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Abstract
The World Health Organization (WHO) is rapidly expanding antiretroviral treatment (ART) in
sub-Saharan countries. However, virological failure of ART is rarely monitored due to the lack of
affordable and sustainable viral load assays suitable for resource-limited settings. Here, we report
a prototype of a rapid virus detection method based on microfluidic technologies. In this method,
HIV-1 particles from 10 µL whole blood were captured by anti-gp120 antibody coated on the
microchannel surface and detected by dual fluorescence signals under microscopy. Next, captured
HIV-1 particles were counted using the free software, ImageJ (http://rsbweb.nih.gov/ij/). This
rapid HIV-1 detection method has potential to be further developed for viral load monitoring at
resource-limited settings.
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1.INTRODUCTION
Currently, it is estimated that approximately 33.2 million people are infected with human
immunodeficiency virus type 1 (HIV-1) worldwide, and 2.1 million AIDS patients died in
2007 alone [1]. To curb this epidemic, remarkable international efforts have been made to
lower the cost of first-line antiretroviral drugs or even free in some developing countries [2].
In view of this situation, the WHO is rapidly expanding the access of ART to save lives in
sub-Saharan countries, which account for 66% of current HIV-1 infections [1]. Due to the
lack of financial and human resources in these countries, the ART expansion is guided
mainly according to the WHO clinical staging. However, studies have shown that this
strategy cannot timely identify virological failure among ART-receiving AIDS patients [3–
4], emphasizing the importance of viral load monitoring in resource-limited settings.

Current commercial viral load monitoring tools such as Roche Amplicor COBAS and
Abbott RealTime are not affordable and sustainable in resource-limited settings. These tests
are expensive ($50–100 per test) and require solid laboratory infrastructure, air conditioning
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and skillful operators [5]. To facilitate ART expansion in resource-limited settings,
inexpensive alternatives have been employed such as the ExaVir Reverse transcriptase (RT)
assay [6–7] and in-house developed reverse-transcription followed by quantitative
polymerase chain reaction (RT-qPCR) [8–9]. Recently, ExaVir RT assay Version 3 was
evaluated in decentralized laboratory settings and the results showed good correlation with
real-time molecular assays in subtype B samples (R > 0.95) and non-subtype B (R > 0.91).
Additionally, the cost can be lowered to $13.66 per assay [10]. However, this assay still
requires 2 days to complete, significantly restricting the throughput. The other alternative
method based RT-PCR, despite significantly reduced cost ($20 per test), does not reduce the
testing complexity and thus requires skillful operators. Thus, current inexpensive viral load
assays can hardly be utilized to benefit AIDS patients at the point-of-care (POC).

Recently, nano/microfluidics have attracted researchers to develop inexpensive and
disposable diagnostics for developing countries [11]. For HIV-1 diagnostics, researchers
commonly miniaturize conventional ELISA for the detection of p24 antigen [12–14] or RT-
PCR for the detection of HIV-1 RNA [15]. However, these assays require complex on-chip
designs due to multi-step manipulations such as sample preparation and detection.
Additionally, these assays require the testing of external standards in parallel to quantify
targets of interest, which increases the difficulty of on-chip design. To address this, we used
the HIV-1 particle as a diagnostic marker and detected it on-chip under fluorescence
microscopy, which significantly simplifies the design of microchips [16]. In this design,
anti-gp120 antibody is immobilized on the microchannel surface to capture HIV particles,
which are then detected via dual-labeled quantum dots using fluorescence microscopy.

Here, we report on-chip detection of HIV-1 particles under a fluorescence microscope.
Additionally, we employed ImageJ to automatically count virus particles to report viral load.
To facilitate HIV-1 detection by a lensless imaging system, we manually counted
fluorescent nanobeads (~500 nm) in the same microchip and compared with automatic
counting by ImageJ. In the future, we will functionalize these nanobeads with anti-gp120,
detect HIV-1 particles captured from whole blood by the lensless imaging technology [17–
18] and further develop this method into a POC viral load assay.

2.MATERIALS AND METHODS
The stock of HIV-1 subtype C was prepared as previously reported [19]. In brief, peripheral
blood mononuclear cells (PBMCs) from HIV-negative donors (obtained by Ficoll Hypaque
density gradient centrifugation) were used to culture HIV-1. HIV-1 subtype C, which had
been previously isolated, were used to infect PBMCs in RPMI 1640 at 37 °C with 5% CO2.
The medium RPMI 1640 was supplemented with heat inactivated fetal calf serum [20%],
HEPES Buffer [10mM], L-Glutamine [2mM], recombinant human interleukin-2 [100U/ml],
penicillin [50U/ml] and streptomycin [50µg/ml]. Prior to testing, the concentration of virus
particles was assessed by p24 ELISA (Perkin Elmer, Waltham, US). Supernatant collected at
day 5 was aliquoted and frozen at −80 °C for later use. For microchip testing, 1 day old
whole blood collected from healthy people was spiked with HIV-1 subtype C.

The microchip was assembled as previously reported [16]. In brief, PMMA and double-side
adhesive film were cut using a laser cutter (VersaLaser™) according to the size of a glass
slide and then used to assemble the microchip. In the microchip, three microchannels were
formed with an inlet and outlet at both ends. Next, the surface of microchannels was
functionalized with anti-gp120 antibody. Once whole blood samples were injected into the
microchannels, HIV-1 particles were captured by anti-gp120 antibody and imaged using
dual fluorescence labeling by Axiovision software. Under a fluorescence microscope
(Zeiss), images of HIV-1 particles were taken under a GFP or Cy5 filter. Captured HIV-1
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particles with dual fluorescence were counted using ImageJ software (http://rsb.info.nih.gov/
ij/).

Latex beads of 500 nm in diameter were purchased from Sigma Aldrich. These beads were
made of polystyrene and modified with amine on the surface. Excited at 520 nm, these beads
can emit orange fluorescence. To facilitate automatic counting under a fluorescence
microscope, 2 µl of these beads were dispersed on a glass slide and covered with a glass
cover of 1 cm2. Using a GFP filter, the fluorescence signals of latex beads were imaged and
analyzed using ImageJ software.

3.RESULTS AND DISCUSSIONS
Previously, we reported the fluorescent detection of HIV-1 particles in microchips using
unprocessed HIV-infected patient whole blood [16]. This method can achieve specific
detection of HIV-1 within 30 minutes, showing the potential to be used for viral load
monitoring. In this study, we employed ImageJ software to achieve automatic counting and
thus report viral load information by counting multiple images. We used nanobeads (~500
nm) as a model to achieve consistent automatic counting by ImageJ to optimize the counting
mechanism. Also, we captured HIV-1 particles in a microfluidic channel and double labeled
them with quantum dots. Here, we report our automatic counting results with nanobeads and
microfluidic captured HIV-1 compared to manual counting.

For the microchip HIV-1 capture device, a single microchannel was assembled and
functionalized with anti-gp120 antibody on the surface [16]. This design was improved in
this study by forming three straight microchannels in parallel (Figure 1), including a positive
control channel, a sample-testing channel and a negative control channel, since positive
controls and negative controls are required in clinical diagnostics. The number of channels
can be increased to accommodate the needs at local clinics if more samples need to be
processed at once. Further, we positioned the inlet and outlet at the tip of the triangle at both
ends of the channel. This allows red blood cells and white blood cells to be washed out as
viruses are being captured. Blood cells (5–18 µm) are much larger than HIV-1 virus particles
(~110 nm) and they experience more shear stress than HIV-1 particles. Additionally, HIV-1
particles are captured by antigen-antibody affinity. With acting forces (i.e., shear force and
binding force), we expected to achieve cell-free microfluidic channel surface so that virus
particles can be specifically detected. A further improvement can be made to replace the
glass slide with non-sharp materials to enhance safety. Potential materials could be parylene
or PMMA since they are transparent and can be functionalized with antibodies [20].

As an essential step to develop this technology for POC viral load monitoring, automatic
counting needs to be established to increase turnaround time and accuracy. In this study, we
first used ImageJ to count polystyrene nanobeads since it is easier to use compared to
Matlab as previously reported [17]. In the nanobead model, we compared the results from
automatic counting by ImageJ to manual counting. Upon excitation at a wavelength of 525
nm, polystyrene nanobeads emitted orange fluorescence. The correlation efficient of these
two counting methods (Figure 2) was 0.9388, indicating ImageJ can be reliably used for
automatic counting of nanobeads. The error was mainly induced by overlapping and/or
aggregating nanobeads. Additionally, the automatic counting significantly (100 fold)
reduced the time spent on manual counting. Thus, the automatic counting will increase the
throughput and accuracy compared with manual counting under a microscope.

After the nanobead experiments, three steps were taken to achieve rapid automatic counting.
First, images of HIV-1 particles were obtained under Cy5 (red, Figure 3a) and GFP (green,
Figure 3b) filters. Second, GFP and Cy5 images were superimposed, producing merged
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images. HIV-1 particles, which were co-localized with two Qdots525 (green) and 655 (red),
appeared in yellow in the merged images (Figure 3c). Third, automatic counting was
achieved by ImageJ with threshold set to the size and intensity. The fluorescent signal of
individual quantum dot measured by Axiovision software was within 300–700 nm due to
diffraction, although the actual size of quantum dot was only 15–20 nm. With the aid of
ImageJ, the number of HIV-1 particles was counted to be 6 on this individual image, which
can be done within seconds. By using intensity and size thresholds, larger and smaller sized
particles with dual fluorescence can be easily excluded by the software from viral count to
avoid detection errors. The oversized particles (circled, Figure 3c) could be cell membrane
debris with gp120 antigen attached, since we spiked 1 day old spiked whole blood samples
with cultured HIV-1. This indicates that fresh whole blood samples are more desirable to use
for better detection results or the detection software has to be optimized to handle old blood
samples. This might be observed when HIV-1 assembles underneath the bilipid membrane
of infected cells [21]. The oversized particles might also be aggregates of HIV-1 particles or
quantum dots, which will further analyze using scanning electron microscopy. The
establishment and further development of automatic counting using ImageJ will
significantly facilitate the image processing compared to manual counting. Overall, manual
counting results agreed with the automatic counting results with captured HIV-1 samples.

4.CONCLUSIONS
In conclusion, on-chip detection of HIV-1 particles was achieved with automatic counting
by ImageJ. Automatic virus counting significantly reduces the sample-to-answer time and
manual labor. This novel method based on the quantification of virus particles paves a new
way of developing POC viral load assays. This approach does not use any amplification of
genetic material, which is an advantage. Also, the label-free capture mechanism is attractive.
This capture method will be merged with fluorescent-free detection and counting
mechanisms as the technology matures in our laboratory. Our ultimate goal is to develop a
microchip-based POC viral load monitoring platform which performs within clinical ±10%
error limit compared to the gold standard, i.e., RT-qPCR.
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Figure 1.
Design of HIV-1 viral load microchips. The microchip is composed of a PMMA base,
double-sided acrylic adhesive and a glass slide. When assembled, three channels are formed
in the microchip with a dimension of 40mm ×24 mm × 50 µm. One inlet and one outlet are
located at both ends of the channel. (a) Components of the microchip. (b) Top-view of the
viral load microchip. (c) Picture of a microchip with different food dyes in the
microchannels.
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Figure 2.
Correlation of auto- and manual-counting. Polystyrene nanobeads (~500nm) were viewed
under a fluorescence microscope (100×) using the GFP filter. The number of nanobeads was
counted manually and automatically by ImageJ. The correlation of these two methods was
plotted.
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Figure 3.
Fluorescence detection of HIV-1 particles and automatic counting by ImageJ. Whole blood
containing HIV-1 was injected into the microchannel and stained with two Qdot 525 (green)
and 655 (red). (a) Virus particles viewed using Cy5 (red) filter. (b) Virus particles viewed
using GFP (green) filter. (c) Merged pictures of a and b was performed using Axiovision
software to co-localization of virus particles (in yellow), indicated by arrows. Scale bar is 5
µm except the one in the blow-up, in which it is 1 µm. Virus count was performed using
ImageJ, with size threshold set within 300–700 nm to exclude non-specific detection
(circled).
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