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Abstract

The HIV pandemic affects 36.7 million people worldwide, predominantly in resource-poor 

settings. Nucleic acid-based molecular detection of HIV plays a significant role in antiretroviral 

treatment monitoring for HIV patients, as well as diagnosis of HIV infection in infants. Currently 

available molecular diagnostic methods are complex, time-consuming and relatively expensive, 

thus limiting their use in resource-poor settings. Recent advances in microfluidics technology have 

made possible low-cost integrated miniaturized devices for molecular detection and quantification 

of HIV at the point of care. We review recent technical advances in molecular testing of HIV using 

microfluidic technology, with a focus on assays based on isothermal nucleic acid amplification. 

Microfluidic components for sample preparation, isothermal amplification and result detection are 

discussed and compared. We also discuss the challenges and future directions for developing an 

integrated “sample-to-result” microfluidic platform for HIV molecular detection.

Graphical Abstract

We review recent technical advances in molecular testing of HIV using microfluidic technology, 

including sample preparation, isothermal amplification and detection.
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1. Introduction

According to the Joint United Nations Programme on HIV/AIDS (UNAIDS) [1], there are 

currently 36.7 million people living with HIV globally, about 70 percent of whom are in 

sub-Saharan Africa. Only 46% of infected adults have access to antiretroviral treatment. 

HIV has become the leading cause of human death from a single infectious agent, 

emphasizing the importance of developing convenient tests for HIV infection. Although 

lateral flow (LF) immunoassays for anti-HIV antibodies [2], such as OraQuick™ Advance 

HIV 1/2, enable rapid detection of established HIV infection, they cannot quantify HIV 

virus (i.e., copies of viral RNA/mL of plasma). These assays are not sufficiently sensitive to 

detect the disease during seroconversion. Unfortunately, when HIV-infected individuals are 

most contagious, they lack sufficient levels of anti-HIV antibodies for detection.

Nucleic acid-based molecular detection (i.e., HIV viral load testing) plays a critical role in 

monitoring antiretroviral treatment, in diagnosing HIV infection in newborns under 18 

months of age, and in early detection of newly-infected individuals during the period before 

anti-HIV antibodies develop [3–6]. The World Health Organization (WHO) strongly 

recommends routine monitoring of antiretroviral therapy (ART) effectiveness using routine 

viral load testing at 6 months and every 12 months, to monitor treatment adherence and 

minimize failure [7,8]. Although viral load monitoring is the gold-standard method in 

resource-rich settings, its availability in resource-limited settings is hindered due to the lack 

of laboratory infrastructure, complex specimen collection, lack of infrastructure for 

preservation and transport, and high cost [9,10]. Lack of simple low-cost molecular 

diagnostic tools has contributed to high morbidity and mortality among HIV patients 

globally, especially in resource-poor settings [11]. Moreover, simpler alternatives to nucleic 

acid based viral load testing, such as CD4 cell counting, have limitations as surrogates for 

direct viral load testing [12]. CD4 cell count changes are neither sufficiently sensitive nor 

specific for effective patient monitoring [13]. Thus, there is an urgent need for point of care 

(POC) molecular diagnostic assays that allow rapid and low cost real time viral load 

measurements that do not rely on centralized laboratories, highly trained personnel, and 

refrigeration.

WHO has outlined a framework of the ASSURED (Affordable, Sensitive, Specific, User-

friendly, Rapid and robust, Equipment-free and Deliverable) criteria for evaluating HIV POC 

devices for resource-limited settings (Table 1) [14]. WHO has surveyed partially automated 

portable detection platforms for measuring HIV such as GeneXpert® HIV-1 Viral Load Test 

(Cepheid), Alere™ q system (Alere™), cobas® Liat™ System (Roche), and EOSCAPE-

HIV™ HIV Rapid RNA Assay system (Wave 80 Biosciences) [15]. Most of these systems 

merely replace conventional real-time PCR machines with portable thermal cyclers, and 

include little or no sample processing capabilities. These instruments can be better described 

as semi-automated benchtop instruments rather than POC diagnostic systems. Most of the 

above-listed diagnostic devices rely on relatively expensive processors (often in the $10,000s 

per unit) and a reagent cold chain. These instruments process one or a few samples at a time, 

which is incompatible with needs in many developing countries, where a medical team 

visiting a village would ideally process dozens of samples within a few hours. The systems 

mentioned above are most suitable for district hospitals and diagnostic centers, but not point 
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of care settings such as home care and rural clinics with little infrastructure. According to 

WHO [16], the expected annual demand for HIV testing by 2018 is 15–30 million tests for 

viral load, 0.9–3.0 million for early infant diagnosis, and 160 million for rapid tests 

generally.

Over the past decade, microfluidic technologies--“lab on chip”--have emerged as an 

attractive approach for nucleic acid-based testing at the point of care. Lab on a chip 

strategies offer lower cost, shorter test time, smaller sample and reagent volumes, reduced 

contamination, and better containment of infectious materials. These strategies also allow 

potential automation from sample preparation to detection in inexpensive portable devices 

[17–21]. In recent years, progress has been made on microfluidic devices for sample 

preparation, nucleic acid amplification and product detection.

Recently, efforts by us and others have been directed towards developing an integrated 

“sample-to-result” microfluidic platform for HIV molecular detection [22,23]. Here, we 

review advances on microfluidic devices for inexpensive POC molecular diagnostics of HIV 

proviral DNA and viral RNA. We introduce various microfluidic components and discuss 

isothermal amplification assays useful for molecular diagnostic of HIV. We also discuss 

current challenges and future prospects for developing integrated “sample-to-result” 

microfluidic devices that can be used by minimally-trained personnel in resource-limited 

settings.

2. Sample Preparation

The purity, integrity and concentration of target pathogen nucleic acids strongly influences 

downstream amplification and detection. Sample preparation represents a significant 

challenge for POC molecular detection since it involves manipulations such as plasma 

separation and nucleic acid extraction, by either manual operations or separate dedicated 

instruments (i.e., centrifuges) [24]. Blood is the most widely used sample type to monitor 

disease progression and the response to antiretroviral therapy in HIV infection. However, 

blood is a complex biological analyte comprised of white blood cells, red blood cells, 

proteins, platelets, and plasma. There are numerous technical challenges that need to be 

overcome when preparing high quality nucleic acid sample from blood with chip-compatible 

formats. In recent years, a variety of microfluidic devices have been developed to perform 

rapid sample preparation from blood for medical diagnostics [25].

2.1 Plasma Separation

Although plasma separation is not required for molecular diagnostics of HIV, plasma 

separation is essential for HIV viral load testing used in monitoring antiretroviral therapy, 

since the inclusion of lymphocytes in the blood sample would overestimate viral load due to 

admixture of proviral DNA [26,27]. In clinical laboratories, serum and plasma are typically 

separated from whole blood by centrifugation. However, centrifugation is not optimal for 

POC diagnostic assays, and FDA guidelines for simple ‘out-of-laboratory’ tests suggest 

avoiding the use of centrifugation [28]. Over the past decade, various plasma separation 

microdevices have been designed and developed based on different separation mechanisms, 

such as capillary imbibition [29,30], blood cell sedimentation [31,32], cross-flow filtration 
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[33,34], and on-chip centrifugation [35]. However, many of these methods are not suitable 

for HIV viral load testing because they either produce too small plasma volume (i.e., ≤1 μL) 

or require high blood dilution.

Wang et al. [36] developed a microfluidic-based plasma separation device with a 2-μm pore 

size membrane filter, which separated plasma and HIV virus from pre-diluted whole blood 

with virus recovery efficiencies ranging from 73.1% to 82.5%. However, the pre-dilution of 

blood reduces the ultimate limit of detection, which is critical in HIV viral load 

quantification. To meet stringent limit-of-detection specifications, Liu et al. [37] reported a 

membrane-based, sedimentation-assisted plasma separator (Fig. 1A) that was able to 

separate a 275 μL of plasma from 1.8 mL of whole blood. The separation process utilizes 

both size exclusion-based filtration and gravitational sedimentation of cells. The HIV-laden 

plasma recovered from the device was successfully subjected to isothermal amplification in 

a custom-made molecular diagnostic chip, demonstrating that the plasma was compatible 

with downstream nucleic acid amplification. However, to obtain more than a milliliter of 

whole blood typically requires venipuncture sampling, which is not ideal for POC diagnostic 

applications. Finger or heel-prick sampling is relatively simple, minimally invasive and more 

convenient [38,39], and has been validated against standard phlebotomy in HIV testing [40]. 

To this end, Liu et al. [41] developed a superhydrophobic clamshell plasma separator (Fig. 

1B) incorporating superhydrophobic coatings to reduce non-specific absorption and achieve 

high efficiency plasma separation. The device is capable of extracting 65 μL of plasma from 

200 μL of undiluted finger-prick blood (Maximum volume of finger-prick blood is 250–500 

μL [42]). The plasma separated by the superhydrophobic separator was used for the 

detection of cell-free Schistosoma mansoni DNA [41] and HIV virus.

2.2 Dry Sample Preservation

Rather than carry out the test and deliver an immediate result, an alternative for resource-

limited settings is to collect, preserve and ship clinical samples to a diagnostic laboratory. 

For example, blood samples can be preserved by blotting onto cellulose-based filter papers 

(i.e., dried blood spots (DBS)) for subsequent viral load testing [43], early infant diagnosis 

[44] and drug resistance genotyping [45]. Pathogens in dried blood spots are deactivated due 

to the inclusion of appropriate chemicals in the paper [46]. Such dried samples can be 

shipped through regular mail safely, reducing the burden and cost of sample transport to 

centralized laboratories. However, the use of DBS or whole blood generally has limitations, 

providing poor specificity at low viral loads (i.e., <5,000 copies/ml) and overestimating HIV 

viral load due to contamination with proviral DNA and intracellular RNA [47]. To this end, 

Begolo et al.[48] described a SlipChip-based microfluidic device (Fig. 1C) for on-chip 

plasma separation and dry plasma preservation using chemical stabilization matrices. This 

device is portable, compact, and self-contained and can be operated by minimally trained 

personnel in resource-limited settings. The on-chip dry plasma samples can be rehydrated 

and recovered for analysis in a clinical laboratory. The authors demonstrated that the dry 

preserved HIV-1 RNA in their device was stable at 50 °C for over a 5-week period. 

Nevertheless, the use of such sample preparation and transport approaches forgoes an 

important advantage of POC tests: namely, test results available within the time frame of a 

patient visit.
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2.3 Nucleic Acid Extraction

Extraction, purification and concentration of nucleic acids from clinical samples (i.e., 

plasma, saliva, blood) for enzymatic amplification are critical because inhibitors in the 

samples can affect polymerase reaction efficiency and the accuracy of detection results. 

Although nucleic acid extraction-free methods have been reported for HIV detection in 

whole blood and plasma [49], they are limited to the very small sample volume (a small 

fraction of the reaction mix) and suffer from low sensitivity and poor reproducibility. 

Currently, on-chip nucleic acid extraction is the main bottleneck in developing an integrated 

microfluidic-based, molecular diagnostic platform. In general, conventional nucleic acids are 

extracted from complex samples, using centrifugation, ion exchange, liquid-liquid extraction 

(i.e., phenol chloroform), ethanol precipitation, and silica solid-phase extraction (i.e., spin-

column). In recent years, several nucleic acid extraction microfluidic devices based on 

different mechanisms have been developed for HIV detection at the point of care.

2.3.1 Filter Membrane-based Extraction—Spin-column methods with chaotropic 

agents and silica-based nucleic acid binding phases have been widely used on microfluidic 

chips. These have used multiple nucleic acid binding matricies, such as porous isolation 

membranes [50,51], silica-coated microchannels [52], monolithic sol-gels [53], and 

chitosan-coated silica beads [54]. Liu et al. [55] reported a multifunctional amplification 

reactor chip (Fig. 2A) incorporating a flow-through, Flinders Technology Associates 

(Whatman FTA®) membrane (inset of Fig. 2A) for the isolation, purification, concentration 

and detection of HIV RNA in saliva. The HIV RNA captured by the isolation membrane 

could be used directly as template for isothermal amplification without further elution, thus 

simplifying flow control. In addition to nucleic acid purification, the flow-through isolation 

membrane served to concentrate the nucleic acids. The amount of sample lysate loaded on 

the membrane can be more than 100 times larger than the volume of the reaction chamber, 

decoupling sample volume from amplification volume. This amplification reactor chip 

allowed detection of less than 10 HIV particles per sample. In another approach, these 

authors [37] also immobilized a Qiagen® Silica membrane in a microfluidic device and 

achieved a sensitivity of ~300 copies/mL HIV RNA in plasma.

2.3.2 Magnetic Beads based Extraction—Sur et al. [56] developed an immiscible 

phase strategy for wash-free nucleic acid extraction of HIV in a microfluidic device. The 

paramagnetic particles (PMPs) bind the target nucleic acids and are magnetically transported 

by an externally-applied magnetic field through a channel filled with hydrophobic liquid 

wax that connects the lysis chamber to the elution chamber (Fig. 2B). The hydrophobic 

liquid wax acts as an immiscible phase filter and barrier, which prevents migration of lysate 

from the lysis chamber to the elution chamber and blocks potential inhibitors (i.e., ethanol, 

chaotropic salts). Transporting PMPs through the immiscible phase yielded pure nucleic 

acids that were compatible with downstream nucleic acid amplification. A sensitivity of 60 

copies per plasma sample was demonstrated with the extracted HIV RNA. Based on the idea 

of immiscible phase filter-based extraction, Berry et al. [57] reported a wax-based 

microfluidic device for nucleic acid extraction known as immiscible filtration-assisted by 

surface tension (IFAST) (Fig. 2C). They used viral-like particles (VLPs) to simulate HIV 

virus, and spiked VLPs into fetal bovine serum to simulate whole blood samples infected 
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with HIV. The IFAST device was capable of detecting VLPs in mock samples with a 

sensitivity of 50 copies/mL of sample. The authors also validated that RNA extracted by the 

IFAST device could be stored at 37°C for 1 week without significant loss. In another 

example, they recently reported an “AirJump” device (Fig. 2D) for high-throughput nucleic 

acid extraction by relying on an air gap, instead of immiscible phase filters [58]. In the 

“AirJump” device, the PMPs-bound nucleic acids are drawn directly out of a 96-well plate 

and through a gap of air via a magnetic. The “AirJump” device allowed quantification of 

HIV virus down to a sensitivity of 10 copies per sample. The simple, rapid and high-through 

nucleic acid extraction ability of the “AirJump” device is potentially useful in microfluidic-

based nucleic acid extraction by miniaturizing the plate.

3. Isothermal Nucleic Acids Amplification Methods

Although several amplification-free, nucleic acid-based testing methods (i.e., DNA 

biosensor) [59,60] have been reported for HIV detection, nucleic acid amplification testing 

is still the most widely used technology for HIV molecular diagnostics and viral load testing. 

PCR/RT-PCR is the most commonly used method. Most of commercially available portable 

molecular diagnostic systems, such as Cepheid GeneXpert, IQuum LIAT analyzer, utilize 

real-time RT-PCR assay to quantify HIV virus due to the high sensitivity, specificity and 

reproducibility. Early microfluidic-based molecular diagnostic devices used PCR technology 

to detect HIV [56,61]. However, PCR technology requires precise temperature control and 

rapid thermal cycling between 55 and 95°C, which is cumbersome to implement in resource-

limited settings.

Nucleic acid-based molecular diagnostics have been simplified with the advent of isothermal 

amplification methods such as loop-mediated isothermal amplification (LAMP), reverse 

transcription loop-mediated isothermal amplification (RT-LAMP) [62,63], nucleic acid 

sequence based amplification (NASBA) [64,65], recombinase polymerase amplification 

(RPA) [66,67], and helicase dependent amplification (HDA) [68]. Isothermal amplification 

assays are very suitable for chip-based POC diagnostic applications due to their simple 

operation, high amplification efficiency, and easy detection. Moreover, isothermal 

amplification techniques are capable of combining reverse transcription, thus allowing 

detection of RNA targets such as HIV genomes. Additionally, the amplification ‘cocktails’ 

for isothermal amplification reactions can be lyophilized or preserved in dry form, 

eliminating the need for a cold-chain [69]. Isothermal amplification-based microfluidic 

technologies have recently been reviewed [70]. Here, we focus on several isothermal nucleic 

acid amplification assays (Table 1) that have recently been used for molecular detection of 

HIV, including assays of HIV proviral DNA and viral RNA.

3.1 Loop-Mediated Isothermal Amplification (LAMP)

LAMP is a rapid and sensitive sequence-specific isothermal nucleic acid amplification 

technique with a reaction temperature of 60–65 °C. It employs a strand-displacing Bst DNA 

polymerase and 4 or 6 primers. Among the isothermal amplification methods currently 

available, it appears that LAMP is the most widely used for nucleic acid-based detection of 
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pathogens. Multiple LAMP primer sets have been developed to target conserved HIV-1 gene 

regions.

Curtis et al. [71] first reported a simple LAMP/ RT-LAMP assay for the detection of HIV-1 

DNA and RNA using LAMP primers targeting conserved sequences located within the 

protease (PR) and capsid (p24) coding regions. Sensitivity of 10 and 100 copies per reaction 

was achieved for detection of HIV-1 DNA and RNA, respectively. The authors also 

demonstrated the feasibility of direct detection of HIV-1 nucleic acid in plasma and whole 

blood samples without need of prior nucleic acid extraction. Further, they designed various 

HIV-1 RT-LAMP primer sets targeting other conserved regions, such as the Reverse 

transcriptase (RT) [49] and Integrase (IN) coding regions [72]. However, due to the variation 

of HIV-1 genomic sequences [73,74], many of these LAMP primers showed high sensitivity 

and specificity only for HIV-1 subtype B, the most common HIV-1 subtype in the developed 

world [71,72,75], but often performed poorly with other subtypes (there are at least 9 

genetically distinct subtypes recognized so far among the HIV-1 strains responsible for the 

AIDS epidemic, identified A–K). HIV-1 subtype C has infected the greatest number of 

people worldwide, particularly in Sub-Saharan Africa [76,77].

To this end, Ocwieja et al. [78] performed a bioinformatic analysis to identify regions highly 

conserved in all the HIV-1 subtypes that allowed development of RT-LAMP primers to 

detect multiple HIV-1 subtypes. The RT-LAMP primers have been demonstrated to detect 

HIV-1 subtypes A, B, C, D, and G with a sensitivity ranging from 500 to 5000 copies per 

reaction. Another study described RT-LAMP primer set optimized for the detection of HIV-1 

variants (i.e., HIV-1 subtype B, C) circulating in China [79]. RT-LAMP assays have also 

been used for detection of the HIV-2 virus [80], which is much less prevalent and localized 

mainly to West Africa.

3.2 Recombinase Polymerase Amplification (RPA)

RPA is a novel isothermal nucleic acid amplification technique that uses a recombinase 

complex to insert primers into specific DNA sites and initiate the amplification reaction by 

using a strand displacing DNA polymerase. One of RPA’s major advantages is that it does 

not require precise temperature control and can amplify DNA to detectable levels in less 

than 30 min. This is advantageous for point of care diagnostic applications, where precise 

temperature control is not available. RPA allows for instrument-free amplification. In 

addition, RPA has a high tolerance to impure samples and can directly amplify DNA in 

clinical specimens. Unlike PCR and other isothermal amplification assays, the amplification 

mechanism of RPA assay is incompatible with current widely-used intercalating dyes and 

molecular beacons. To this end, TwistDX has developed TwistAmp® exo, real-time 

fluorescent detection kit that allows single tube fluorescent detection using TwistDx's 

proprietary fluorescent TwistAmp® exo Probe [82,83].

Boyle et al. [84] identified two sets of RPA primers that target two distinct regions of the 

HIV-1 genome, including the long terminal repeat (LTR) and pol gene, by scanning 63 

HIV-1-specific primer and probe combinations. These pol and LTR primers have been 

demonstrated to amplify 98.6% and 93% of the diverse HIV-1 variants, respectively. They 

can detect 3 copies of proviral DNA with both fluorescence detection and lateral-flow assay. 
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Rohrman et al. [85] used a set of RPA primers that target gag for DNA detection in a simple 

paper/plastic hybrid device that stores enzymes and facilitates mixing of reaction 

components. The device demonstrated the ability to detect 10 copies of HIV DNA in 15 min. 

In another effort, Crannell et al. [86] reported a real-time fluorescence quantitative RPA 

assay to quantify HIV-1 DNA. Lillis et al. [87] described a rapid and sensitive RT-RPA assay 

for the simultaneous detection of both HIV-1 RNA and DNA by adding reverse transcriptase 

as well. As of yet, RT-RPA has not been directly used to quantify viral RNA for HIV viral 

load testing.

3.3 Helicase dependent amplification (HDA)

HDA is an isothermal nucleic acid amplification method that utilizes a DNA helicase 

enzyme to separate double stranded DNA (dsDNA) into a single stranded DNA template. 

Tang et al. [88] reported an IsoAmp HIV-1 assay (BioHelix Corporation) for HIV-1 viral 

RNA detection using isothermal reverse-transcription helicase-dependent amplification (RT-

HDA). In their assay, the samples were human plasma spiked with bacteriophage VLPs 

containing HIV RNA. RNA templates for RT-HDA were isolated by spin-columns on the 

bench. The HDA amplicons detection was carried out in a disposable cartridge (BioHelix 

Express Strip (BESt), BioHelix Corporation) with an embedded nucleic acid lateral flow 

strip. A sensitivity of ~50 copies was achieved for HIV RNA per assay. With a similar HDA 

protocol and the BioHelix cartridge, Jordan et al. [89] detected HIV-1 DNA that was 

manually extracted from DBS with a sensitivity of ~470 copies/ml of HIV-1 DNA.

4. Portable Incubators

Enzymatic amplification, whether for PCR or isothermal amplification, typically requires an 

elevated temperature for optimal DNA synthesis. Several heating strategies have been 

developed for HIV detection at the point of care. Liu et al. [90] developed a portable 

electronic processor (Fig. 3A) for HIV viral load testing by using their nuclemeter chip 

platform. The processor consists of a flexible, polyimide-based, thin film heater, an 

electronic circuit board, and batteries. The processor is powered by four AAA batteries and 

is capable of maintaining the chip at a constant temperature (i.e. ~63ºC) for RT-LAMP 

amplification and can work continuously for more than 10 hours without replacing the 

batteries.

In some developing countries, where HIV is widely prevalent, there is lack of reliable 

electrical power supply. A simple, electricity-free heater is thus important for low-cost 

nucleic acid amplification testing. Recently, various electricity-free heaters have been 

developed for isothermal amplification using exothermic chemical reactions, boiling water 

and body heat [86,91–93]. For example, Singleton et al. [92] developed a simple, affordable, 

and robust chemical heater for LAMP-based HIV detection by using Mg-Fe alloy as heating 

source. The temperature of the chemical heater was regulated by a phase change in the 

material. The heater can work at a wide range of ambient temperatures, from 16°C to 30°C, 

and the cost of reaction material is approximately US$0.06 per test. The authors, however, 

extracted the nucleic acids of HIV for isothermal amplification with benchtop spin-column. 

They combined the chemical heater with lateral flow-detection and demonstrated sensitive 
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detection of HIV-1 within less than 80 minutes. However, the device works only at relatively 

temperatures (up to 30 °C) and may be a challenge to be used in Sub-Saharan Africa where 

ambient temperature is often higher.

Lillis et al. [93] developed a simple sodium acetate trihydrate (SAT) heater (Fig. 3C) to 

incubate RPA assays for infant HIV diagnostics. These SAT heaters are rechargeable by 

heating at 80 °C for 20 minutes. The heat for resetting the SAT heaters can be provided by 

exothermic chemical reaction, such as water-activated flameless ration heater (Mg-Fe alloy/

water) [92]. They have also demonstrated that RPA can work over a wide temperature range 

(25 °C to 43 °C), and does not require a precise incubation temperature control. In another 

effort, Crannell et al. [86] used human body heat (Fig. 3D) to incubate RPA reaction tubes 

for HIV-1 DNA detection. The axilla (armpit) was found to be the ideal site for RPA 

incubation.

5. Detection Technologies

5.1 Real time quantitative detection

Real-time fluorescence PCR is the most widely used method for quantifying nucleic acids in 

biological samples and has become the “gold standard” for HIV viral load testing. Signal 

detection in real-time fluorescence PCR or isothermal amplification is currently based on the 

fluorescence emitted by intercalating dyes or fluorescently-labeled probes. Detection 

typically relies on relatively expensive instrumentation. Simpler and cheaper instruments are 

more appropriate for real-time monitoring of amplification reactions at the point of care. The 

use of portable fluorescence detectors and smartphones offers a simple and inexpensive 

method of real-time amplification detection.

For example, Liu et al. [55] used a portable fluorescent reader to monitor the fluorescence 

emission of their isothermal amplification reactor for HIV viral load testing in real time. The 

reader consists of a light-emitting diode (LED) as the excitation light source and a 

photodiode for fluorescence detection. A portable USB microscope (Fig. 3A) [90] was used 

to monitor in real time the fluorescence emission of multiple isothermal amplification 

reactors. Damhorst et al. [94] used high-output blue LED to excite the fluorescent dye of 

their microfluidic chip and a smartphone camera to record fluorescence emission of the 

amplification reaction in real time. A smartphone flashlight could function as the excitation 

source to eliminate the need for a separate light source [95]. However, real-time fluorescence 

detection typically requires relatively expensive optical filters to select the appropriate 

excitation and emission light. Alternatively, BART (Bioluminescent Assay in Real-Time) 

uses a new reporter for isothermal amplification assays. The luciferase enzyme produces 

transient bioluminescence during DNA synthesis [96, 97]. BART-based detection eliminates 

the need for an excitation source and optical filters, and avoids potential interference due to 

autofluorescence of reagents and chip materials. Other methods for real-time quantitative 

nucleic acid detection include pH-sensing [98], turbidity-based detection [99], and surface 

plasmon resonance (SPR) biosensing [100].
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5.2 Nucleic Acid Lateral Flow Strip Assay

Endpoint qualitative detection of amplicons produced during enzymatic amplification 

reaction is often performed in the laboratory with gel electrophoresis, which is not ideal for 

POC diagnostics. The lateral flow-based assay is a simple and rapid alternative technology. 

Recently nucleic acid lateral flow strips (Fig. 4A) were coupled with enzymatic 

amplification assays, including PCR, LAMP, HDA and RPA for rapid detection of 

amplicons. Since lateral flow strips detect amplicons, their inherent low sensitivity is of no 

concern. Rohrman et al [85] reported a simple and inexpensive paper-based device for RPA 

amplification of HIV DNA in combination with the lateral flow assay. RPA amplicons are 

labeled with 5’ FAM antigen and 3’ biotin during RPA amplification. The strips contain 

nanoparticles conjugated to anti-FAM antibodies and a detection line with anti-biotin 

antibodies. During the lateral flow process, the RPA amplicons bind to the nanoparticle 

conjugates and detection line for visual detection. The strip also contains a control line with 

anti-rabbit antibodies, which bind to free nanoparticles conjugates to indicate whether the 

strip is working properly. As an alternative to gold nanoparticles, upconverting phosphor 

(UCP) reporters have been used as label for nucleic acid lateral flow strip detection for PCR 

amplicons of HIV RNA [101]. The major advantages of the UCP reporters, compared to 

gold nanoparticle labels, include higher sensitivity, longer shelf life, and lower background 

autofluorescence.

Although endpoint nucleic acid lateral flow assays are simple, they cannot quantify the HIV 

viral genome copies. Yet, it is suitable for early infant diagnosis of HIV infection and use in 

monitoring treatment responses in settings where determining a simple threshold value is 

sufficient. Since the majority of participants on therapy in many developing world settings 

have undetectable viral loads [102], these tests could be used as screens for occult treatment 

failure. Once detected, however, follow-up tests would be needed to quantify the viral load 

and/or identify resistance mutations. Additionally, the lateral flow detection poses a high risk 

of cross contamination due to the transferring of large quantities of amplicons from reactors 

to lateral flow strip. To this end, Roskos et al. [103] developed a disposable cartridge that 

carried out isothermal DNA amplification coupled to lateral flow detection in a single sealed 

device. In addition to lateral flow-based endpoint qualitative detection, various on-chip 

detection methods, such as electrochemical [104], fluorescence [105], and colorimetric 

[106–108], have also been reported, avoiding the need for transferring amplicons.

5.3 Digital Nucleic Acid Quantification

Digital PCR provides absolute quantification by means of diluting the sample, dividing it 

into numerous aliquots, counting the number of positive and negatives partitions, and 

modeling the total using the Poisson distribution. However, digital PCR is rarely adopted for 

HIV viral load testing due to the requirement of expensive and complicated instrumentation. 

Recently, the Ismagilov group developed various digital nucleic acid amplification assays 

based on their SlipChip platforms for HIV viral load testing. For example, Shen et al. [109] 

reported rotational microfluidic SlipChips (Fig. 4B) to carry out multivolume digital RT-

PCR (MV digital RT-PCR) and quantify HIV and HCV viral loads. The multiplexed 

SlipChip is capable of achieving a dynamic range of 1.7×102 to 2.0×107 molecules/mL with 

limit of detection of 40 molecules/mL. To eliminate the need for relatively expensive 
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thermal cyclers, they further combined their SlipChip with the RT-LAMP method and 

developed a digital RT-LAMP assay for HIV viral load [110]. They found that the 

performance of a single-step digital RT-LAMP on their SlipChip platform was problematic 

for HIV viral RNA quantification due to a low efficiency of reverse transcription. To this 

end, they developed a two-step RT-LAMP protocol for HIV viral load testing on their 

SlipChip. To minimize the cost, they used a colorimetric dye, instead of an intercalating 

fluorescence dye, as an indicator. The use of colorimetric dye allows for easy counting of 

digital output with a cell phone camera [111], thus eliminating the need for a sophisticated 

fluorescence microscope. However, there are still challenges porting the cell phone 

technology to real POC molecular diagnostic applications and achieving full regulatory 

approval due to differences among cell phone models and software versions.

5.4 Nuclemeter Technology

Current HIV viral load testing typically requires either real-time continuous fluorescence 

monitoring during the polymerization reaction (i.e., qPCR) or droplet preparation and 

relatively complex data analysis (i.e., dPCR). Minimally-instrumented, inexpensive, 

endpoint quantitative approaches are desirable for HIV viral load testing. Liu et al. [90] have 

reported a novel reaction-diffusion-based diagnostic chip (dubbed the “nuclemeter”) for HIV 

viral load testing (Fig. 4C). The nuclemeter contains one sample chamber and one or more 

reaction-diffusion columns. Each column contains all the reagents needed for the nucleic 

acid amplification. When the target nucleic acids are introduced into the sample chamber 

(column’s inlet), they diffuse into the column and are amplified. After a relatively short time, 

the column comprises of two regions. In one reacted zone, that including the inlet, the 

amplification reaction has been carried out. In this region, it appears as a column of light due 

to the emission of intercalating dye (Fig. 4C(i) and (iii)). The unreacted zone appears dark 

since target nucleic acids have not yet reached it. The reacted and unreacted zones are 

separated with a reaction front. The reaction front propagates with a constant velocity and 

the length of the reacted region increases with time. At any given time, the length of the 

fluorescence-emitting region correlates with the concentration of nucleic acid targets in the 

sample (Fig. 4C(iii)). Thus, the number of HIV copies can be read from the position of the 

reaction-diffusion front, analogous to reading temperature in a “mercury in glass” 

thermometer. The quantitative detection of HIV viral load can be achieved by a smartphone 

by taking just single fluorescence image at the end of the enzymatic amplification process 

(Fig. 4C(iv)). The nuclemeter was able to quantify HIV RNA with a sensitivity of 50 copies 

per assay, comparable to that of benchtop equipment.

6. Conclusion and Future Perspectives

There is an urgent need for inexpensive, rapid, portable, easy-to-use diagnostic devices that 

can be used by minimally-trained personnel to quantify HIV nucleic acids at the point of 

care in the developing world. Remarkable progress has been made towards developing such 

devices, integrating sample processing, nucleic acid amplification, and result detection. 

Despite recent technological advances, there are just few examples of fully integrated 

“sample-to-results” microfluidic devices (Fig. 5) for HIV molecular detection [22,23]. The 

major challenge is the integration of nucleic acid preparation, amplification and detection 
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steps in a single chip without compromising performance. The fabrication cost is another 

major consideration for developing POC diagnostic devices that can be used in resource 

poor settings. Recently emerging paper-based microfluidic devices [112,113] offer attractive 

alternatives to current plastic-based devices. Mobile phones are now widely available, 

including in resource poor settings, and POC tests can leverage the mobile phone 

capabilities for image capturing, data analysis, result display, GPS recording, and 

communication. In recent years, mobile phones have been widely used for microfluidic-

based POC diagnostics [114–116]. The integration of low-cost, microfluidic diagnostic chips 

with ubiquitous mobile phones to perform HIV diagnostics can greatly improve health 

monitoring in resource poor settings.

Co-infections associated with HIV are a new challenge in HIV/AIDS care [117]. HIV viral 

load testing and concurrent detection of other pathogens (i.e., HCV, HBV, TB) is critical for 

patient management. The multiplexing capabilities of single isothermal amplification assays 

are limited by their requirements for multiple primers (i.e., six for each target in LAMP 

assay) resulting potential risk of false positives [118,119], or the limitation of high-affinity 

haptens for lateral flow testing of multiple amplicons [120]. Recently developed two-stage 

isothermal amplification technology (RAMP) [121] provides an excellent alternative to 

single isothermal amplification assay for such multiplexed pathogen detection in HIV co-

infection. Currently, most microfluidic molecular diagnostic systems consist of a small chip 

surrounded by a benchtop, electric-powered instrument, perhaps better described as a “chip 

in a lab” rather than a “lab on a chip”. Minimally or non-instrumented molecular diagnostic 

devices are of importance in developing simple low-cost diagnostic assay [122]. While HIV 

molecular diagnostics, especially viral load tests, are perhaps the most prominent and 

pressing need for microfluidics-based point-of-care tests, integrated microfluidic-based 

diagnostic devices are valuable for additional diagnostics applications including detecting 

hepatitis, malaria, and Zika virus.
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Fig. 1. 
(A) A photograph of a membrane-based, sedimentation-assisted, plasma separator that is 

able to separate a relatively large volume of plasma from few milliliters of venipuncture 

blood. Reproduced with permission from ref. 37. Copyright 2013 American Chemical 

Society. (B) A photograph of a clamshell, superhydrophobic plasma separator for high-

efficiency plasma separation from several hundred microliters of whole blood (finger-prick 

blood volume). Reproduced with permission from ref. 41. Copyright 2016 Royal Society of 

Chemistry. (C) Two photographs of the integrated sample preservation device that is capable 

of separating plasma and preserving sample. Reproduced with permission from ref. 48. 

Copyright 2013 Royal Society of Chemistry.
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Fig. 2. 
Microfluidic-based nucleic acid extraction of HIV. (A) A multifunctional amplification 

reactor chip integrated with a nucleic acid isolation membrane for HIV virus detection in 

saliva. Top inset is a side view of the multifunctional amplification reactor with a flow-

through isolation membrane. Reproduced with permission from ref. 55. Copyright 2011 

Royal Society of Chemistry. (B) Top: schematic of the immiscible phase filter for wash-free 

nucleic acid extraction. Bottom: Photograph of immiscible phase filter-based cartridge 

containing lysis/binding buffer, elution buffer, and a red colored liquid wax. Reproduced 

with permission from ref. 56. Copyright 2010 Elsevier. (C) Photograph of wax-based IFAST 

device for nucleic acid extraction. Reproduced with permission from ref. 57. Copyright 2014 

Elsevier. (D) A schematic of AirJump operation for high throughput nucleic acid extraction: 

(1) an elution plate is placed above a sample plate loaded with PMPs. (2) Upon application 

of a magnet, PMPs-bound nucleic acids “jump” across the air gap and are deposited in the 

elution plate. Reproduced with permission from ref. 58. Copyright 2016 American Chemical 

Society.
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Fig. 3. 
Inexpensive portable incubators for POC molecular detection of HIV. (A) A photograph of a 

handheld battery-powered processor for LAMP amplification and detection. Reproduced 

with permission from ref. 90. Copyright 2014 Nature. (B) Non-instrumented nucleic acid 

amplification (NINA) heater for LAMP amplification of HIV-1. Reproduced with 

permission from ref. 92. Copyright 2014 PloS One. (C) Sodium acetate trihydrate (SAT) 

heater used to incubate RPA reaction for the rapid detection of proviral HIV-1 DNA. 

Reproduced with permission from ref. 93. Copyright 2014 PloS One. (D) A photograph of 

RPA reaction setup for HIV-1 DNA detection in the axilla using a bandage. The arrow 

indicates the approximate position of the RPA tube. Reproduced with permission from ref. 

86. Copyright 2014 PloS One.
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Fig. 4. 
Various detection methods for HIV molecular diagnostics. (A) Cartridge integrated with 

instrument-free lateral flow strip for detecting HIV amplicons. Reproduced with permission 

from ref. 92. Copyright 2014 PloS One. (B) Photograph of a digital PCR device for HIV 

viral load test. Reproduced with permission from ref. 109. Copyright 2011 American 

Chemical Society. (C) Nuclemeter for HIV viral load testing: (i) An illustration of the 

nuclemeter's working principle. (ii) Photograph of a nuclemeter chip housing four 

independent reaction-diffusion columns. (iii) The fluorescence image of reaction-diffusion 

columns at 32 min after the start of RT-LAMP reaction. The sample chambers connected to 

columns 1, 2, 3 and 4 contained 104, 103, 102, and 0 copies of HIV RNA. (iv) A photograph 

of a programmed smartphone for end-point detection of HIV virus with the nuclemeter chip. 

Reproduced with permission from ref. 90. Copyright 2014 Nature.
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Fig. 5. 
Integrated “sample-to-result” microfluidic devices for molecular diagnosis of HIV. (A) 

Photograph of the dual-path microfluidic device (Rheonix CARD™) capable of 

simultaneously detecting anti-HIV antibody and HIV RNA. Reproduced with permission 

from ref. 22. Copyright 2013 hindawi. (B) Photograph of an integrated nucleic acid PCR 

cassette containing pre-stored reagents. For better visibility, the various food dyes in 

pouches represent different pre-stored liquid buffers. Reproduced with permission from ref. 

23. Copyright 2010 Springer.

Mauk et al. Page 22

Lab Chip. Author manuscript; available in PMC 2018 January 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Mauk et al. Page 23

Table 1

ASSURED Characteristics by WHO for HIV POC Tests [14]

Characteristic Target Specification

Affordable Less than $500 per instrument, less than $10 per test

Sensitivity, Specificity Lower limit of detection: 500 HIV RNA copies per ml of blood

User-friendly 1–2 days training, easy to use

Rapid and robust < 30 minutes for diagnosis; Shelf-life > 1 year at room temperature.

Equipment-free Compact, battery-powered, on-site data analysis, easy disposal, easy sample handling, no cold chain

Deliverable Portable, hand-held
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Table 2

Isothermal amplification assays for HIV molecular detection

Amplification methods Target gene Limit of detection Detection time Reference

RT-LAMP P24, protease 10–100 copies/reaction 60 min 71

RT-LAMP Reverse transcriptase (RT) 
gene

10 copies/ tube (DNA) and 1.7 × 103 copies/ tube 
(RNA)

60 min 49

RT-LAMP Integrase gene 102 copies/ mL (DNA) and 104–105 copies/ mL 
(RNA)

60 min 73

RT-LAMP Integrase gene 500-5×103 copies/ reaction (RNA) 60 min 78

RT-LAMP gag gene 196 copies/reaction (RNA) 60 min 79

RT-LAMP Integrase gene 103–104 copies/mL (DNA) 60 min 80

RT-LAMP pol-integrase gene 120 copies/mL 35 min 81

RPA Long terminal repeat (LTR) 
and pol gene

20 copies/ reaction (DNA) <20 min 84

RPA gag gene 10 copies of HIV DNA 15 min 85

RPA pol gene 102 copies /reaction (DNA) 45 min 86

RT-HDA gag gene 50 copies of HIV RNA 75 min 88

HDA gag gene ~470 copies/mL of HIV-1 DNA 75 min 89
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