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HIV-1 is the causative agent of acquired immunodeficiency syndrome (AIDS). It affects millions of people worldwide and

the pandemic persists despite the implementation of highly active antiretroviral therapy. A wide spectrum of techniques

has been implemented in order to diagnose and monitor AIDS progression over the years. Besides the conventional

approaches, microfluidics has provided useful methods for monitoring HIV-1 infection. In this review, we introduce

continuous microfluidics as well as the fabrication and handling of microfluidic chips.
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1. Continuous Microfluidics

Microfluidics is the science of manipulating and controlling fluids, usually in the range of microliters. Two types of

microfluidics can be distinguished: continuous microfluidics with the use of channels of tens to hundreds of µm of size,

and digital microfluidics that relies on droplets manipulation . Here, we focus on continuous microfluidics, which has

been less described than the well-known droplet techniques . Due to rapidity, low volumes, precise control,

multiplexing, and automation, continuous microfluidics is attractive in a vast spectrum of research works .

Microfluidics encompasses the Micro-Total Analysis System known as µ-TAS or “Lab-on-a-Chip” that consists of the

integration of multiple functions in a single microfluidic chip. For the choice of material and method in microfluidics

applications, it should take into account that the physical concepts depend on scale . For instance, at the microscale,

when two fluids from separate reservoirs simultaneously enter a microchannel, they flow parallel to each other without any

stirring or mixing . The success of continuous microfluidics relies on its accessibility, customization, and low cost,

allowing biologists to design and adapt their own devices to their projects.

The standard fabrication is the molding method, which encompasses three techniques: replica molding, injection molding,

and hot embossing (for review, see ). Replica molding, also known as soft lithography, relies on photoactive materials

and a polydimethylsiloxane (PDMS) polymer sealed onto either a glass slide, to form a monolayer device, or another

PDMS layer to form a multilayer-based system  (Figure 1). Additional properties and functions can be added to the

devices by integrating membranes, nanowells, or nanopores into the PDMS-based chip for various applications .

The PDMS is transparent, biocompatible, gas-permeable, and elastic. These properties explain why the molding method

has been integrated into many biomedical research works.

Figure 1. Microfabrication of the chips by photolithography. The main steps of photolithography are: (A) Negative SU8

photoresist exposure to UV radiation in order to obtain the pattern drawn on the photomask; (B) Photoresistive

development to obtain the master mold; (C) Pouring the PDMS on the master mold; (D) Curing and peeling off the PDMS

stamp; finally, making holes in the PDMS for external tubing and binding to a glass slide for microscopy (right picture).
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Two other well-known fabrication techniques are the laminate method and 3D printing. The laminate method is defined as

the process of manufacturing thermoplastics or optically clear plastics, in multiple layers. The simplicity and rapidity of

fabrication make lamination a powerful technique in biological research. Among all of the different techniques for 3D

printing, stereolithography is a classic rapid prototyping technique . It is used to create fine features that work through

an optical process, built layer on layer. This technology allows the integration of human tissue into a miniaturized device in

order to mimic its microenvironment .

Besides the traditional microfluidic devices that are fabricated using PDMS or other polymers and plastics, microfluidic

devices can also be fashioned from paper. Paper-based devices are especially used in developing countries due to their

availability and low cost, since no pump is required for fluid transport (passive transport) . The microfluidic paper-based

analytical devices (also called µPADs) are fabricated by patterning many sheets of paper into hydrophilic channels

bounded by hydrophobic barriers. Various techniques are available that are summarized in this detailed review .

In this entry, we will describe and discuss the different strategies and devices used in HIV studies in order to facilitate the

crucial choice of the   most suitable and performant approach, according to one’s need (Figure 2).

Figure 2. Summary of the different microfluidic devices developed in HIV infection.

2. Microfluidics for Studying HIV Infection

HIV-1 induces AIDS and affects several millions of people worldwide. The pandemic persists despite the implementation

of highly active antiretroviral therapies , which must be taken lifelong (for review: ). The major causes of HIV-1

resistance to antivirals are due to the high mutation rate of the virus  as well as the viral latency with the persistence of

silent-HIV reservoirs in infected cells . HIV belongs to the Retroviridae family. Its genome is composed of a dimer of two

RNA molecules packaged in an enveloped capsid (Figure 3).

Figure 3. Simplified schematic representation of HIV-1 particle.

HIV enters the cells of the human immune system (especially CD4+ T cells) via the attachment and the fusion of its

envelope glycoproteins (Env) with the target cell’s membrane, initiating the infectious cycle. HIV replication cycle lasts

approximately 24 h . During viral capsid disassembly, the genomic RNA (gRNA) is converted into double-stranded

DNA by the viral reverse transcriptase (RT) in a finely regulated timeline (for review: ). Interestingly, recent works have

reported a nuclear localization of the reverse transcription and the uncoating steps. These data fundamentally change our

current spatiotemporal vision of these post entry events . Stable integration of this viral DNA into host cell
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chromosomes by the viral integrase (IN) is an essential step in the life cycle that allows the persistence of viral genomes

for the lifespan of infected cells. Viral transcription relies on cellular machinery, which is trans-activated by the viral Tat

protein. The primary transcript plays two roles. It ensures viral protein synthesis. HIV-1 uses several non-canonical

pathways to translate its own proteins, such as leaky scanning, frameshifting, shunt, and cap-independent mechanisms

(for review ). Moreover, the viral transcript serves as a viral genome for progeny virions. It forms an RNA dimer in the

cytoplasm with the help of the viral Gag protein , and the Gag–RNA complex targets the plasma membrane to form

new viral particles (for review: ). The replication cycle ends with the release of new viral particles, which proceed to the

last maturation step to be infectious.

3. Microfluidic Tools for Diagnostics

Usually, HIV tests are based on the detection of viral antigens or anti-HIV antibodies in the blood by using immunoassays

(ELISA, Western blot). HIV can also be sought via its nucleic acids by PCR amplification techniques . A wide range of

microfluidic-based systems are currently available that insure a rapid, sensitive, and low-cost diagnosis of HIV infection.

An automated microfluidic system, named µWestern blot, was developed for the detection of several HIV markers (RT,

gp120, p24) and antibodies (anti-gp120/p24). The system unites protein sizing and antibody probing in one system and

allows the simultaneous running of 48 µWesterns as well as the analysis of 3 protein targets per blot. Compared to

conventional Western blot, the µsystem provides high precision with a low limit of detection (LOD) of 50 pM, a reaction

time of 60 min, and 10 -fold reduction in reagent consumption . Similarly, several microfluidic devices have been

implemented to improve the standard ELISAs used for the detection of p24 protein fluorescence and anti-p24 antibodies

from plasma . A microtiter technique, called europium nanoparticles-based immunoassay, is miniaturized to a

microchip platform. Due to their high photostability and resistance to self-quenching, the europium nanoparticles ensure a

stable and high-intensity fluorescence emission, increasing the sensitivity of the system up to attomole levels .

Interestingly, a hierarchical nanofluidic molecular enrichment system (namely HOLMES) was developed (Figure 4). Based

on electo-osmosis phenomena, it ensures an increase in the biomolecules concentration throughput and speed in ion

depletion zones, achieving billion-fold enrichment of biomolecules within 30 min into a single microchannel .

Figure 4. Principle of HOLMES [34]. (A) Schematic of HOLMES with hierarchical multistages. At each stage, parallel

microchannels and buffer channels are bridged by a thin nanochannel network patterned on the bottom of the

microchannels. (B) Schematic of nanofluidic biomolecule concentration in massively parallel channels. Under the

electrical configuration shown, biomolecules are electro-osmotically injected into the parallel channels and electronically

concentrated in the ion deletion zones induced near the micronanochannel junctions. V—voltage; G—grounded; EN and

ET—normal and tangential electric fields, respectively; EO—electroosmosis; EP—electrophoresis. (C) Schematic of

relayed reconcentration of biomolecules from massively parallel microchannels into a single microchannel to dramatically

boost the concentration performance.
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There is also another method for the detection of the anti-gp41 marker in blood, which can distinguish different HIV

subtypes. This portable and cost-effective immunoassay uses silver reduction. This is performed in a PDMS microchannel

network, integrating immunoassay and optical detection. The reduction in silver ions results in a silver film whose opacity

is a function of the concentration of the gp41. The system has no photobleaching and the signal is stable for months .

Microfluidic immunoassay can also be integrated in paper-based microdevices. A system combining paper-based

microdevices and electrochemical impedance spectroscopy detection has shown high sensitivity in p24 detection. It relies

on paper-based origami nanobiosensors assembled into two pieces of cellulose paper. This label-free and ultrasensitive

detection of p24 antigen has a LOD of 300 fg/mL, which is 33 times lower than that of a commercial p24 ELISA kit (10–15

pg/mL). Additionally, no interference in p24 detection was observed when other virus-associated antigens were present in

serum samples .

Advances in microfluidic HIV diagnosis systems have encouraged researchers to develop multiplexing devices that allow

the detection of co-infections. Multiplexing brings rapidity, high sensitivity, and precision, especially with minimal cross-

reactivity. Since hepatitis B and C viruses (HBV, HCV) have a high prevalence in HIV-infected patients and are suspected

of HIV-1 co-infection , it is of great interest to simultaneously diagnose these viruses. Several microfluidic devices

have been developed for multiplexed detection which differ by the detection system used . One integrates Quantum

dots (semiconductor nanoparticles Qdots) into PDMS microchannels fabricated by soft lithography containing sera

samples. Qdots are coated with a hepatitis B surface antigen (HBsAg), HCV nonstructural protein 4 (NSP4), and HIV

glycoprotein 41 (gp41). Electrokinetics is used to transport Qdots in the microchannels and as a Qdot passes through a

focused laser spot, a fluorescence is emitted and detected. The feasibility was demonstrated with the three diagnostic

targets: HBV, HCV, and HIV .

The paper-based microdevices have also demonstrated advantages for multiplexing with sensitivity and negligible cross-

reactivity. The device contains eight electrochemical immunosensors to test multiple serum samples with the simultaneous

detection of antibodies against HIV p24 antigen and HCV core antigen . Although HIV-1/HIV-2 co-infection occurs at a

low prevalence, it may cause different progression to AIDS than monoinfection and lead to antiretroviral drug resistance

. To detect these two types, a microfluidic barcoded chip was designed that contains several sets of PDMS-based

microchannels. HIV-1 anti-gp41/gp120 and HIV-2 anti-gp36 antibodies have been distinguished in six human sera and

they appear as dark bars or light spaces, depending on the positive or negative results .

A different diagnostic way relies on the detection and the quantification of viral nucleic acids by using quantitative PCR

(qPCR). However, the loop-mediated amplification (LAMP) technique is advantageous over standard qPCR, since the use

of loop primers accelerates the reaction. It is also cheaper because it does not require expensive thermocyclers. The

LAMP technique can be integrated into different microfluidic devices, such as the SlipChip that consists of two plates

containing microwells: the top plate loaded with the sample and the bottom plate loaded with the reagents . The

performance of the microdevice was compared to that of qRT-LAMP. In the digital format, molecules are separated into

compartments and amplified, which requires only an endpoint readout. The initial concentration is determined depending

on the number of positive wells, the volume of each well, and the total device volume. However, in a kinetic format, the

analyte is amplified in a bulk culture and the amplification progress is monitored as a function of time. Then, the original

concentration is determined by comparing the reaction trace to standard curves from solutions of known concentrations.

Unlike qRT-LAMP, the device showed high precision due to its ability to distinguish different concentrations of HIV-1 RNA

with changes of 3 °C in temperature . The LAMP assay was tested, as well, in a biomolecular amplification reader

coupled with a microfluidic cartridge containing 96 reaction chambers. The device showed rapidity in HIV integrase gene

amplification detected using calcein metal indicator fluorophore . Nucleic acid quantification is done, as well, with a

conventional PCR integrated into microfluidic chips. PCR chips have been considered as a powerful tool for genetic

analysis. Usually, the detection of the PCR product is performed by capillary electrophoresis (CE) and fluorescence

analysis. However, cross-contamination concerns prevent their reuse. This challenge has been overcome by developing a

reusable chip. The reusability of the PCR chambers is ensured by stripping and re-silanizing of the glass surfaces. The

system has been validated by the amplification of a 115 bp fragment from the HIV gag region . Note that microfluidic

systems based on centrifugation-assisted precipitation also have interesting features for nucleic acid detection. One relies

on loading the mix of target DNA and GelRed intercalating dye into a microfluidic channel followed by the centrifugation of

DNA-GelRed flakes to form a quantifiable precipitate. This approach does not require DNA purification and has been

successful in HIV genome quantification with a LOD of 10 ng/µL .

Since opportunistic infections are more frequent or more severe for immunosuppressed HIV-infected persons

(https://aidsinfo.nih.gov/guidelines), it is of great interest to develop multiplexed microsystems to analyze bacterial, fungal,

and viral nucleic acids from a single sample. The challenge consists of developing a microfluidic “lab-on-a-chip” that

harbors several interrelated components, each miniaturizing one step of the procedure from sample collection to PCR
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amplification of several pathogens together. For this purpose, a hydraulically driven chip was fabricated, integrating

several structures (chambers, membrane, lateral flow strip) into a cassette. After receiving the fluid sample and metering

its volume, the multifunctional chip proceeds to a cascade of reactions that occur in different compartments: pathogens

lysis, nucleic acids isolation, PCR, and RT-PCR performance. The system showed ability to detect amplicons for both

pathogens with 3-fold more sensitivity than the conventional ethidium bromide-stained agarose gels . A simple system

with a different detection strategy was successfully able to detect four genetic targets for HIV, HBV, and syphilis

(Treponema pallidum)  (Figure 5). It is based on the injection of Qdot-barcoded beads into a microchannel fabricated by

soft lithography and their handling by magnetic force. Despite the sensitivity of the device and the absence of a cross-

reaction, it requires off-chip sample pretreatment (cell lysis and nucleic acid extraction) .

Figure 5. Overall design of the QD barcode assay. Electrokinetics is used to transport QD-barcoded microbeads (Ø= 3.8

µm) into a microchannel. The flow is going from left to right: i) magnetic barcodes are attracted by a first magnet to

interact with the target ssDNA present in the upper stream, ii) then they move toward the second magnet to interact with

the reporter probe present in the lower stream, and iii) they are pulled by the last magnet into a washing buffer and

aligned for optical excitation and detection. They are individually detected by fluorescence as they pass through a focused

laser spot. The figure shows the detection of one genetic target, but for multiplexed detection, the same process is done

for the different ssDNA targets simultaneously .

Besides its implication and efficiency in the detection of HIV nucleic acid, the LAMP technique can also be used for

codetection of different pathogens. In this context, a multiple µLAMP was carried out in a microdevice with the shape of a

five-pointed star containing five microchannels coated with specific DNA probes for detection of different pathogens. Five

different PCR reactions can be done simultaneously. The patient sample and the different reagents are injected via the

center hole and are spread evenly through each branch by capillary force. After reaction, the chip is sealed and immersed

in a water-bath. The final results were determined by the appearance of green fluorescence induced by SYBR green

intercalating dye. This simple and fast technique has been successfully used for the simultaneous detection of HIV-1,

tuberculosis bacilli, and Pneumocystis jirovecii, known as Pneumocystis carinii in saliva .

Virus isolation and imaging is another strategy for HIV diagnostics. A whole blood sample of the HIV-infected patient is

injected in a microchannel coated with biotinylated anti-gp120 antibody. Viruses are recognized and captured by the

antibody, and virus identification is realized by a dual staining, which increases the sensitivity of the device. The system is

then improved by designing three microchannels in parallel instead of one: one for sample testing, and two for positive

and negative controls. In both cases, the system allowed not only a rapid capturing of HIV particles within 10 min but also

a continuous and long-term imaging of the viruses due to the Qdots that provide remarkable photostability and brightness.

By immobilizing the Protein G on-chip, it is possible to capture HIV-1 subtypes A, B, and C from culture supernatant or

whole blood with viral loads in the range of 10  to 10  copies/mL . These studies pave the way for a sensitive

monitoring of viral load and could replace real-time PCR-based approaches.

4. Microfluidic Tools for Monitoring AIDS Progression

Identification of the AIDS staging evolution of patients is crucial in the treatment decision. The progression of HIV infection

can be monitored by the isolation and the enumeration of CD4+ T lymphocytes in blood samples, which are the primary

target cells of HIV. Clinically, a CD4 count below 200 cells/µL establishes the diagnosis of AIDS, and in most settings, is

used to initiate antiretroviral treatment and prophylaxis against opportunistic infections

[www.who.int/hiv/pub/guidelines/patientmonitoring.pdf]. The most employed technique to detect and to measure physical

and chemical characteristics of a population of cells is flow cytometry (FCM). This technique is routinely used in basic

research, clinical practice, and trials for cell sorting. FCM relies, among other physical properties, on hydrodynamic

focusing in a flow chamber . Another single-cell technique is impedance FCM. This new system is a label-free

technology, which has recently been enhanced by the “lab-on-a-chip” approach . It consists of a chip equipped with

microelectrodes that measure impedance changes of the medium when cells or other particles pass through the electric

field. The absence of optical components reduces setup times and maintenance to a minimum. However, the cytometers

are voluminous and expensive. To circumvent these inconveniences, a label-free system was reported  (Figure 6).
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CD4+ T cells and monocytes are distinguished by their different responses to shear stress on the functionalized device

surface. Indeed, with a shear stress of 0.2 Pa, the CD4 + T cells were preferentially captured, while the monocytes adhere

in minority. This is mainly because monocytes express about one order of magnitude of CD4+ less than the lymphocytes

. In this study, the retained cells are counted with a simple light microscope. Sensitivity and specificity of these

microchip assays for the clinical threshold of 200 cells/µL indicate R2 higher than 0.86 when compared with FCM.

Figure 6. Double Stage Cascade Device used for CD4 counting. The PDMS device harbors two distinct functions:

monocyte depletion (upstream) and CD4+ T cell capture (downstream). The upstream region contains four parallel

chambers (50 µm height) coated with an anti-CD14 antibody in order to specifically retain the monocytes (red spots). The

monocyte depletion increases the sensitivity and specificity of CD4+ T cell (green spots) retention in the main channel

(downstream), which was functionalized with an anti-CD4 antibody. After sample injection, rinsing steps are crucial to

avoid shearing off captured cells .

To overcome challenges like chip fabrication and rapid detection and counting of CD4+ T cells, a new integrated platform

was developed . CD4+ T immobilization followed the protocol previously described and the captured cells were

detected using a charge coupled device (CCD) sensor by the lensless imaging platform: the white light, emitted by a

halogen lamp passes through the polymethyl methacrylate cover, reaches the cells, and then, the light intensity of a cell

shadow image is determined by diffraction. Further, an automatic cell counting software was developed to enumerate the

captured cells in three seconds and the overall process is carried out within 10 min. The integrated platform achieved 83.5

± 2.4 % performance (n = 9 devices) compared to FCM. The great performance of this system has conducted to a

portable version of the system, which was successfully tested in the USA and Tanzania . The system operates without

antibody-based fluorescent labeling and expensive fluorescence microscopy. Qdots  or magnetic beads can be

associated with cells immunocapturing (immunomagnetic isolation) assays, in which cells are separated by centrifugo-

magnetophoresis . This “lab-on-a-disc” contains the PDMS microfluidic channels and the co-rotating magnets. Whole

blood is incubated with paramagnetic microparticles that specifically bind phenotypic markers on target cells. This

multiforce separation is continuous and its efficiency was up to 92 % for cells expressing the HIV/AIDS relevant epitope

(CD4) . Meanwhile, an immiscible filtration assisted by a surface tension (IFAST) device was implemented for isolating

CD4+ T lymphocytes from whole blood samples . IFAST is a sample preparation method that utilizes water/oil

microfluidic interfaces in a PDMS chip to permit rapid magnetic bead-based isolation of cells (Figure 7). The Dynal T4

Quant kit protocol (Invitrogen), which requires a laborious manual data collection process, was modified such that both

monocyte depletion and CD4 isolation occur in a pair of IFAST devices.

Figure 7. Schematic representation of the IFAST device. It is formed by seven successive flow chambers containing three

oil barriers. The magnet at the bottom of the device is moved from the input to the output wells at a rate of 1–2 mm per

second. The paramagnetic particles (PMP) move with the magnet, carrying along attached cells and excluding unbound
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cells at the immiscible phase barrier. Isolated cells are dyed on-chip with a small molecule dye (Calcein AM) metabolized

to a fluorophore to be read by a fluorometer .

It is also possible to quantify CD4+ T cells by measuring the DNA content of isolated cells . In this case, magnetic-

based immunocapture and DNA-beads assay are integrated into a two-stage PDMS chip. Different masses of silica-

coated magnetic beads were added and aggregation between beads and DNA corresponds to the DNA quantity and

therefore, the CD4 count. The device achieved an excellent correlation (R = 0.98) with FCM.

Recently, a new technique of chip microfabrication based on the Inkjet printing method has been adapted to CD4+ T cells

trapping . Furthermore, by the same technique, hydrogel layers with embedded fluorophore-labeled antibodies were

deposited on polymethyl methacrylate slides onto microfluidic chips. The hydrogel layer maturation consists of controlling

antibody release from printed layers for intense and homogeneous on-chip cell staining. After incubation, the chambers

are imaged in a custom-built, wide field-of-view fluorescence imager, which also performs the automated image analysis,

to count CD4+ T cells (number of cells per μL of blood). Again, this technique showed an excellent agreement with FCM

(R  = 0.97; n = 57) .

To diagnose opportunistic viral or bacterial infections, the ratio of CD4+ and CD8+ T cells or the quantification of the cell-

secreted cytokines (such as IL-2 and IFN-γ) are relevant parameters of immune response . To this end, printed

microarrays of cell- and cytokine-specific antibodies spots were enclosed inside a PDMS reversibly bound chip in order to

capture T-cell subsets of red blood cell-depleted whole blood. Mitogenic activation of T-cells followed by

immunofluorescent staining of the microarrays revealed fluorescence signals due to binding of IL-2 and IFN- γ on anti-

cytokine antibody spots. The cytokine signal was quantified with a microarray scanner after removing the PDMS from the

glass slide. . Another strategy for CD4/CD8 ratio measurement is based on creating two independent affinity regions in

a single microfluidic channel. Two different monoclonal antibodies are coated separately onto different capture regions.

Only 2 μL of lysed human blood samples were loaded to fill the entire channel capacity, followed by a stop flow incubation

that selectively captured CD4+ and CD8+ T lymphocytes on each corresponding region. The ratio measurement was

achieved within 1h and it showed a close agreement with FCM (R = 0.97) . A more complex design incremented by a

biosensor  also harbors a good score compared to FCM (R = 0.92). The advantage of this biochip is that it can be

adapted to enumerate other specific cell types.

5. Microfluidic Applications in HIV-1 Basic Research

Microfluidics also provides advanced technologies to decipher the molecular mechanisms involved throughout the HIV life

cycle, from virus entry, reverse transcription, and gene expression to virus production, mainly at the single cell and single

molecule levels.

Upon HIV binding to the host cell receptor and coreceptor, the viral envelop gp120 and the transmembrane gp41

glycoproteins play an essential role in the fusion between virus and cellular membranes, leading to virus entry . In this

process, gp41 plays a critical role, since the rate of fusion depends on its fusogenic activity and its expression level. The

study of gp41 function may provide new clues in antiviral strategies, since gp41 is a major target. A sensitive method to

study gp41 binding capacities has been developed based on epitope-imprinting strategy. A quartz crystal microbalance

measures the change in frequency of a quartz crystal resonator. In this study, a synthetic peptide of gp41 was used as a

template for molecular imprinting and a microchip was fabricated to bind gp41 epitope by a biomimetic sensor. The

system is also able to recognize the whole gp41 proteins with high affinity and selectivity among other biomolecules (Kd =

3.17 nM) .

After virus entry, the HIV capsid comes into play. The capsid is a multifunctional protein that coordinates nuclear import,

reverse transcription, virus uncoating, and integration . Thus, it interacts with crucial host factors that regulate infection.

To study the role of the capsid during these early steps of infection, another type of biosensing strategy has been

developed, measuring dual-color fluorescence by total internal reflection fluorescence videomicroscopy. Binding events

are observed in real-time on a sensor surface assembled on a glass coverslip located at the bottom of a PDMS chip

device. In this study, the sensor surface is coated with antibodies for immobilization of fluorescent self-assembled capsids.

The stability of the surface allows its reuse. Binding and dissociation with a fluorescent capsid-partner is detected by the

appearance and disappearance of the fluorescent signal colocalized with capsid proteins. Thus, the system measures

binding affinity, stoichiometry, and kinetics of host proteins known to interact with the HIV-1 capsid to promote infection.

Several capsid partners are already well-known and the proof of concept of the system was realized with the cellular

cyclophilin A and CPSF6 (phenylalanine-glycine motifs of cleavage and polyadenylation specificity factor subunit 6)

proteins. The biosensor assays showed detection limits for weak interactors with Kd = 1–100 µM (such as CPSF6). This

system could accelerate characterization of novel capsid binders .
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The crucial reverse transcription of the HIV genome was the first to be successfully targeted among antiviral strategies.

However, the efficiency of anti-RT drug therapy is limited by the emergence of RT mutations that confer HIV resistance to

anti-RT compounds. Compared to conventional methods such as gel electrophoresis and melting curve analysis, the use

of microfluidics provides compelling advantages in the detection of these mutations. As shown by an in vitro assay

developed to discriminate the well-known synthetic K103N point mutation from wild-type template, the technique brings

rapidity (30 min), small volumes (5 µL), specificity, and sensitivity in the nanomolar range (100 nM) . The assay

includes ligation of specific fluorescent probes to target sequences, duplex denaturation, magnetic microfluidic separation,

and fluorogenic detection. The PDMS chip consists in a microchannel 30 mm long tapered to concentrate circulating

reagents. A magnet is placed underneath the chip and only the target templates with the magnetic ligation products flow

along the channel and will be collected in the outlet well to be detected by a fluorometer. In the future, this technique could

be used to assess other mutations that would be responsible for virus resistance to antiviral drugs.

Microfluidic applications are also found in the study of further HIV expression steps. Analysis of intracellular HIV

expression often requires cell capture and immobilization in order to probe dynamic processes at the single-cell level.

Microfabricated PDMS devices offer an ingenious approach to long-term single-cell studies. Indeed, it is possible to

measure single-cell gene-expression kinetics for up to 60 h, as demonstrated by Razooky et al. . They loaded resting

primary CD4+ T lymphocytes into a round microwell with a diameter comparable to that of cells. Then, the cells progress

into cell-imaging channels by gravity. The cells expressed a GFP-HIV construct, allowing tracking of HIV expression over

time, since the device allows rapid and simple media exchange without the displacement of cells . The proposed

devices enable experiments with any other cell types. A simple method to achieve cell capture is the insertion of physical

traps embedded in the microchannel of PDMS chip connected with inlet and outlet reservoirs. In this case, no pump or

tubing is used to aid fluid flow within the device. Suspension cells (Jurkat) are trapped as they passively flow from the inlet

to the outlet. The experimental model used with this device consists in a stable clonal cell line, integrating a latent GFP-

HIV which requires transcription activation to turn green. To study HIV activation, the chip is fixed on a fluorescence

microscopy stand and time-lapse images are taken for up to 24 h. Activation was stimulated by transcription factor

activators or histone deacetylase inhibitors. Interestingly, they achieve latent HIV activation with different and uncorrelated

rates and onset times. Thus, these results reveal the complexity of the reactivation mechanisms, moderating the

effectiveness of the clinical “activate-and-kill” strategy .

Intracellular molecular mechanisms have been more closely investigated by using microfluidics, as exemplified by this

study of the cellular transcription factor, Sp1, which regulates HIV transcription . To do so, a binding assay platform was

constructed that implements fluorescence correlation spectroscopy (FCS) on a PDMS titration chip to measure the

binding of Sp1 to a HIV DNA promoter. The chip harbors a serpentine channel for mixing the reagents and after opening a

valve, the mixture enters a nanoliter-sized analysis chamber. The chamber can be isolated by closing the valves to stop

the flow in the microchannel. Then, fluorescently labeled free DNA and DNA bound to Sp1 are quantified by FCS in a

purely diffusion-governed environment. The system also enables titration experiments of an intercalative drug that

dissociates Sp1–DNA interaction. FCS results confirm that Sp1 bound strongly to the GGGAGG sequence and that the

intercalative drug tested (doxorubicin) has a IC  = 0.55 µM [80], comparable to previously published values. Different

microfluidic systems have been developed to study protein–nucleic acid interactions based on capillary mobility shift

assays incorporated in a microfluidic chip. The authors chose the well-characterized system of the binding of HIV trans-

activator of transcription (Tat) to the transactivation-responsive RNA (TAR). Tat/TAR interaction enhances elongation

transcription, resulting in productive transcription of the HIV full-length genome. Briefly, samples containing short peptides

and oligoribonucleotides are injected into microchannels and are separated by pressure-driven flow and through the

application of an electric potential difference. Molecules and/or complexes are subsequently visualized via LED-induced

fluorescence. It is also possible to use full-length Tat proteins instead of short peptides. Like the above system using FCS

on a PDMS titration chip, this setup is applicable to examining drug impact on the interaction in a dose-dependent

manner. Here, the authors calculated an IC  for the neomycin inhibitor = 1.6–3 µM . Compared to FCS-based

microfluidics, this method presents the advantage of performing assays in high-throughput screening-compatible formats.

These two microfluidic-based methods are versatile tools to study any types of molecular bindings.

The last step of the HIV life cycle corresponds to the release of the virus progeny into the extracellular medium. Rapid

quantification of viral particles in solution by flow virometry has been an elusive goal for virologists. Microfluidics provides

several answers to this long-lasting need. Most methods use fluorescently labeled HIV (GFP-HIV) or HIV bound on

fluorescent beads to distinguish viral particles from extracellular exosomes, since both two nanoparticles share similar

range of sizes. First of all, it is important to know that similar virus production kinetics are obtained when culturing cells in

PDMS microdevices under continuous flow or in a standard tissue culture in plates. In addition, viral titers are independent

of the shear stress that cells undergo in the chip . The main challenge for flow virometry systems is the specificity and

the sensitivity of the signals, which must correspond to individual virus detection in culture medium or physiological
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samples (< 100 µL). Optical tweezers, which use the momentum of photons to trap viruses, achieve promising results .

HIV GFP virions are delivered into a microfluidic chamber at the concentration of 0.4–4.0 × 10  virions/mL. They are

immediately detected by infrared laser due to the two-photon excitation of GFP by the trapping laser. This optical trapping

virometry has single-molecule resolution and can also discriminate between individual and viral aggregates, since they

produced different laser deflection signals . A commercial apparatus is now available for nanoparticle tracking analysis

that allows virions quantification with a LOD—1.7 × 10  particles/mL . However, better LOD can be reached by

complexifying the microdevices while keeping the sample processing as a simple flow-through process. For instance,

enhancement of viral detection is obtained by the fabrication of porous devices with a nanopore array over flatbed

microchannels . The system was tested with biotinylated HIV virions captured in channels with surface functionalized

with Avidin (NeutrAvidin). High HIV capture yields (80 %) are reached for a large range of HIV concentrations (10 −10

virions/mL) . A clever biosensing system has also been proposed that consists in electrical sensing viruses through

capacitance spectroscopy on a flexible plastic chip with printed electrodes. The advantage of this system is its low LOD

with reliable measurement of 10  virions/mL. However, the method requires several off-chip steps including: capture of

virions by magnetic beads conjugated with biotinylated anti-gp120 antibodies, extended washing to remove residual

electrically conductive backgrounds, and lysis of captured virions by Triton x-100 before injection into the chip for virions

measurement . Therefore, this system cannot be used for dynamic studies. Actually, to date, there are no relevant

techniques for kinetics study of viral production. This is mainly due to the LOD limitation of the current techniques. The

implementation of new microfluidic strategies to study virus release in real-time from a single-cell will constitute the next

challenge in the field of retrovirology.
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