
[23, 24], and conductivity change because of ion
concentration [25, 26].
To address the unmet clinical barrier for detecting
acute HIV-1 at the POC, we have developed a microchip
based on impedance measurement of the sample. This
rapid (< 30 min), inexpensive (< $2), and portable HIV-1
is potentially compatible with the POC requirements and
can offer a reliable detection platform for populations at
high risk of HIV-1 infection and at doctor’s office.
Viruses were captured on the surface of magnetic
beads conjugated with gp120 antibodies and then detected
using impedance spectroscopy of the viral lysate. During
the viral lysis step, proteins, membrane phospholipids,
capsid proteins, intracellular ions, retroviral enzymes, and
nucleic acids are released into the bulk solution, which
therefore change the electrical conductivity of the sample.
Impedance magnitude of the bulk solution changes after
viral lysate step and can be used as a sensitive marker for
measuring the viral load. In this set up 1 µm diameter
streptavidin-coated magnetic beads (Thermo Scientific,
Rockford, IL) were mixed with biotinylated anti-gp120
antibodies (15 µg/mL) (Abcam®, Cambridge, MA) and
conjugation occurred on a rotator (30 rpm) at 4°C for 2
hours. One key point in this detection process is
removing the highly electrical conductive media after
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virus capture. Samples were washed four times with an
electrically low conductive solution (20% glycerol in
grade water). For virus lysis step we used 1% Triton x100 detergent (Sigma-Aldrich® St Louis, MO).
This electrical biosensing method demonstrates for the
first time the ability to detect viruses at virus
concentrations that occur at the acute stage of HIV-1
infection using viral lysate impedance spectroscopy in a
rapid, simple, and inexpensive fashion. This label-free
electrical sensing method of pathogen detection using
impedance spectroscopy of pathogen lysate constitutes a
broadly applicable platform for detection of other viral
and bacterial pathogens in infectious diseases with
reasonably well-described biomarkers including herpes,
influenza, hepatitis, pox, malaria, and tuberculosis.

RESULST
We have tested the microchip with various HIV-1
subtypes at clinically relevant virus concentrations. HIV-1
subtypes (A, B, C, D, E, G, and panel (A, B, C, D, and
circulating recombinant forms, CRF01_AE and
CRF02_AG)) were used at concentrations of 1.7 × 108
(subtype A), 1.2 × 108 (subtype B), 1.2 × 108 (subtype C),
2.9 × 108 (subtype D), 8.4 × 108 (subtype E), 6.5 × 108
(subtype G), and 1.5 × 109 (panel) copies/mL in cultured
media. The viruses were mixed with streptavidin-coated
magnetic beads conjugated with biotinylated anti-gp120
antibodies.
The samples were incubated at room
temperature on a rotator (15 rpm) for half an hour.
Control samples were prepared by adding viral-free DPBS
solution into the streptavidin-coated magnetic beads
conjugated with anti-gp120 antibodies. Samples were
washed with an electrically low conductive solution (20%
glycerol in water) 4 times to remove the electrically
conductive background. The captured viruses were then
lysed using Triton X-100, which is an electrically low
conductive solution as well.

error of the mean value for the impedance magnitude.
The viral lysate samples were then introduced into a tworail electrode microchip (500 µm width and 2 mm
spacing) for impedance measurement. Our experimental
results represent the ability of the platform to detect
multiple subtypes of HIV-1 (A, B, C, D, E, G, and panel of
HIV subtypes) in a clinically relevant virus concentration
(106-108 copies/mL) that appear at the acute stage (Fig. 1).
Figure 1 shows the impedance magnitude of the viral
lysate of HIV-1 subtypes A, B, C, D, E, G, and panel at
1,000 Hz and 1 V. The impedance magnitude of the viral
lysate samples was significantly lower than the impedance
magnitude of the control sample without virus (n=6,
p<0.05). This method of virus detection is HIV-1 subtype
independent as the impedance magnitude of the viral lysate
samples for different subtypes were not statistically
different compared to each other (n=6, p>0.05).
We have also been able to detect HIV-1 samples at
concentration of 1 x 106 copies/mL by increasing the
sample volume to 5 mL using the same amount of
magnetic beads we used in smaller volume samples (100
µL). 5mL HIV-1 subtype C was mixed with 100 µL
conjugated magnetic beads with anti-gp120 antibodies
and incubated for a longer period of time (1 hour) with
respect to the incubation time used for smaller samples
(half an hour). This helped the magnetic beads to capture
more viruses in a larger sample volume. Figure 2 shows
the impedance magnitude spectroscopy of the viral lysate
sample after 4 times washing and virus lysis step. The
impedance magnitude of the samples decreased
significantly with respect to the control samples. Control
samples were conjugated magnetic beads with anti-gp120
antibodies suspended in DPBS solution without viruses.
These results show the ability of the microchip to detect
acute HIV-1 at clinically relevant concentrations (106-108
copies/mL).

Figure 2. Impedance magnitude spectra of HIV-1 clade C
viral lysate sample at the concentration of 106 copies/mL.
Figure 1. Impedance magnitude of viral lysate samples
of multiple HIV-1 suptypes including A, B, C, D, E, G,
and panel as well as the impedance magnitude of control
samples. The viral loads of 1.7 × 108, 1.2 × 108, 1.2 ×
108, 2.9 × 108, 8.39 × 108, 6.5 × 108, and 1.5 × 109
copies/mL were measured for subtypes A, B, C, D, E, G,
and the panel, respectively. The experiments were
repeated 6 times and the error bars indicate the standard

We have also tested the specificity of the microchip to
detect HIV-1 in presence of Epstein-Barr Virus (EBV) as a
model virus in the system. HIV-1 subtype B was mixed
with EBV and conjugated magnetic beads with anti-gp120
antibodies were added into the mixed solution. The
impedance magnitude spectra of the viral lysate samples
with HIV-1, EBV, and mixture of HIV-1 and EBV was
measured and is shown in Figure 3. The impedance
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magnitude of samples with just EBV was not significantly
different compared to the control samples. The impedance
magnitude of the mixture of HIV-1 and EBV samples was
significantly different than the impedance magnitude of
the control samples as well as only EBV samples.
However, the impedance magnitude of the mixture of
HIV-1 an EBV samples was not significantly different
than the impedance magnitude of only HIV-1 samples.
These results indicate that the microchip is specific in
capturing HIV-1 in the presence of another type of virus.

This work was also supported by a research grant that was
awarded and administered by the US Army Medical
Research and Materiel Com- mand and the Telemedicine
and Advanced Technology Research Center (TATRC), at
Fort Detrick, MD.

CONTACT
*U. Demirci, tel: +1-617-768-8315;
udemirci@rics.bwh.harvard.edu

REFERENCES
1.

2.

3.
Figure 3. Impedance magnitude spectra of viral lysate
samples with HIV-1 subtype B, EBV, and mixture of HIV
and EBV at concentration of 108 copies/mL. The
impedance magnitude spectra of EBV samples did not
change with respect to the control samples, however the
impedance magnitude of HIV and mixture of HIV and EBV
samples decreased compared to the control samples.

4.

5.
To the best of our knowledge, there is no accurate,
inexpensive detection method to diagnose HIV during the
acute stage at the POC. This rapid, simple, inexpensive,
and label-free electrical sensing method is the first
demonstration of viral detection utilizing viral nano-lysate
at virus concentrations that occur at the acute stage of
HIV-1 infection.
Utilizing pathogen nano-lysate’s
electrical fingerprint in an electronic read-out as a
powerful and sensitive detection signal may open exciting
avenues in creating practical POC diagnostic tools for
infectious diseases. This label-free electrical sensing
method of pathogen detection using impedance
spectroscopy of pathogen lysate constitutes a broadly
applicable platform for detection of other viral and
bacterial pathogens in infectious diseases with reasonably
well-described biomarkers including herpes, influenza,
hepatitis, pox, malaria, and tuberculosis.

6.
7.

8.

9.

10.

ACKNOWLEDGMENT
The devices were fabricated using facilities at the Center
for Nanoscale Systems (CNS), a member of the National
Nanotechnology Infrastructure Network (NNIN). This
work was supported by the National Institute of Health
under NIH award numbers RO1AI093282, RO1AI081534,
R21AI087107, 1F32AI102590 and NIH U54EB15408.

11.

2143

Rouet, F., et al., Transfer and evaluation of an
automated,
low-cost
real-time
reverse
transcription-PCR test for diagnosis and
monitoring of human immunodeficiency virus
type 1 infection in a West African resourcelimited setting. J Clin Microbiol, 2005. 43(6): p.
2709-17.
Daar, E.S., et al., Transient high levels of viremia
in
patients
with
primary
human
immunodeficiency virus type 1 infection. N Engl
J Med, 1991. 324(14): p. 961-4.
Powers, K.A., et al., The role of acute and early
HIV infection in the spread of HIV and
implications for transmission prevention
strategies in Lilongwe, Malawi: a modelling
study. Lancet, 2011. 378(9787): p. 256-68.
Koopman, J.S., et al., The role of early HIV
infection in the spread of HIV through
populations. J Acquir Immune Defic Syndr Hum
Retrovirol, 1997. 14(3): p. 249-58.
Patel, P., et al., Detection of acute HIV infections
in high-risk patients in California. J Acquir
Immune Defic Syndr, 2006. 42(1): p. 75-9.
Cohen, J., The many states of HIV in America.
Science, 2012. 337(6091): p. 168-71.
Wang, S., F. Xu, and U. Demirci, Advances in
developing HIV-1 viral load assays for resourcelimited settings. Biotechnol Adv, 2010. 28(6): p.
770-81.
Schupbach, J., et al., Heat-mediated immune
complex dissociation and enzyme-linked
immunosorbent assay signal amplification
render p24 antigen detection in plasma as
sensitive as HIV-1 RNA detection by polymerase
chain reaction. AIDS, 1996. 10(10): p. 1085-90.
Malmsten, A., et al., HIV-1 viral load
determination based on reverse transcriptase
activity recovered from human plasma. J Med
Virol, 2003. 71(3): p. 347-59.
Drosten, C., et al., Ultrasensitive monitoring of
HIV-1 viral load by a low-cost real-time reverse
transcription-PCR assay with internal control
for the 5' long terminal repeat domain. Clin
Chem, 2006. 52(7): p. 1258-66.
Preiser, W., J.F. Drexler, and C. Drosten, HIV-1
viral load assays for resource-limited settings:
clades matter. PLoS Med, 2006. 3(12): p. e538;
author reply e550.

12.
13.
14.
15.
16.

17.
18.
19.

20.
21.

22.

23.

24.

25.

26.

Fiscus, S.A., et al., HIV-1 viral load assays for
resource-limited settings. PLoS Med, 2006.
3(10): p. e417.
Coulter, W.H., High speed automatic blood cell
counter and cell size analyzer. Proc Natl
Electron Conf, 1956. 12: p. 1034.
Fricke, H. and H.J. Curtis, Electric impedance of
suspensions of leukocytes. Nature, 1935. 135: p.
436.
Sohn, L.L., et al., Capacitance cytometry:
measuring biological cells one by one. Proc Natl
Acad Sci U S A, 2000. 97(20): p. 10687-90.
RV Davalos, H.S., MB Sano, and JL Caldwell,
Devices and Methods for Contactless
Dielectrophoresis for Cell or Particle
Manipulation, V.P.I.a.S. University, Editor 2009:
USA.
Shafiee, H., et al., Contactless dielectrophoresis:
a new technique for cell manipulation. Biomed
Microdevices, 2009. 11: p. 997-1006.
Shafiee, H., et al., Selective isolation of live/dead
cells using contactless dielectrophoresis (cDEP).
Lab on a Chip, 2010. 10(4): p. 438-445.
shafiee, H., Caldwell, J.L., Davalos R.V. , A
Microfluidic System for Biological Particle
Enrichment
Utilizing
Contactless
Dielectrophoresis
(cDEP).
Journal
of
Association For Laboratory Automation, 2010.
15(3): p. 224-232.
Asami, K., Characterization of heterogeneous
systems by dielectric spectroscopy. Progress in
Polymer Science, 2002. 27(8): p. 1617-1659.
Yang, L., Y. Li, and G.F. Erf, Interdigitated
Array microelectrode-based electrochemical
impedance immunosensor for detection of
Escherichia coli O157:H7. Anal Chem, 2004.
76(4): p. 1107-13.
Madhukar Varshneya, Y.L., Balaji Srinivasanb,
Steve Tungb, A label-free, microfluidics and
interdigitated
array
microelectrode-based
impedance biosensor in combination with
nanoparticles immunoseparation for detection of
Escherichia coli O157:H7 in food samples.
Sensor. Actuator B:Chemical, 2007. 128(1): p. 9.
Li, H. and R. Bashir, Dielectrophoretic
separation and manipulation of live and heattreated cells of Listeria on microfabricated
devices with interdigitated electrodes. Sensors
and Actuators B-Chemical, 2002. 86(2-3): p.
215-221.
Aldaeus,
F.,
et
al.,
Superpositioned
dielectrophoresis for enhanced trapping
efficiency. Electrophoresis, 2005. 26(22): p.
4252-9.
Cheng, X., et al., Cell detection and counting
through cell lysate impedance spectroscopy in
microfluidic devices. Lab Chip, 2007. 7(6): p.
746-55.
Kim, S.K., et al., Fabrication of comb
interdigitated electrodes array (IDA) for a
microbead-based electrochemical assay system.
Biosens Bioelectron, 2004. 20(4): p. 887-94.

2144

