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Abstract

:

The ability to self-test for HIV is vital to preventing transmission, particularly when used in concert with HIV biomedical prevention modalities, such as pre-exposure prophylaxis (PrEP). In this paper, we review recent developments in HIV self-testing and self-sampling methods, and the potential future impact of novel materials and methods that emerged through efforts to develop more effective point-of-care (POC) SARS-CoV-2 diagnostics. We address the gaps in existing HIV self-testing technologies, where improvements in test sensitivity, sample-to-answer time, simplicity, and cost are needed to enhance diagnostic accuracy and widespread accessibility. We discuss potential paths toward the next generation of HIV self-testing through sample collection materials, biosensing assay techniques, and miniaturized instrumentation. We discuss the implications for other applications, such as self-monitoring of HIV viral load and other infectious diseases.
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1. Introduction


With increased longevity and multi-morbidities, in-clinic visits will become a growing barrier to healthcare as the population ages [1]. Self-testing may provide healthcare systems with a more feasible way to engage and monitor patients using telehealth services that provide easier access, reduced cost, and improved adherence to therapeutic and preventive regimens [2,3]. Additionally, self-testing may provide a healthcare pathway to subgroups historically discriminated against or less reachable by the healthcare system, including sexual and gender minority populations, people who use drugs, and rural populations.



Self-testing, defined as a diagnostic test in which a person provides their specimen and performs the test themselves, is a potential alternative to conventional in-person specimen collection at a clinic, followed by diagnostic tests performed in a laboratory. Self-sampling is an intermediate approach in which a patient collects a sample themselves using a device that facilitates safe storage and shipping to a laboratory. Self-sampling can minimize the need for in-person clinic visits but is associated with lengthy delays for learning the diagnostic result. Self-testing is feasible when self-sampling devices are combined with accurate and simple at-home diagnostic assays. Importantly, self-testing offers the potential to expedite and simplify the test-to-result process, reach a wider patient population, provide greater privacy, and utilize a low specimen volume. When self-tests are combined with internet connectivity and personal mobile devices, they can integrate with telehealth services to improve monitoring and adherence to medication, and to inform the patient by video or telephone about how to modify their health behaviors [4,5]. In the context of human immune deficiency virus (HIV) viral load monitoring, self-testing offers the potential to inform patients about their viral load status (for example, virally suppressed or unsuppressed) [6]. In the future, HIV viral load self-testing could be used to determine if a person receiving antiretroviral therapy (ART) should maintain their current regimen, or to determine if the treatment should be modified, for example, by evidence of a drug-resistant strain.



The Centers for Disease Control (CDC) recommends HIV screening as part of general routine healthcare for everyone between 13 and 64 years old regardless of risk. For those in higher risk groups, the CDC recommends getting tested at least once a year [7]. The World Health Organization (WHO) recommends that three consecutive positive tests are needed for a conclusive HIV diagnosis for underdeveloped countries, which is expected to further drive the need for inexpensive and accurate self-testing and self-sampling approaches [8].



It is important to note that there is no current test that can immediately detect HIV infection. Instead, all tests require a time window between exposure and detection [2]. Within this window period, an individual with newly acquired HIV can unknowingly spread the disease to others. Thus, early detection of HIV enables individuals to obtain medical treatment early to reduce adverse health effects [9]. The early detection window has decreased through advancements in laboratory-based tests with lower limits of detection of HIV antigens in blood or oral fluid. Third and fourth generation HIV tests use synthetic HIV1,2 IgG and IgM antibodies to detect p24 antigens. Most third-generation tests have a window period of approximately 22 days after initial infection [2].



Following a preliminary positive test result from a self-test, the current clinical workflow for laboratory-based HIV diagnosis is to initially utilize a 4th generation HIV immunoassay that can detect both HIV antibodies and p24 antigen. If a positive indication is obtained, a differentiation immunoassay is performed next to determine the strain of HIV, as treatment plans are different for HIV-1 and HIV-2 [10]. Currently, there is only one approved differentiation immunoassay that is approved by the Food and Drug Administration (FDA), Geenius HIV1/2 from Bio-Rad [11]. If the differentiation immunoassay is indeterminate, or if an early infection is possible, a HIV-1 nucleic acid test is also performed. This testing algorithm has been recommended by the CDC since 2014, replacing HIV-1 immunofluorescence and western blot assays [12]. After diagnosis, viral load and T cell counts will be tested pretreatment, 4–6 weeks after treatment begins, and every 3–6 months thereafter [13].



The COVID-19 pandemic expedited self-testing technologies like no other time in history. The global crisis that rapidly unfolded in early 2020 spurred the need to reduce morbidity and mortality in the general population due to SARS-CoV-2, a highly infectious respiratory virus that is spread through aerosols in exhaled breath. Unprecedented international research and development funding, global scientific collaboration, and intense commercial competition led to the development of self-testing kits for SARS-CoV-2 to help contain the spread of infection and signal the need for healthcare visits or hospitalization. In the three years since the onset of COVID-19, several SARS-CoV-2 self-tests have been successfully brought to market, while many exciting advances were reported in the scientific literature that have yet to develop into commercial products. In the United States, self-tests were available online at no cost to U.S. residents [14], with the goal of improving access to self-testing and self-regulation of COVID-related health behaviors, such as mask-wearing and social distancing. Despite many important achievements in sample pre-processing, detection methods, biochemistry methods, sensors, and instrumentation for rapid and simple SARS-CoV-2 testing in viral transport media, saliva, and exhaled breath, the predominant methods utilized during the pandemic for self-testing and point-of-care testing relied upon established pre-existing technology such as lateral flow test strips and polymerase chain reaction (PCR) [15]. While the COVID-19 pandemic is not yet concluded, many of the diagnostic technologies developed in the past three years are poised to make an impact for other pathogen-driven diseases where reduced cost, reduced sample-to-answer time, and simple workflows can improve health outcomes.



The fast-paced technology development for self-testing diagnostics surrounding COVID-19 stands in contrast to the historically slow progress of these systems to address the longstanding HIV epidemic. Because HIV continues to be clustered in men who have sex with men (MSM) [16], and transmission is fluid-based and largely sexual in nature [17], progress in HIV self-testing technologies has been hindered by politics, racism, discrimination, and stigma [18]. Despite historical setbacks, HIV treatment for people living with HIV has made tremendous strides in the past few decades to the point where HIV is considered a chronic illness [19]. Additionally, with the 2012 FDA approval of Truvada™ [20], HIV medication taken to prevent transmission of HIV in negative persons has been highly effective, especially among MSM populations; however, cost barriers have resulted in significantly lower uptake among Black and Hispanic/Latino MSM than White MSM [21].



A key challenge to reducing the spread of infectious diseases and managing their treatment is regular testing. While HIV self-testing technologies have been slow to advance, HIV biomedical prevention modalities are now very effective, when used in conjunction with frequent testing. The uptake of HIV self-testing has been impeded by structural barriers, including stigma and the low investment in research and development relative to other chronic conditions such as high cholesterol and glucose [22]. When an infectious disease impacts only certain groups, the stigma associated with receiving a diagnosis may prevent individuals from seeking laboratory-based testing offered in conventional clinic environments. Self-testing is one approach to addressing stigma [23]. HIV self-testing may be noninvasively performed with oral fluid and, more recently, with whole blood [24]. Figure 1 displays the differences between self-testing and laboratory testing. As self-testing excels at privacy and ease of use, it could provide a stigma free testing alternative while providing similar sensitivity and selectivity as laboratory testing. Like the SARS-CoV-2 self-tests, the sensitivity and specificity of HIV self-tests have limitations. Unlike the SARS-CoV-2 self-tests, the unsubsidized cost of HIV self-testing (for example, OraQuick™, ~$40 per test [25]) leaves HIV self-testing inaccessible. Thus, there is currently an unmet need to develop rapid, accurate, inexpensive, and simple methods for HIV self-testing—both in the contexts of HIV diagnosis and (future) viral load self-monitoring.



In this paper, we highlight recent advances in HIV self-testing, focused upon technological developments derived from novel materials, particularly those that we expect to make a positive impact on HIV. We begin by reviewing the current state of HIV diagnosis self-testing by nucleic acid tests and antigen tests in light of recommendations by the CDC for sexually active HIV-negative people, including those considered at higher risk for HIV (e.g., people who inject drugs, MSM, transgender women). While there are currently no self-tests for HIV viral load approved by the FDA, we discuss the requirements that are currently met with laboratory-based methods to develop such a test. Next, we briefly review commercially available self-sampling methods, leading to a discussion of the sample preparation methods for self-testing, and a review of promising sample preparation methods for self-testing in the research literature. Through a review of SARS-CoV-2 self-test technologies, we highlight newly developed assay technologies for detection of virus-specific nucleic acid sequences, antigens, antibodies, and intact viruses. While SARS-CoV-2 tests are generally performed upon viral transport media from nasal swabs or from saliva, we extend our thinking toward how these methods can be adapted for detection of HIV in blood and oral fluid. We review not only the assay methods in terms of their simplicity, robustness, and capability for quantitative accuracy, but also the instrumentation used for self-tests in terms of their cost, size, and ease of use. We conclude with a discussion of the remaining hurdles for more widespread adoption of HIV self-testing and offer a future outlook for the opportunities for novel materials and methods to provide solutions.




2. Current State of HIV Self-Testing


In 2014, the Joint United Nations Programme on HIV and AIDS (UNAIDS) set a “95-95-95” goal, in which, by 2030, 95% of individuals living with HIV will be diagnosed, of whom 95% will be on ART, and 95% will achieve sustained virologic suppression. Currently, 41 HIV detection products have been pre-qualified by the WHO [26]. Of the 41 WHO pre-qualified in-vitro diagnostic (IVD) products, 27 are intended for rapid HIV diagnostic testing by healthcare professionals in resource-limited and point of care (POC) settings, while six products are intended for lay users to perform self-testing without the help from trained personnel. Though not pre-qualified by WHO, six additional products are also currently available, some of which have obtained regulatory approvals or registration from other institutions, such as the U.S. FDA or Conformité Européenne (CE).



Due to their simplicity and low cost, lateral flow assay (LFA)-based diagnostic devices have been widely adopted for diagnostic scenarios where rapid results are required [27]. LFA-based tests can be performed on a variety of biological samples, including sweat, saliva, plasma, serum, and whole blood. The testing does not require expensive laboratory equipment and the results are available in 5–30 min. Moreover, sample quantity required for detection is less than needed for conventional confirmatory HIV diagnostic assays, such as enzyme linked immunoassay (ELISA), thereby allowing affordable, sensitive, specific, user friendly, rapid, equipment free, and deliverable (ASSURED) detection of HIV infections.



Over-the-counter (OTC) LFA self-testing kits rule the market with their low manufacturing cost, simple design, low sample volume, and user-friendly visual format. LFAs are paper-based devices that require a small fluid sample (e.g., saliva, urine, blood). Once the fluid sample is applied to the test, a sample buffer carries the components of the fluid through a reaction membrane. Part of the sample buffer includes a labeling probe. A common labeling probe used in HIV LFA self-tests is gold nanoparticles (AuNPs) because they bond well with biomolecules and can be visually identified. For HIV self-tests, the labels will bond with the desired molecule (e.g., p24 antigen) and then further migrate to the detection pad. Within the detection are two test result areas, indicating a standard control and test line. For example, two lines indicate a positive test result, one line would indicate a negative result, and no lines would indicate an invalid result. Of note, the stationary detection molecules are located where the result lines appear on the test. For HIV testing, p24 antibody are captured by the p24 antigen detection molecules.



To create the test lines, capture molecules (antigens or antibodies) are immobilized to react with the biomolecular complexes, forming a structure where the analyte of interest is sandwiched between the capture and label molecules. The control line is constructed by immobilizing with secondary capture molecules that react with the unbound, label molecules to indicate proper liquid flow and validity of the assay. HIV detection has several options for desired analyte and capture molecules. To detect HIV-1/2 antibodies, recombinant envelope glycoproteins (GPs) are conjugated to the labeling probes; GP41, GP120, and GP160 for HIV-1 antibodies and GP36 for HIV-2 antibodies. The HIV antigen (p24 nucleocapsid protein) is detected by conjugating monoclonal anti-p24 antibodies to the labeling probes. The working principle of the LFA is illustrated in Figure 2.



LFA technologies for early HIV detection have advanced in the past decade through novel nanomaterials that enabled reduction of detection limits for the targeted analyte through greater contrast during visualization. Beyond forming stable bonds with biomolecules and being visible to the naked eye, AuNPs with diameters in the 10–100 nm range can absorb and scatter light at specific wavelengths in the visually observable portion of the spectrum through localized surface plasmon resonance (LSPR), which can amplify the amount of visual light that is scattered, increasing the signal from these labelling probes. Utilizing AuNPs as the foundation, many approaches to increase signal have been demonstrated. For example, Chen et al. used small and large AuNPs to amplify the signal through the formation of gold clusters [30]. Yang et al. deposited silver on AuNPs to enhance sensitivity by 100-fold [31], and Panferov et al. applied a gold enhancement technique to increase the size of the AuNPs post-reaction to further improve the assay sensitivity [32]. Alternative nanomaterials have also been explored and applied as labeling probes. For example, a rapid testing device utilizing colloidal selenium to detect HIV-1/2 antibodies present in whole blood, serum, or plasma (Determine™ by Abbott Laboratories) demonstrated sensitivity of 100% and specificity of 98.93% when tested on a panel of 1079 samples [33]. Colloidal selenium tags offer potential advantages compared to AuNP in terms of cost and manufacturability [34]. Though not yet used in HIV detection, colloidal carbon has also demonstrated excellent potential as an LFA labeling probe due to its high stability, bio-compatibility, and ease of fabrication, while offering high signal-to-noise ratio due to the contrast between the white LFA membrane and the black tags [35].



Quantitative analysis of LFA with portable or laboratory-based readout instruments has been developed. Fluorescent dyes, paramagnetic particles [36], and quantum dots [37] represent additional categories of nanomaterial tags that have been utilized in LFA that are generally detected with an instrument rather than by visual observation. Tag-free readout of an LFA has been demonstrated using Surface-Enhanced Raman Scattering (SERS)-based assays in which the probe-target biomolecular complex could be detected through its spectroscopic scattered signature [38]. In the context of HIV self-testing, instrument-based detection is an obstacle for adoption, unless the instrument cost can be in the $20–500 range.




3. Current State of Self-Sampling


A summary of currently available HIV self-tests, usable by the layperson to clinician to still in research development is seen in Table 1. Most self-tests are LFA style, performed with finger-pricked whole blood, except for OraQuick and Aware, which use oral fluid, while DPP HIV 1/2 Assay has the oral fluid option. While a variety of tests are available with several having FDA approval, only one is available to purchase by individuals and use at home in America. The OraQuick™ price is ~$40 per test [25]. Despite the diversity of products, all of them utilize the LFA technique. LFA-based HIV self-testing devices are expected to continue playing a significant role in reaching the UNAID goal of ending HIV by 2030. After a positive HIV diagnosis from a self-test, CDC recommends conducting additional confirmatory tests [10], requiring an in-person visit to a testing facility, which may not be desirable for those who wish to be anonymous, or feasible for those living in remote areas. However, the importance of confirmatory testing was emphasized by a recent study [39] in which three HIV rapid tests, including Determine™ HIV-1/2, Uni-gold™ HIV-1/2, and StatPak™ HIV-1/2, were performed on more than 200,000 participants, in which, reviewed results of a testing algorithm using three HIV confirmatory tests to reduce false positive rates. Utilizing laboratory-based testing as a gold standard, a positive predictive value (PPV) of 94.5% was obtained for self-tests. A separate study to evaluate the accuracy of oral self-test kits for identifying people with undiagnosed HIV in Ethiopia (OraQuick™, Determine™, and StatPak™) revealed a false negative rate of 0.5% and a PPV of 100% [40]. Self-sampling combined with laboratory-based testing offers a path that enables individuals with positive HIV self-tests to utilize the rapid test as an initial screen, while utilizing the services of a more sensitive laboratory-based test without making an in-person visit to a clinic. Self-sampling methods via lance or fingerstick is currently one of the ways that separates tests from being done by untrained individuals or by clinicians, as noted in Table 1 by asterisks.



Since its introduction in the 1860s, dried blood spots (DBS) have been used as a method for collection, preservation, and shipment of blood samples for qualitative or semiqualitative diagnosis [79]. Diagnostic applications of DBS include newborn screening, viral load determination, and serology testing. DBS can be an inexpensive solution for disease detection especially in areas of minimal infrastructure, as DBS reduces the logistics for collecting, preserving, and transporting blood specimens. [80]. The simple procedure begins with application of a fingerpick-derived droplet of blood on filter paper, followed by drying in an open environment at an ambient temperature, and transport in a sealed bag with desiccant. DBS samples may be stored for extended time periods in either a refrigerated or frozen state. DBS sampling was adopted for HIV-1 diagnosis in 1996 through the FDA-approved Home Access™ HIV-1 Test System. The product is an OTC kit, in which the patient performs a finger-prick on themselves, followed by mailing the sample to a laboratory, where an HIV antibody test is performed. Analysis of DBS poses analytical challenges, such as variation of blood content within the dried spot due to the percentage of red blood cells (hematocrit effect), contamination of the sample by the user, and insufficient sample volume.



To address these challenges, volumetric absorptive micro-sampling (VAMS) was developed and several devices that incorporate this technique are commercially available, including Mitra™ (Neoteryx, Torrance, CA, USA), Capitainer qDBS™, HemaPEN™ (Trajan Scientific and Medical, Victoria, Australia), and the HemaXis™ DB10 (DBS system SA, Gland, Switzerland). Mitra™, for example, consists of a hydrophilic polymer tip that wicks a precise volume of fluid by capillary action. Specific sample volumes can be collected (10, 20, or 30 μL) through products that are engineered with different tip sizes [81]. Capitainer™ qDBS is a micro-sampling tool that enables the collection of two fixed volume (10 μL) DBS using microchannels and capillary force. Neoteryx claims that the device allows a precise collection of the blood sample irrespective of the hematocrit effect, which is supported by a number of literature reports [82]. HemaPEN™ uses 2.74 μL capillaries coated with EDTA (an anticoagulant) to collect blood on filter paper media within approximately 10 s until all the capillaries are filled and the dried samples are retrieved by opening the device with a supplementary opening tool [81]. HemaXis™ DB 10 contains a conventional DBS filter paper and four capillary channels with inlets for direct contact with a blood drop and outlets to indicate when a sufficient volume of blood is collected. Once the capillaries are filled, the DBS filter paper touches the outlets by the user manually closing the device and the accurate volume of blood (10 μL) is transferred to create DBS [83]. HemaSpot™ HF (SpotOn Sciences, San Francisco, CA, USA) has eight identical blade-shaped filter paper pieces arranged in a spiral to collect 9–10 μL of blood per blade. After blood collection, a desiccant within the cartridge rapidly dries the blood to preserve it for transit to a lab, which can occur at ambient temperature. The cartridge is put inside a bag and sent to a laboratory for testing.



While the DBS-based VAMS devices collect relatively small volumes, devices that collect larger volumes of liquid whole blood (>100 μL) have recently become available. These include the TASSO-SST™ (Tasso Inc, Seattle, WA, USA) and OneDraw™ (DrawBridge Health, San Diego, CA, USA). Designed to be placed on the upper arm, the TASSO-SST device collects 200–300 μL of liquid whole blood by pressing a button, which initiates puncturing of the skin with an integrated lancet, followed by withdrawal of blood into capillary tubes using vacuum pressure within 5 min. Using similar technology, the TASSO-M20 gathers four dried samples of 17.5 μL volume each. The OneDraw™, when attached to the upper arm, draws a liquid whole blood sample (~150 μL) with a push of a button. The device comes with a removable cartridge comprised of filter paper impregnated with blood stabilizing reagents for transport and storage.



In addition to blood, self-sampled oral fluid (mucosal transudate) is widely used as a method for HIV diagnosis. An example product is the OraSure™ HIV-1 Oral specimen collection device. Oral fluid can be easily sampled in a non-invasive way by gently swabbing the gums with a polyester or rayon-tipped stick, followed by insertion of the tip into transport media in a sealable tube for transport. The swab material can absorb substantial sample volume, and the composition of the material can be engineered to achieve greater efficiency of release volume. Polyester and Rayon fiber swabs material can absorb significant amounts of sample volume but have minimal release volume (~33%) [84,85], while Nylon flocked swabs elute 97% of the sample off the swab very quickly with a ~5-s vortex [83]. Swab collection devices are considered Class 1 devices by the FDA, and, thus, stringent requirements must be met for their composition and performance. Currently, there are ten self-sampling products available, summarized in Table 2, of which two utilize oral fluid, and eight require whole blood in either wet or dried state.




4. HIV and CD4+ T-Cell Separation, Capture, and Detection


The low concentration of HIV in clinical samples poses a considerable challenge in developing low cost, point-of-care viral assays. Separating virus from blood for self-testing can be used to pre-concentrate virus from blood into a smaller volume to enhance detection limits. Microfluidic systems can offer separation and analysis of the capture virus. For example, one study (Figure 3A) combined superparamagnetic nanoparticles in microfluidics to purify and concentrate HIV-1 from plasma, and showed 40–80 fold enrichment of target viruses [86]. Further analysis was done to extract the nucleic acid by membrane lysis on the same chip. A similar approach (Figure 3B) showed capture of dengue virus postulating 20-fold enrichment from 1 mL starting sample, assuming 100% efficiency [87].



Another study used a microfluidic chip to capture multiple HIV subtypes (A, B, and C) using protein G-based anti-gp120 antibody immobilization (Figure 3C), where the different HIV subtypes were derived from viral culture supernatant and spiked in whole blood. The capture efficiency was 75.73% for subtype A, 73.67% for subtype B, and 74.67% for subtype C across 103–105 viral copies/mL [88].



As an alternative to counting HIV viral load, CD4+ T lymphocyte count can be used to monitor HIV ART [89]. A decreasing number of CD4+ T lymphocytes can be a marker for the host’s compromised system [90]. One of the challenges in assays for viral load and CD4+ cell count is the cost and complexity, which poses a barrier for self-testing scenarios [89]. For example, the precise fluid flow in the microfluidic design is a critical barrier for diagnosis at the point of care, especially for automation in self-testing [91]. Combining a microfluidic system with ELISA readout offers a route toward more rapid measurement of CD4+ cell count (Figure 3D). A study using micro-a-fluidic ELISA (m-ELISA) counted CD4+ cells in an automated manner with the results shown on a cell phone [92]. The limit of detection (LOD) of m-ELISA was 30 CD4+ T lymphocytes in a 9-min reaction. Moreover, it showed 97% accuracy at the clinical cutoff of 350 cells/µL as recommended by WHO in 2013 [93].
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Figure 3. (A) Schematic of a microfluidic device that combines superparamagnetic nanoparticles to isolate and concentrate HIV-1 from plasma. Plasma samples were mixed with antibody-functionalized nanoparticles, and then the mixture was trapped in the magnetic separator chamber [86]. Reprinted with permission from Anal Chem. Copyright 2009 American Chemical Society. (B) Schematic of a microfluidic chip integrating a micromixer and a bead collection separator into a single chip to isolate and enrich Dengue Virus [87]. (C) Microchannels were fabricated to capture HIV particles using immobilized anti-gp120 antibody on a glass substrate. The capture efficiency of HIV subtypes A, B, and C was then characterized by RT-qPCR [88]. (D) Workflow of the m-ELISA platform, which provides CD4+ cell count based on a colorimetric readout on a cell phone for monitoring ART in people living with HIV. Blood samples and antibody-functionalized magnetic beads were loaded into the chip, which was then placed on a permanent magnet. Automation was performed using a software program to control the stage and complete the entire ELISA process. Lastly, the chip colorimetric readout was imaged using a cell phone, and the analysis was performed using an integrated mobile application [92]. Images reused under CC BY-NC-ND 3.0 License (https://creativecommons.org/licenses/by-nc-nd/3.0/) accessed on 5 December 2022. 
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5. Self-Testing Technology Advances in Research and Development


In the context of HIV diagnosis, the target analyte for detection may be the presence of virus-specific nucleic acid sequence, a viral antigen, or the intact virus. Detection of HIV antibody can be utilized to indirectly detect infection via activation of the immune system. Here, we summarize several recent reports in the research literature that demonstrate promising combinations of low limits of detection for one of the analyte types, while also offering workflows and readout methods that may become compatible with the challenging demands of self-testing.



5.1. Antigen Tests


HIV p24 antigen can be detected in circulating blood within a few days post-infection and is detectable sooner than HIV antibodies, whose presence and concentration is dependent upon the response of the infected person’s immune system [94]. After HIV exposure, on average, it takes approximately 13 days for the immune system to produce a detectable HIV antibodies concentration [95]. Due to the potential for post-exposure detection within a shorter window, p24 antigen has been utilized as the most prevalent HIV detection biomarker for initial diagnosis in laboratory-based tests [96]. Therefore, p24 antigen is also a common biomarker target for newly developed POC and self-testing technologies intended for early initial diagnosis. Sensing transduction methods that include fluorometric [97,98], colorimetric [99], and magneto-nano biosensors [100,101] have been reported recently.



For example, Li et al. reported a POC p24 antigen detection approach utilizing a triple-layer microchannel array chip combined with smartphone-based readout (Figure 4A). To improve the sensitivity and simplicity of the colorimetric microchannel immunoassay, a three-layer microchip was developed along with the red, green, and blue (RGB) smartphone detection cassette. An HIV p24 monoclonal antibody served as the capture antibody and a biotinylated polyclonal antibody was utilized as a detection antibody. This sandwich immunoassay generates a signal in the presence of p24 through a tag comprised of streptavidin with a horseradish peroxidase (HRP) label, which generates blue-colored liquid in the presence of a substrate. Detection takes place through imaging of the microchannels. The smartphone records an image of the cartridge while it is inserted into the detection instrument that illuminates the cartridge with a light emitting diode (LED) while screening out ambient light. The observed color showed a strong linear correlation with the HIV p24 concentration in human serum from 0–1.25 ng/mL (R2 = 0.9284) with a LOD of 20 pg/mL regardless of the presence of other proteins [99]. This small, low-cost, battery-powered colorimetric microchip integrated with smartphone data processing demonstrated potential for simple and low concentration HIV p24 detection with potential to be developed into a self-test.



In another recent example, Che et al. demonstrated an assay approach called Activate Capture + Digital Counting (AC + DC) for quantification of HIV p24 in human serum utilizing a self-powered microfluidic cartridge and a photonic crystals (PC) biosensor [102]. In Figure 4B, the sample was mixed with antibody-functionalized gold nanoparticles (AuNPs) that are drawn into a microfluidic channel with an absorbing paper pad. Detection occurs in a single step, with no washing, as the p24 is captured with an immobilized antibody, and then labeled with an AuNP functionalized with the detection antibody, forming a sandwich complex. Each captured p24 molecule is labeled with one AuNP, which are subsequently digitally counted by a biosensor microscopy approach called Photonic Resonator Absorption Microscopy (PRAM) [17,103,104,105]. The assay includes the active area for selective capture of p24 and a reference region prepared with a blocking protein (Figure 4B). The antibody conjugated AuNPs bind to the target molecules in the test samples and then captured on the PC surface. The AuNPs are selected to have an LSPR wavelength that matches the PC biosensor resonant reflection wavelength, enabling PRAM to observe them with high signal-to-noise ratio. The AuNPs quench the resonant reflection to generate a dark spot on an image sensor when light from a red LED illuminates the PC from below (Figure 4C). This study successfully demonstrates HIV-1 p24 antigen detection from a 40 μ spiked-in human serum sample with a dynamic range of 1–103 pg/mL within a 35 min process, suggesting the capability of implementing an ultrasensitive and fast point-of-care detection [102].
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Figure 4. (A) Illustration of the microchannel-based HIV p24 antigen assay using colorimetric detection of a sandwich assay that generates a visually observable product through an enzyme-substrate interaction with a labeled detection antibody. Schematic diagram of the three-layer microchannel device where the blue visible product was captured by smartphone and determined the concentration of HIV-1 p24 antigen [106]. (B,C) Illustration of microfluidic HIV p24 antigen detection utilizing a photonic crystal and sandwich immunoassay [102]. (B) The sample enters the inlet area and introduces to PC by absorbing pad. (C) Illustration of captured antibody and blocking proteins on active and reference areas of the PC biosensor and schematic drawing of the PRAM where reflected light intensity from a red LED is observed and processed to quantify HIV-1 p24 antigen. 
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5.2. Antibody Tests


The human body starts producing antibodies within days of HIV infection. However, currently available laboratory-based HIV antibody tests can only identify that an infection has occurred 23 to 90 days after exposure. Meanwhile, nucleic acid tests can only detect the presence of HIV approximately 33 days after exposure as the virus infects cells, replicates, and increases its viral load [107]. The presence of detectable antibody can indicate both recent or prior infections, while nucleic acid testing represents the presence of an active infection [108]. Since the first generation of HIV diagnostic assays in 1985, subsequent generations, all focused upon detection of HIV antibodies, have introduced new approaches and capabilities. Most FDA-approved HIV rapid tests are antibody tests, for example, OraQuick® Advance Rapid HIV-1/2 Antibody test, Reveal™ G-2 Rapid HIV-1 Antibody test, and Uni-Gold Recombigen® HIV test. While immunoglobulin G (IgG) antibodies are the target analytes in the first through fifth generation HIV diagnostic assays, immunoglobulin M (IgM) was introduced in the third generation [109]. Antibodies detected with laboratory-based technologies have been proven effective as reliable biomarkers due to their high sensitivity and specificity [110].



Emerging POC approaches for HIV antibody testing that integrates with mobile devices (such as smartphones and tablet computers) are demonstrating the potential to complement traditional laboratory-based methods through simplification of assay protocols, portability, and low cost. The development of smartphone-based approaches has the potential to enable HIV self-testing in home settings and resource-limited areas [111]. Several research groups have combined smartphone-based detection and nanometer tags for HIV antibody detection. These nanometer-scale tags offer the ability to be designed to provide modifiable surface chemistries, high surface-area-to-volume ratios, and tunable wavelength interactions with electromagnetic fields [106,112]. For example, Guo et al. demonstrated a microfluidic-based smartphone dongle for HIV antibody self-testing from whole blood derived from a fingerstick. The 3D-printed smartphone accessory measures the immunoassay using gold-labeled secondary antibodies with silver amplification (Figure 5A). The test utilizes single-use disposable microfluidic cassettes that are functionalized with HIV antigens gp41 and gp36, followed by 2 μL of the lysed blood sample drawn through the microfluidic cassette. HIV antibodies in the blood sample are selectively captured by the antigens, which subsequently allow gold-labeled secondary antibodies to form a sandwich structure. Subsequently, silver nitrate and reducing agents are drawn from the cassette to initiate the growth of a silver precipitate onto the gold particles, which generates an optically dark zone. The assay readout and diagnostic result is determined through illumination of the assay region with low-power LEDs and detection of gold-labeled secondary antibodies with silver amplification through photodiode illumination (Figure 5B). The assay procedure takes 15 min and provides results with 95% sensitivity and 95% specificity with the ability to perform multiplexed viral pathogen testing of additional sexually transmitted disease such as syphilis [113,114].



In a further recent example, Ng et al. demonstrated a smartphone-based self-testing platform that employed the giant magneto resistive (GMR) effect for HIV antibody detection in oral fluid (Figure 5D). The GMR sensor platform includes a disposable cartridge that operates by the change in the sensor’s electrical resistance due to the binding of the superparamagnetic nanoparticle (MNPs) tags in a sandwich immunoassay. The resistance change can be quantified in real-time with a circuit and correlated to HIV concentration in the sample (Figure 5C). The total assay time is 16 min with 80% accuracy for HIV antibody presence in saliva [100].



Recently, considerable effort has focused on the development of test readers to objectively and quantitatively analyze rapid antibody diagnostic tests such as LFA [115], cassette tests [113], and pads [116]. For example, Mudanyali et al. described a rapid diagnostic test (RDT) reader platform that can be used with lateral flow HIV side-stream immunochromatographic assays and other similar tests (Figure 5E). This compact (~65 g) digital RDT reader is based on a smartphone and can be imaged in reflection or transmission mode under LED illumination. The raw images are processed in real-time through a custom developed app for automatic and quantitative diagnostic result determination through analysis of the color intensities of test and control lines [115].
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Figure 5. (A) Image of the smartphone dongle for an HIV antibody self-test [113]. (B) Schematic of the immunoassay workflow: (1) Test zone is functionalized with HIV antigens gp41 and gp36. (2) Flow of the blood sample allows binding of the antibody to the surface-coated antigen. (3) Flow of gold-labeled secondary antibodies. (4) Wash buffer removes the unbound antibodies. (5) Flow of the silver reagent with reducing agents to create an optically darkened zone [113]. (C) Schematic of wash-free GMR-based immunoassay workflow: (1) GMR sensors are functionalized with different capture molecules. (2) Test samples are added to the sensor and the target of interest is captured and detected by biotin-labeled detection probes. (3) Sandwich immuno-structures are formed on the sensor surface. (4) Streptavidin-coated MNPs are added and bind to detection probes. (5) Bound MNPs’ local magnetic field will change the sensor resistance, generating an electrical signal correlated with the analyte concentration. (6) MNPs are added again to enable higher signals [100]. (D) Image of the smartphone-based self-testing platform and the GMR nanosensor chip and circuit board with functionalized sensor array for HIV detection. Eight sensors are functionalized with Anti-gp41 capture antibody along with positive controls Biotin-BSA and Human IgG, and BSA as a negative control [100]. (E) Different views of the smart RDT reader connected to a smartphone and renderings of the optical reader. The RDT reader utilizes LEDs to uniformly illuminate the tests through a diffuser. Two of the LED arrays are located beneath the RDT tray and one illuminates from the top to record the reflection and transmission images [116]. 
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5.3. Nucleic Acid Tests


Innovations in molecular biology have led to the development of novel nucleic acid amplification technologies for efficient, sensitive, and high-throughput analyses of virus-specific base sequences [117]. Detection and quantification of low concentrations of HIV-related RNA in bodily fluids is vital for early detection, clinical care, and controlling the spread of AIDS, particularly for monitoring patients receiving ART. As ART suppresses HIV replication, patients ideally will have undetectable viral load and absence in HIV antibodies, while early detection of ART failure requires detection of the evidence of HIV resurgence at the earliest possible time, necessitating low limits of detection [118]. The current laboratory-based gold standard molecular testing method for HIV detection, reverse transcription polymerase chain reaction (RT-PCR), utilizes enzymes and thermal cycling to rapidly amplify a specific region of the viral RNA into millions of copies. The HIV RT-PCR test can detect viral RNA concentrations as low as 20–176 copies/mL [119] and as early as 10 days after exposure. However, the assay is only suitable for laboratory environments, as it requires a workflow that utilizes complex sample preparation, precise temperature control, and highly trained personnel [120,121].



In an effort to provide nucleic acid-based diagnostics that are more suitable for point of care and self-testing scenarios, several alternatives offer less stringent requirements for sample preparation and remove the need for thermal cycling equipment, while still providing enzymatic amplification of a specific RNA or DNA sequence. Approaches that have gained considerable attention include loop-mediated isothermal amplification (LAMP), recombinase polymerase amplification (RPA), nucleic acid sequence-based amplification (NASBA), Rolling Circle Amplification (RCA), helicase dependent amplification (HDA), and Strand Displacement Amplification (SDA). Compared to RT-PCR, these methods provide advantages that include simplified sample preparation, less stringent temperature control, high amplification efficiency, reduced sensitivity to amplification inhibitors, and greater tolerance for detecting a target sequence within unprocessed samples, making these assays simpler to translate to POC self-testing environments. Moreover, isothermal amplification techniques can incorporate reverse transcription, expanding the detection to RNA targets such as HIV genomes [122].



LAMP is a sensitive, rapid and single-tube isothermal technique that requires a temperature of 60–65 °C. Among all the above-mentioned isothermal amplification methods, LAMP has an additional advantage, as it does not need recombinase enzyme since it does not need additional ligation steps before amplification [123]. Utilizing LAMP, detection of HIV-specific RNA was reported with a LOD of 120 copies/mL within 35 min [124]. There have been several recent efforts reported for developing RT-LAMP into HIV self-testing applications. For example, Damhorst et al. demonstrated the quantitative detection of HIV with RT-LAMP in minimally processed spiked blood samples (Figure 6A–C). The HIV spike blood was first added to a microfluidic lysis module to fully mix whole blood with the lysis buffer. The ~60 nL lysed assay droplets were next added to the master mix and transferred to a silicon chip reaction well with dehydrated LAMP primers inside, followed by the chip heating to 65 °C in a copper base with a heating stage. Detection of fluorescence generated by the reaction is performed with a smartphone apparatus containing LEDs for illumination while a smartphone records images of the chip. The assay can detect as few as three viruses in a ~60 nL droplet, corresponding to 670 viral copies/μL of whole blood [120].



Liu et al. presented a fully integrated HIV nucleic acid self-testing device of finger-pricked whole blood, which consists of a microfluidic cartridge with ready-to-use reagents inside and a compact analyzer to perform sample preparation, purification, and RT-LAMP [125]. The user controlled the process through a custom app so once 100 μL of blood was placed into the tube with premixed lysis buffer and magnetic beads, the RNA would be released into the cartridge. The device can achieve a LOD of 214 viral copies/mL in whole blood within a ~60 min sample-to-answer time (Figure 6D,E) and the authors of the study anticipate that this device can serve as a useful method for highly sensitive early-stage self-testing [125].



There are other recent reports of portable approaches for HIV nucleic acid detection that have the potential to develop into self-testing methods. For example, Myers et al. described an inexpensive, handheld, battery-powered instrument for RT-LAMP detection of the HIV-1 integrase gene in blood samples [126]. Similarly, Curtis et al. utilize heating from a chemical reaction to demonstrate HIV-1 testing from whole blood specimens using RT-LAMP [127]. Kim et al. demonstrated an enzyme-free nucleic acid amplification assay using a toehold-triggered hybridization reaction and a smartphone-based well plate fluorescence reader to detect influenza viral RNA, which could in principle be adapted to HIV self-testing [128].
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Figure 6. (A) Image of the silicon chip and detailed image of the reaction wells under scanning electron microscopy [120]. (B) Schematic of the smartphone-based detection apparatus from top to bottom: smartphone, blue LED, wavelength filters (blue and green), copper base with mineral oil, heating stage [120]. Images republished under CC BY 4.0 License (https://creativecommons.org/licenses/by/4.0/) accessed on 5 December 2022. (C) The workflow of the integrated assay process: (1) Whole blood spiked with HIV-1 virus was injected into the microfluidic apparatus where (2) 10 μL total of the blood sample was metered and then (3) the sample passed through the microfluidic lysis module. The lysis assay was added to the RT-LAMP master mix without primers (4) as the primers were dehydrated onto the silicon well where the assay was next microinjected (5). Finally, the chip was heated with a copper heating stage to 65 °C (6) and the reaction was monitored by recording images with a smartphone every 30 s [129]. (D) Renderings, schematics, and photo of the microfluidic with the reagents inside with the cartridge assembled to the right [125]. (E) Workflow of the USB HIV nucleic acid test. First, the user collects blood from a finger prick, putting 100 μL in a collection tube (1) and shakes to mix. The lysate mixture is loaded onto the cartridge (2) and sealed with the cap. The cartridge is analyzed through a USB analyzer connected to a computer (3), which then displays the results (4) [125]. 
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5.4. Intact Virus Detection


The detection of intact viruses represents a novel alternative to detection of molecular biomarkers with the potential to offer simpler workflows and detection instruments that do not require viral rupture, enzymatic amplification, or temperature control [130]. Direct measurement of viral load, if sufficiently sensitive, offers a path toward initial HIV diagnosis, although it may be most useful for monitoring for the presence of free HIV in the blood due to the failure of ART [131].



Intact viruses can be detected in a label-free manner by leveraging their biophysical properties such as size, charge, weight, and refractive index [132]. A variety of electrical, optical, mechanical, and acoustic-based biosensors have been developed to convert these physical properties into signals. Label-free detection of captured virions provides real-time measurements, a simple assay protocol, and the potential for an inexpensive instrument [133,134].



For example, Li et al. introduced a rapid, label-free biosensing method that through scattering of laser illumination quantifies intact viruses with single-virion resolution from human samples [135]. This PC biosensor enables amplified interferometric scattering between the forward-scattered light and the laser plane wave illumination through an approach called Photonic Resonator Interferometric Scattering Microscopy (PRISM) (Figure 7A). The PC is prepared with immobilized DNA aptamers that specifically bind with outer surface proteins of the target virus (Figure 7B). This approach achieves a LOD of 103 viral copies/mL at room temperature with a single step mix-incubate-read procedure [135].



Inci et al. presented a detection technique utilizing the immobilization of intact HIV virus specific antibodies on a plasmonic biosensor surface for capture and quantitative detection of whole blood samples due to antibody selectivity and specificity at clinically relevant concentrations (Figure 7C) [136]. Spectral analysis was analyzed and upon intact HIV virus binding, peak shifts were recorded. The platform can be used on unprocessed whole blood samples with high detection efficiency and short detection time (1 h for intact virus capture and 10 min for detection and data analysis), with detection of multiple HIV subtypes to a LOD of 98 ± 39 viral copies/mL [136].



There are further approaches for detection of intact viruses’ function by labelling the viruses with fluorescent, chemiluminescent, or nanoparticle tags that facilitate detection and quantitation. For example, Chauhan et al. presented a designer DNA nanostructure (DDN) for selective recognition and high-affinity for intact SARS-CoV-2 virion capturing (Figure 7D). DDNs are net-shaped self-assembling nucleic acid constructs with repeating units that precisely match the pattern of protein features on the virus exterior. Aptamers that specifically bind to the SARS-CoV-2 spike protein reside on each vertex of the net to precisely match the rhombus-shaped patterned spike protein. All aptamers are labeled with a fluorescent molecule that is quenched by a black hole quencher (BHQ-1) “lock” DNA that forms an aptamer-quencher duplex. Fluorescence is generated when the aptamer binds to the spike protein, resulting in a release of the quencher. The resulting fluorescence is read with a compact personal fluorimeter to give a quick SARS-CoV-2 result. This assay is simple, and inexpensive at ~$1.26 per test and had a LOD of 1000 viral genome copies/mL when tested in artificial saliva [137]. Although this method is not designed for HIV intact virus detection, it can be similarly applied to HIV detection by altering the aptamer and net formation to pattern-match an HIV external protein, such as GP-120.



[image: Biosensors 13 00298 g007 550] 





Figure 7. (A) Schematic drawing of the PRISM system for detection of intact captured viruses through interferometric scattering on a PC biosensor surface where the PC is an optically resonant substrate. Inset: Example interferometric with the PC resonance enhanced particle scattering [138]. Images republished under CC BY 4.0 License (https://creativecommons.org/licenses/by/4.0/) accessed on 5 December. (B) Rendering of the PC biosensor surface with example image of a SARS-CoV-2 virion with a 200 nm scale bar [135]. Reprinted with Permission from J. Am. Chem. Soc. Copyright 2021 American Chemical Society. (C) Schematic of nanoplasmonic viral load detection platform. Left: HIV molecules captured on the antibody-immobilized biosensing surface. Right: Rendering of the biosensor surface functionalization [136]. Reprinted with Permission from ACS Nano. Copyright 2013 American Chemical Society. (D) Schematic of viral capture using DDN and fluorescence reading using a compact personal fluorimeter. (1) Rationally designed a DDN based on spike-targeting aptamers that form an array of trimeric clusters and precise rhombus-shaped spike protein pattern matching. (2) The workflow of the DNA net sensor and fluorescent reading with a portable fluorimeter [137]. 
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6. Virus Self-Testing Technologies Emerging from SARS-CoV-2 Diagnostics


In this section, we review the most recent literature for various biodetection approaches that maybe suitable for HIV self-testing use through the experiential lens of rapid POC devices that emerged for the detection of SARS-CoV-2 [139]. Several recent reviews comprehensively discussed the major categories of virus detection technologies, along with their merits and disadvantages [140,141,142,143,144]; hence, these example platforms, benchtop or lab-based assays, and technologies are not covered here. In this review, we specifically focus on several new technologies or improvements to existing approaches that are ether already available OTC for at home/self-monitoring use or amenable for rapid development towards these applications.



The COVID-19 pandemic underscored the imperative need to develop diagnostic devices that can be rapidly deployed en masse to the general population to stop the spread of highly transmissible pathogens. It also highlighted the need to improve upon large-scale manufacturability, test sensitivity, sample-to-answer time, biological sample matrix (e.g., saliva, blood, nasopharyngeal fluid) independence in detection, simplicity of the entire testing process, and testing costs. Inspired by these aspects, we also propose recommendations to bring forth the next generation of HIV self-testing and viral load self-monitoring approaches, integrated devices and miniaturized instrumentation and highlight some of these as below.



As a consequence of the COVID-19 pandemic, there is a growing interest in mobile health platforms, remote patient monitoring technologies, self-monitoring tools, and portable POC systems that can also process patient samples on/in the device in an integrated fashion. For example, the single use RT-PCR device offered by Visby Inc. takes unprocessed bio samples directly and delivers a molecular readout of the presence of a target analyte [145]. A further example is the automated isothermal amplification-based molecular assay from Cue Health Inc. that incorporates a built-in small nasopharyngeal brush for sample collection that, when inserted into the device, initializes downstream RNA extraction, reverse transcription of the viral RNA to cDNA, and finally enzymatic amplification [146]. It is anticipated that these types of sample-to-answer solutions that deliver a reliable result will find expanded use in HIV detection and, more generally, in cost-effective and easy pathogen monitoring needs at-home or POC settings.



As discussed previously, the most commonly used virus detection methods for SARS-CoV-2 and HIV-1 can be classified into three overarching categories, namely (i) direct virus capture (immunofluorescence) or viral protein detection (antigen detection), (ii) indirect detection of antibodies against the viral proteins using serological approaches (ELISA and LFA) after an exposure, and (iii) detection of the viral nucleic acids by RNA/cDNA hybridization and amplification technologies such as isothermal amplification previously discussed; LAMP [147], NASBA [148], RPA [149,150], or RT-PCR amplification. Currently, all of the FDA approved in vitro diagnostics for COVID-19 detection are either antigen tests or molecular assays; for definitive confirmatory diagnosis of recent exposure or active infection is always achieved by RT-PCR. This case also holds true for detection of HIV, in that serological findings are exclusively validated by viral load testing through RT-PCR.



Various biosensing methods exist for the detection of viruses, as reviewed in detail recently [144]. These virus detection techniques can be grouped into electrical sensors (voltammetry, amperometry, field-effect transistor (FET)-based sensors, piezoresistive sensors, electromechanical sensors, and electrochemical sensors), optical sensors (fiber optic fluorescence detection, aptasensors, and colorimetric detection by the use of nanoparticles), and plasmonic methods (LSPR, Raman, and SERS). These techniques are also applicable for use in HIV viral load monitoring and self-detection.



RPA is an isothermal amplification method that uses recombinase enzymes to rapidly amplify nucleic acids without needing an annealing stage as in PCR [150]. Proviral DNA or RNA from multiple subtypes of HIV-1 has been detected via RPA in less than twenty minutes without complex equipment [149]. This RT-RPA HIV-1 assay had a LOD of 10–30 copies of HIV-1. Beyond detecting HIV-1, the assay detected 97.7% (171/175) of HIV-1 major subtypes and recombinant sequence variants, suggesting that RT-RPA application for viral RNA and proviral DNA of HIV-1 may be a highly sensitive at home testing tool for HIV diagnosis.



RT-LAMP and digital-RT-LAMP [151] are evolving low cost, rapid, and quantitative isothermal virus detection platforms that may have utility in HIV-1 viral load monitoring by novice users at POC and at-home settings. The digital RT-LAMP assay takes advantage of massively parallel micro-reactor chamber typically fabricated through microfluidics to create quantitative fluorescence readout from positive samples. A recent improvement of this technology replaces the necessity for fabrication of microchambers used in commercially available track-etched filter membranes with defined pore sizes. The densely packed pores serve as the micro reaction chambers wherein the RT-LAMP reactions take place in a quantitative manner. The evolution of florescence readout can be monitored by inexpensive complementary metal oxide semiconductor (CMOS) cameras or using a smartphone camera interface [140,142,152]. This method does not rely on expensive microfabrication or thermocyclers, while taking advantage of a smartphone as the optical reader, signal processor, and user interface. It produces nucleic acid amplification results comparable to quantitative PCR [153] with similar speeds, and, thus, has potential as a POC device for HIV self-monitoring. This sensing approach can also be further improved by performing blood filtration through the pores of the membrane while carrying out the RT-LAMP within the same pore walls [154].



Molecularly Imprinted Polymers (MIPs) integrated with various sensing technologies such as electrochemical, electroluminescence, fluorescence, cyclic voltammetry is emerging as a promising biodetection technology that is highly suitable as a POC or at-home virus detection tool [155,156,157,158]. MIPs are structural mimics of antibodies and other similar bioanalyte recognition elements. They are also referred to as plastic antibodies since they are formed from functional polymers, can capture analytes with high affinity, but are highly stable, easy to fabricate, and readily integrate into portable device schemes. Recently, MIPs-based electrochemical nanosensors were successfully used to detect SAR-CoV-2 and HIV through a POC diagnostic approach [159].



Among the widely popular LFA format testing devices with optical readout, a new class of Aggregation-Induced Emission (AIE) approach [160] is receiving fresh attention since it has interesting potentials for biodetection for POC use or home/self-monitoring purposes. This sensing approach offers several unique advantages, such as its reduced noise in the nonaggregated state, capability for a dominant optical emission/detection luminescence signal, resistance to photobleaching, and lack of blinking behavior, providing advantages over alternative florescence or luminescence-based optical sensors [160,161].



A compact and filter-free luminescence biosensor utilized Up-Conversion Nanoparticles (UCNP) as reporters to detect several classes of bioanalytes [129]. In this scheme, the optical excitation and detection were temporally modulated so that the luminescence readout is achieved after the excitation source is turned-off as the UCNPs can emit luminesce with time decay after pulse excitation. This clever solution resulted in the benefit of requiring neither expensive excitation and emission filters nor costly optical sensors, as the device could use a smartphone camera as the optical sensor. Furthermore, since there are typically no known luminescence sources in the biological samples, autofluorescence from non-target molecules were eliminated, resulting in a high signal-to-noise ratio detection. This type of an optical detection scheme is highly amenable for cost-effective POC use in HIV self-monitoring.



FET sensors have recently been used for the detection of SARS-CoV-2 manufactured by two main routes: (a) bottom-up fabrication, such as through the use of carbon nanotubes (CNT) [162,163] or graphene [164,165] or other “1D” materials as the sensing layer, and b) silicon-on-isolator (SOI) FET sensor technology. The principle of their operation relies on electrical interaction of the surface charges of these molecules (field effect) with the gate-layer of the FET, resulting in modulation of the current flow between the source and drain contacts of the device. Since these highly sensitive, multiplexable, and mass-producible sensors are fabricated by the conventional top-down CMOS technology, they are expected to be low cost and highly likely to be translated into commercial products for home/self-use purposes. Currently, one of the biggest limitations on achieving such devices is the requirement for a costly and highly complex detection instrument that can be inexpensively manufactured. Most of this type of sensing requires regulated power sources, sensitive electrical readout instruments (impedance analyzer, potentiostats, ammeters, voltmeters, lock-in-amplifiers, signal conditioners). Furthermore, these biosensors are also susceptible to the fundamental limitations imposed by the non-specific interaction issues observed in biologically-based ‘binders’ such as specificity limitations and cross reactivity potentials of antibodies, aptamers, or nucleic acid-based hybridization probes. Despite these limitations, CMOS-compatible FET devices offer many advantages such as scalability, multiplex detection, integration with on-chip sensor, signal processing, and readout circuitry to form highly cost-effective portable devices or system-on-chip (SOC) devices with multiple functionalities that can make them potentially valuable tools in the HIV detection field. They offer real-time and high-sensitivity detection potential in an integrated small form factor device that is highly suitable for novice/untrained users.



The use of magnetic/paramagnetic nanoparticles that are dually functionalized with a target detecting ‘binder’ (antibody, aptamer, nanobody) and an optically reporting signal generating enzyme (horse radish peroxidase, luciferase, alkaline phosphatase) offers interesting opportunities for HIV self-testing applications. For example, virus enrichment from undiluted serum via magnetic virus capture and subsequent electrical signal generation by horse radish peroxidase for SARS-CoV-2 detection in a small form factor device used a commercially available small potentiostat (Sensit Smart, Palmsens Inc, Houten, The Netherlands) that can be inserted into the USB port of a smartphone as seen in Figure 8 [166]. Utilization of these types of off-the-shelf available miniaturized electrical/electronic sensing devices with electrical, electrochemical output (voltammetry, amperometry, electrochemical impedance) capability that can simply be inserted into smartphones or a user’s standard laptop/desktop could find wide utility in POC HIV detection.
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Figure 8. A modular smartphone-based readout scheme (A) for electrochemical detection of SARS-CoV-2 using a custom-made cartridge (B) that plugs into the USB port of the phone. The platform could detect viral N protein-generated amperometric signals from both whole and diluted serum samples reliably (C) at protein concentrations ranging from 0 to 1 ng/mL ((C), below) [166]. The figures reprinted with permission from ACS Sens. Copyright © 2021 American Chemical Society. 
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7. Discussion


This review of existing technologies describes HIV self-testing that can be conducted at home or through POC, similar to those authorized by the FDA for OTC/at-home use for COVID-19. There are several hurdles to overcome that extend beyond the technological aspects. For example, research innovations face a funding gap between early-stage technology development and commercialization that can be filled by government, or private venture, or philanthropic investments. For a technology to gain clinical adoption it must gain support [167] from various components of the healthcare system, including insurance/reimbursement coverage before it becomes established as part of the standard-of-care or part of routine infectious disease monitoring tool for the general public. Hence, there must be willingness to change current medical practices, insurance coverage, the habits of healthcare professionals, improvements in logistical access of the at-risk populations to testing devices, easing of approval processes of such devices by the regulatory agencies, and encouragement of adoption of those devices by the end users.



The goals of the NIH Rapid Acceleration of Diagnostics (RADx) Tech Program [168] is to accelerate the commercialization of promising and innovative POC and home-based tests as well as to improve laboratory-based tests, to detect SARS-CoV-2 directly. Although the products emerging from this program are potentially highly suitable for HIV self-testing at home or POC [169], the vast majority of COVID-19 detection is still performed using decades old RT-qPCR and LFA technologies. Concerningly, many of the newer technologies developed have been considered unsuitable for mass deployment. The underlying causes for this are multi-layered and intricate, ranging from technical issues such as large-scale manufacturability, robustness, reliability, and affordability to difficulties in regulatory approvals and raising funds for commercialization. Nevertheless, these activities currently require ‘self-testing’ with certified results that necessitate the involvement of healthcare professionals for reimbursement, to initiate a treatment, or switch the method of treatments, which diminishes their wide-scale adoption by the end users. Addressing these challenges is critical for the maturation and wide-scale adoption of POC testing-based diagnostic technologies for HIV self-testing.



As a result of the broad push towards tackling these challenges, it will become increasingly important that the requirements for POC/self-testing diagnostic devices are capable of handling multiple sample types and integrate downstream pre-processing workflow, while being self-contained, highly affordable, self-powered, and inexpensively manufactured. To guide these developments and to improve upon the WHO’s ASSURED criteria for optimal devices suitable for POC testing, ease of specimen collection and real-time connectivity properties were added to ASSURED, thus creating the REASSURED criteria [170]. The REASSURED criteria involve real-time connectivity (R), ease of specimen collection (E), affordable (A), sensitive (S), specific (S), user-friendly (U), rapid and robust (R), equipment free or simple (E), and deliverable to end-users (D). Especially after the raised awareness of the importance and acceptability of POC testing in the COVID-19 pandemic by the healthcare professionals, governments, and the general public, having access to such REASSURED devices and their adoption can provide instant actionable data for improved patient outcomes, better infectious disease transmission control and prevention strategies, and ultimately improved quality of life.



More than a decade ago, the biomedical framework “HIV treatment as prevention” began in earnest. It is a highly effective method of HIV prevention, wherein individuals living with HIV who are engaged in care can reduce their HIV viral load to levels undetectable by current laboratory testing standards and eliminate sexual HIV transmission risk to partners [171]. This evidence-based framework has led to public health campaigns promoting “undetectable equals untransmittable,” or “U=U”, to help reduce HIV stigma and promote HIV testing and treatment [172]. Nonetheless, fewer than half of MSM living with HIV are engaged in treatment care, and the U.S. continues to experience more than 35,000 HIV infections yearly [173], requiring combined biomedical and behavioral HIV prevention approaches to be inclusive of HIV-negative individuals.



Complementary care, such as home viral load testing, would help people living with HIV maintain viral suppression, improve overall health, and prevent HIV transmission. In a 2015 online survey of 11,863 U.S. MSM living with HIV, 83% endorsed using a home viral load test if one becomes available [174]. Black and Hispanic/Latino MSM were significantly more likely than White MSM to report suboptimal ART adherence but also more likely to endorse the viral load home test. Developing such a test for use in conjunction with HIV clinical care could turn the tide for individuals who use injectable ART and require verification of viral suppression in between clinical visits, for those who cannot maintain durable viral suppression (e.g., continuous undetectable viral load over a 12-month period), or those who disengage from care and are unable to maintain a consistent viral load monitoring schedule. Advances in biosensor-based HIV self-testing are needed more than ever to stem the tide of HIV, reduce HIV stigma, and reach key populations.
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Figure 1. Summary of the differential characteristics between diagnostic tests performed in laboratory environments compared to self-test diagnostics. 
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Figure 2. (A) Schematic representation of LFA mechanism. At the top: the sample is deposited on the sample pad and migrates towards the reaction membrane. Middle: the labeling probes bind the target analyte and (bottom) complex migrates to the test line, where the probe bound target is captured [28]. (B) Schematic representation of (1): positive and (2): negative outcomes [29]. Not shown are invalid outcomes. 
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Table 1. Summary of HIV self-tests: WHO Prequalified (WHO PQ).
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	Product Name
	Manufacturer
	Specimen
	Time to Result
	Analyte
	Sensitivity/Specificity (95% CI)
	Regulatory Approval





	*
	Wondfo HIV Self-Test [41]
	Guangzhou Wondfo Biotech Co
	WB
	15–30 min
	HIV-1/2 Ab
	95.8%/99.6%
	WHO PQ,



	*
	CheckNOW HIV SELF TEST [42]
	Abbott Rapid Diagnostics
	WB
	15–20 min
	HIV-1/2 Ab
	99.5%/98.5%
	WHO PQ, CE marked



	*
	SURE CHECK® HIV Self-Test [43]
	Chembio Diagnostic Systems
	WB
	15–20 min
	HIV-1/2 Ab
	97%/100%
	WHO PQ, FDA



	*
	Mylan HIV Self Test [44]
	Atomo Diagnostics
	WB
	15–20 min
	HIV-1/2 Ab
	99.8%/99.8%
	WHO PQ



	*
	INSTI® HIV Self Test [45]
	bioLytical Laboratories
	WB
	5 min
	HIV-1/2 Ab
	99.8%/99.5%
	WHO PQ, CE marked



	*
	Exacto HIV self-test [46]
	Biosynex
	WB
	10–20 min
	HIV-1/2 Ab
	100%/99.9%
	CE marked



	*
	Autotest VIH® [7]
	AAZ
	WB
	15–20 min
	HIV-1/2 Ab
	99.86%/99.95%
	WHO PQ, CE marked



	*
	Action! HIV Self-Test [47]
	Chembio Diagnostic Systems
	WB
	10–20 min
	HIV-1/2 Ab & p24 Ag
	99.9%/99.9%
	CE marked



	*
	AtomoRapid HIV Self-Test (3rd) [48]
	Atomo Diagnostics
	WB
	15–20 min
	HIV-1/2 Ab
	99.6%/99.6%
	CE marked



	*
	OraQuick® HIV Self-Test [49]
	OraSure Technologies
	Oral fluid
	20–40 min
	HIV-1/2 Ab
	99.4%/99.0%
	WHO PQ, CE Marked



	*
	Saliteste HIV [50]
	Ebram Product
	WB
	–
	HIV-1/2 Ab
	-/99.8%
	



	*
	AWARETM HIV-1/2 OMT Oral HIV Self Test [51]
	Calyple
	Oral fluid
	20–40 min
	HIV-1/2 Ab
	99.2%/99.9%
	



	**
	HIV 1/2 STAT-PAK [52]
	Chembio Diagnostic Systems
	WB
	15–20 min
	HIV-1/2 Ab
	99.52%/100%
	WHO PQ, FDA



	**
	DPP HIV 1/2 Assay [53,54]
	Chembio Diagnostic Systems
	WB or oral fluid
	30–45 min
	HIV-1/2 Ab
	100%/99.9%
	WHO PQ, FDA CE marked



	**
	SURE CHECK® HIV 1/2 Assay [54,55]
	Chembio Diagnostic Systems
	WB
	15–20 min
	HIV-1/2 Ab
	99.8%/99.9%
	WHO PQ, FDA



	**
	INSTI HIV-1/HIV-2 Antibody Test [56,57]
	BioLytical Laboratories
	WB
	5 min
	HIV-1/2 Ab
	99.6%/99.3%
	WHO PQ, FDA, CE Marked



	**
	Uni-Gold HIV [58]
	Trinity Biotech Manufacturing
	WB
	10–12 min
	HIV-1/2 Ab
	99.76%/99.85%
	WHO PQ



	**
	Genie Fast HIV 1/2 [50,59]
	Bio-Rad
	WB
	10–30 min
	HIV-1/2 Ab
	100%/98.5%
	WHO PQ, CE marked



	**
	MERISCREEN HIV 1-2 WB [60]
	Meril Diagnostics
	WB
	20–30 min
	HIV-1/2 Ab
	99.4%/99.9%
	WHO PQ, CE Marked



	**
	First Response HIV 1-2.O Card test (Version 2.0) [61]
	Premier Medical Corporation Private Limited
	WB
	15–25 min
	HIV-1/2 Ab
	100%/100%
	WHO PQ, CE Marked



	**
	ONE STEP Anti-HIV (1&2) Test [62,63]
	InTec PRODUCTS
	WB
	15–20 min
	HIV-1/2 Ab
	100%/100%
	WHO PQ, CE Marked



	**
	STANDARD Q HIV 1/2 Ab 3-Line Test [64]
	SD Biosensor
	WB
	10–20 min
	HIV-1/2 Ab
	100%/99.3%
	WHO PQ,



	**
	Bioline HIV-1/2 3.0 [65]
	Abbott Diagnostics Korea
	WB
	10–20 min
	HIV-1/2 Ab
	100%/99.9%
	WHO PQ,



	**
	Diagnostic kit for HIV (1 + 2) antibody (colloidal gold) V2 [66]
	Shanghai Kehua Bioengineering
	WB
	15–25 min
	HIV-1/2 Ab
	100%/100%
	WHO PQ,



	**
	OraQuick® HIV 1/2 Advance Rapid Antibody Test [67]
	OraSure Technologies
	WB
	20 min
	HIV-1/2 Ab
	99.1%/99.8%
	WHO PQ, FDA



	**
	Rapid Test for Antibody to HIV (Colloidal Gold Device) [68]
	Beijing Wantai Biological Pharmacy Enterprise
	WB
	15–20 min
	HIV-1/2 Ab
	100%/98.48%
	WHO PQ,



	**
	ABON HIV 1/2/O Tri-Line Human Immunodeficiency Virus Rapid Test Device [69]
	ABON Biopharm
	WB
	10–20 min
	HIV-1/2 Ab
	100%/99.7%
	WHO PQ,



	**
	Determine HIV-1/2 [70]
	Abbott Diagnostics Medical Co
	WB
	15–60 min
	HIV-1/2 Ab
	100%/98.93%
	WHO PQ,



	**
	TrinScreen HIV [71]
	Trinity Biotech Manufacturing
	WB
	10–12 min
	HIV-1/2 Ab
	100%/100%
	WHO PQ,



	**
	Vikia HIV-1/2 [72]
	bioMérieux
	WB
	30 min
	HIV-1/2 Ab
	99.86%/99.95%
	CE marked



	**
	Reveal Rapid HIV-1 Antibody Test [73]
	MedMira
	WB
	Immediate
	HIV-1 Ab
	99.8%/99.1%
	FDA



	**
	iCARE One-Step HIV1&2 Whole Blood/Serum/Plasma Test [74]
	JAL Innovation
	WB
	10 min
	HIV-1/2 Ab
	
	



	-
	Asanté™ HIV-1/2 Oral Fluid Rapid Test [75]
	Sedia
	Oral fluid
	20 min
	HIV1/2 Ab
	
	



	**
	STANDARD Q HIV/Syphilis Combo Test [76]
	SD Biosensor
	WB
	10–20 min
	HIV-1/2 Ab, and syphilis
	100%/99.9% (HIV)

98.8%/100% (Syphilis)
	WHO PQ



	**
	First Response HIV1 + 2/Syphilis Combo Card Test [77]
	Premier Medical Corporation Private Limited
	WB
	15–25 min
	HIV-1/2 Ab, and syphilis
	100%/99.5% (HIV-1/2)

99%/100% (Syphilis)
	WHO PQ



	**
	Bioline HIV/Syphilis Duo [78]
	Abbott Diagnostics Korea
	WB
	15–20 min
	HIV-1/2 Ab, and syphilis
	100%/99.5% (HIV-1/2)

87%/99.5% (Syphilis)
	WHO PQ







* Indicates products intended for use by both professional healthcare and untrained lay users at POC setting. ** Indicates products intended for use by healthcare professionals at POC setting. -Indicates products under development or research purposes only.
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Table 2. Self-sampling products accessible in the market currently.
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	Product Name
	Manufacturer
	Specimen
	Anolyte
	Format
	Regulatory Approval





	*
	Home Access HIV-1 Test System
	Home Access Health Corp
	WB
	HIV-1 Ab
	Dried blood spot
	FDA



	*
	OraQuick In-Home HIV Test
	OraSure Technologies
	Oral fluid
	HIV-1/2 Ab
	Oral fluid
	FDA



	*
	TASSO-M20
	Tasso
	WB
	
	Dried blood spot
	FDA, CE mark



	*
	OneDraw
	DrawBridge Health
	WB
	
	Wet
	FDA, CE marked



	*
	Capitainer qDBS
	Capitainer
	WB
	
	Dried blood spot
	FDA (Filed)



	*
	HemaPEN
	Trajan Scientific and Medical
	WB
	
	Dried blood spot
	



	*
	HemaSpot HF/SE/HD
	Spot on Science
	WB
	
	Dried blood spot
	



	*
	Mitra Blood Collection Device
	Neoteryx
	WB
	
	Dried blood spot
	



	**
	OraSure HIV-1 Oral Specimen Collection Device
	OraSure Technologies
	Oral fluid
	HIV-1 Ab
	Oral fluid
	FDA



	**
	Haiim
	Winnoz
	WB
	
	Wet
	CE mark



	-
	HemaXis DB10
	DBS System
	WB
	
	Dried blood spot
	



	-
	Touch Activated Phlebotomy (TAP) 20CTM
	Seventh Sense Biosystems
	WB
	
	Dried blood spot
	



	-
	TASSO-SST
	Tasso
	WB
	
	Wet
	



	-
	PBS-1000
	PreciHealth
	WB
	
	Wet
	



	-
	Noviplex Cards
	Shimadzu
	WB
	
	Dried plasma spot
	



	-
	Book-Type Dried Plasma Spot Card
	
	WB
	
	Dried plasma spot
	







* Indicates products intended for use by both professional healthcare and untrained lay users at POC setting. ** Indicates products intended for use by healthcare professionals at POC setting. -Indicates products under development or research purposes only.
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