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Abstract: Human Immunodeficiency Virus (HIV) remains a major public health challenge
globally. Recent innovations in diagnostic technology have opened new pathways for
early detection, ongoing monitoring, and more individualized patient care, yet significant
barriers persist in translating these advancements into clinical settings. This review high-
lights the cutting-edge diagnostic methods emerging from basic science research, including
molecular assays, biosensors, and next-generation sequencing, and discusses the practical
and logistical challenges involved in their implementation. By analyzing current trends in
diagnostic techniques and management strategies, we identify critical gaps and propose
integrative approaches to bridge the divide between laboratory innovation and effective
clinical application. This work emphasizes the need for comprehensive education, sup-
portive infrastructure, and multi-disciplinary collaborations to enhance the utility of these
diagnostic innovations in improving outcomes in patients with HIV.

Keywords: biosensing techniques; HIV diagnosis; point-of-care systems; innovation; CRISPR

1. Introduction

Human Immunodeficiency Virus (HIV) continues to represent a significant global
health burden, impacting millions of people and causing life-threatening immune system
breakdown if not treated. Despite advances in antiretroviral treatments (ARTs), which have
increased the survival rates and quality of life of patients with HIV, quick diagnosis and
persistent monitoring are still required for optimal disease management. Early and precise
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diagnosis enables rapid action, lowering the viral load, halting progression to Acquired
Immune Deficiency Syndrome (AIDS), and restricting transmission [1].

Traditional HIV testing methods, though reliable, sometimes fall short in resource-
limited situations, and their sensitivity and specificity vary depending on the stage of
infection. Diagnostic technology advancements, such as molecular assays, biosensors, and
next-generation sequencing, provide new opportunities for improving accuracy, speed, and
accessibility. However, translating these advances into clinical practice offers substantial
hurdles, emphasizing the need for greater convergence between fundamental science and
healthcare delivery [2].

The purpose of this study is to examine current developments in HIV diagnostics,
evaluate the clinical difficulties posed by these technologies, and suggest methods for
successfully incorporating them into clinical settings. This review aims to address real-
world challenges in infrastructure, training, and resource allocation while highlighting the
promise for improving patient outcomes through an examination of molecular, biosensor,
sequencing, and point-of-care diagnostic technologies. In order to direct future research
and make it easier to integrate diagnostic advancements into routine HIV management
procedures, the scope of this study also includes defining the multidisciplinary strategies
and regulations required to overcome these obstacles while emphasizing the importance of
cost-effective diagnostic innovations to enhance accessibility in resource-limited settings
and improve global HIV management.

2. Methodology
2.1. Search Strategy

A comprehensive literature search was conducted across major scientific databases,
including PubMed, Scopus, Web of Science, and Google Scholar, to gather relevant studies
published in the past decade on advancements in HIV diagnostic approaches. The search

v

terms included combinations of keywords such as “HIV diagnostics”, “molecular assays”,
“biosensors”, “next-generation sequencing”, “point-of-care testing”, “clinical translation”,
and “implementation challenges”. Filters were applied to include only peer-reviewed
articles, review papers, and clinical guidelines published in English. Studies were further
selected based on relevance, focusing on innovations in HIV diagnostics, barriers to clinical
implementation, and strategies for bridging the gap between laboratory research and
clinical application. Additional sources were reviewed from the references of selected
papers to ensure comprehensive coverage of emerging technologies and practical challenges

in HIV management.

2.2. Study Selection

The selection criteria for this review required studies to be published between 2012
and 2024. Eligible articles included only meta-analyses, clinical trials, and systematic
reviews, ensuring the inclusion of high-quality evidence. Additionally, all studies had to be
published in English and undergo peer review to maintain research reliability. The articles
selected focused on advancements in HIV diagnostics, barriers to clinical implementation,
and strategies for bridging the gap between laboratory research and clinical application.
Studies that did not meet these requirements, such as conference abstracts, opinion pieces,
or non-peer-reviewed publications, were excluded from consideration (Figure 1).
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Total records identified from
databases (Scopus, Pubmed, Web
of Science)

(n=2221)

Additional Searched (n= 60)

Same Diagnostic Techniques

Duplicate records removed

=851)

used (n=1352)

Records screened

(n="78) .

Records Excluded

Published not peer reviewed (n=19)
Conferrence papers, book chapters,
books (n = 16)

(n=43)

Records evaluated for eligibility .

By title out of scope (8)
By content incomplete informatiom

Q)

Studies included in the review (n= 28)

Figure 1. Illustrates the structured flowchart used to outline the study selection process for this

review.

3. Diagnostic Innovations in HIV

Table 1 presents advancements in HIV diagnostic techniques, outlining the progression

from foundational to advanced methods with corresponding references and estimated

time periods.

Table 1. This table highlights advancements in diagnostic techniques for HIV, progressing from

foundational to advanced methods, along with references and approximate time periods for each.

Diagnostic Technique Description References Time Period
ELISA (Enzyme-Linked Detects HIV antibodies in blood samples, 3] Earlv 1980s
Immunosorbent Assay) providing first lab-based serological test for HIV y
Confirmatory test for HIV, identifying specific -

Western Blot HIV proteins via antibody binding [4] Mid-1980s
Quick detection of HIV antibodies using

Rapid Antibody Tests fingerstick blood or oral fluids, e.g., OraQuick [5] Early 2000s
HIV test

NAT (Nucleic Acid Testing) Directly det'ects HIV RNA in k'Jlood, useful for 5] 20005
early detection and confirmation
Identifies HIV DNA /RNA in blood, especially

PCR (Polymerase Chain Reaction) valuable in early detection and viral load [6] 1990s

assessment
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Table 1. Cont.

Diagnostic Technique

Description References Time Period

qPCR (Quantitative PCR)

Quantifies HIV viral load in blood to monitor

treatment effectiveness and disease progression [7] Early 2000s

Multiplex Testing

Combines HIV antibody and antigen detection
to increase sensitivity, identifying both acute and [8] 2010s
chronic infections

Miniaturized diagnostics integrating multiple

Lab-on-a-Chip and Microfluidics assays for rapid POC HIV testing, e.g., [9] 2010s—present

CD4+ counts

High-throughput sequencing allowing detailed

NGS (Next-Generation Sequencing) HIV genetic analysis, detecting drug resistance [10] Late 2000s—present

and viral diversity

Biosensors

Detects HIV antigens/antibodies or nucleic acids
with portable sensors for POC, enabling rapid [11] 2010s—present
results

CRISPR-Based Diagnostics

Gene-editing technology adapted to detect HIV
nucleic acids with high sensitivity, e.g., [12] 2016—present
SHERLOCK assay

Machine Learning and Al

Analyzes large genomic datasets to predict HIV
drug resistance patterns, optimizing treatment [13] 2020s—present
regimens

3.1. Molecular Assays

Molecular assays have become essential in HIV diagnoses due to their excellent
sensitivity and specificity, particularly in identifying low viral loads and enabling early
diagnosis. Advances in molecular diagnostics, such as polymerase chain reaction (PCR) and
real-time quantitative PCR, have greatly improved the ability to detect and quantify HIV
RNA in clinical samples. These technologies enable accurate diagnosis, even in early-stage
or acute HIV infections, where antibody-based testing may be ineffective [14].

3.1.1. Polymerase Chain Reaction (PCR) Developments

Polymerase chain reaction (PCR) has advanced significantly in HIV diagnosis, mostly
through improvements that improve sensitivity and adaptability to clinical circumstances.
PCR enables the amplification of HIV-specific nucleic acids, which allows the virus to be
detected before the immune system produces antibodies. This is especially important in
cases of acute HIV infection, because early treatment can prevent rapid disease development
and lower transmission rates. PCR-based diagnostics can now detect and quantify HIV
RNA with high specificity, providing a strong tool for monitoring viral load in patients
undergoing antiretroviral therapy (ART). Advances in PCR technology, including nested
PCR and ultra-sensitive PCR tests, have enhanced the detection of viral reservoirs, thereby
adding to research on HIV latency and prospective curative techniques [15].

3.1.2. Real-Time Quantitative PCR (qPCR)

Real-time quantitative PCR (qPCR) has enhanced the use of molecular tests in HIV
management. Unlike conventional PCR, qPCR enables the real-time monitoring of am-
plified DNA, yielding both qualitative and quantitative information about viral load in a
single test. This quantitative feature is crucial in guiding ART since it measures treatment
efficacy and monitors medication resistance. qPCR is also highly sensitive, capable of
identifying trace amounts of viral RNA, increasing HIV detection accuracy, and reducing
false negative results. gPCR technology has evolved to accommodate high-throughput test-
ing, which is critical for large-scale epidemiological research and addressing high-demand
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environments such as urban clinics and hospitals in HIV-endemic areas [16]. Quantitative
PCR (qPCR) is important in HIV-1 cure research because it enables accurate detection
and quantification of the virus’s latent reservoir, which persists even after ART. Q4PCR,
a unique multiplex qPCR technique, targets four separate sections of the HIV-1 genome
in a single reaction: the packaging signal (PS), gag, pol, and env. This approach improves
sensitivity and specificity by validating positive results using next-generation sequencing
(NGS). Combining the qPCR and NGS techniques provides a high-throughput, unbiased
reservoir analysis, which is critical for evaluating and developing curative options for HIV-1
elimination or silence [7]. Advances in molecular qPCR constitute a huge step forward
in HIV diagnosis. To fully realize the potential of these technologies, problems such as
cost, infrastructure needs, and the need for skilled staff must be addressed, particularly
in resource-constrained environments. Overcoming these limitations will be critical to
increasing the availability of these tests and guaranteeing successful HIV management
worldwide.

3.1.3. Nucleic Acid Testing (NAT)

Nucleic Acid Testing (NAT) plays a pivotal role in the diagnosis of HIV by detecting the
virus’s genetic material (RNA or DNA), allowing for earlier detections than conventional
antibody-based methods. NAT can identify HIV infection within days, even during the
“window period” before antibodies are detectable. This early detection capability is critical
for timely intervention, especially since individuals with acute HIV infection exhibit high
viral loads and are more likely to transmit the virus. NAT also offers high sensitivity and
specificity, ensuring accurate results and minimizing false positives and negatives, which is
particularly important in blood screening to prevent transfusion-transmitted infections [17].

Beyond initial diagnosis, NAT is essential for monitoring viral load in patients with
HIV undergoing antiretroviral therapy (ART), providing data on treatment efficacy by
measuring viral RNA levels in the bloodstream. Additionally, NAT can detect various HIV
subtypes, enhancing diagnostic accuracy in regions with diverse strains. This adaptability
is also vital in high-risk populations, such as individuals on pre-exposure prophylaxis
(PrEP) or those recently exposed, where NAT’s sensitivity can detect low-level infections
often missed by standard tests. For infants born to mothers who are HIV positive, NAT is
indispensable as it bypasses interference from maternal antibodies, enabling early diagnosis
and prompt treatment [7].

3.2. Biosensors and Lab-on-a-Chip Technologies

Biosensors and lab-on-a-chip technologies have made significant advances in HIV
diagnoses by allowing rapid, sensitive, and portable testing. These systems integrate bio-
logical detecting components with electrical or optical sensors, enabling the identification
of HIV biomarkers such as antigens and antibodies in small sample volumes. Lab-on-a-chip
technology reduces complex laboratory processes to a single chip capable of carrying out
several experiments at the same time. This strategy is especially effective in low-resource
environments where typical lab facilities are restricted, as it shortens the testing time, lowers
costs, and eliminates the need for specialized equipment. Recent advances have resulted in
biosensors that can detect low viral loads with excellent specificity, making them ideal for
early HIV diagnosis and surveillance in a variety of clinical and field situations [18].

Researchers have leveraged microfluidic technology within lab-on-a-chip platforms
to enhance point-of-care (POC) HIV diagnostics with promising outcomes. Mauk et al.
demonstrated successful applications of microfluidics for HIV POC testing [19]. Glynn
et al. introduced a microfluidic chip that uses CD4+ cell counts, utilizing magnetophoresis
to detect HIV infection and AIDS [20]. This chip, with a high capture efficiency of 93%,
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enables manual operation without requiring an external pump, thus simplifying its use
in diverse settings. Similarly, Liu et al. developed a microfluidic chip based on CD4+ cell
counts combined with immunomagnetic separation. Unlike traditional methods, this chip
quantifies CD4+ cells by DNA content, yielding precise results from as little as 10 pL of
whole blood, closely matching standard flow cytometry analysis. Following this approach,
the Alere Pima™ CD4 system was introduced in 2010, delivering reliable CD4+ counts
within 20 min, demonstrating the lab-on-a-chip technology’s potential to streamline HIV
diagnostics and expand access to essential testing in various healthcare environments [21].

3.3. Next-Generation Sequencing

Next-generation sequencing (NGS) has changed HIV research and diagnoses by allow-
ing a thorough investigation of the viral genome. Unlike traditional sequencing approaches,
NGS offers high-throughput, accurate, and cost-effective sequencing, allowing researchers
to analyze vast parts of the HIV genome at once. NGS is effective at detecting small viral
changes and drug-resistant viruses, making it useful for personalized treatment planning
and efficacy monitoring [22].

Emerging diagnostic technologies, including nanotechnology, microfluidics, omics
sciences, NGS, genomics big data, and machine learning, hold significant promise for
achieving the UNAIDS 95-95-95 targets to end the HIV epidemic by 2030. These innovations
encompass multiplexed diagnostics like biomarker-based point-of-care tests, molecular
platforms, combination antibody—antigen assays, dried blood spot testing, and self-testing
methods. Although antibody-based rapid tests have dominated HIV diagnostics since the
first test was developed in the mid-1980s, newer targets such as nucleic acids and genes are
now leveraged in nanomedicine, biosensors, microfluidics, and omics approaches, enabling
earlier and more precise HIV detection. These technologies are favored for their ease of
use, high diagnostic accuracy, speed, and ability to detect HIV-specific markers. However,
further clinical and implementation research is needed to validate these approaches, and a
public health framework will be essential to overcome clinical and operational challenges
for their broader deployment [14].

3.4. Point-of-Care Testing: Rapid Antigen and Antibody Testing

Point-of-care (POC) testing has grown in popularity in HIV diagnostics due to its
ease of use and quick turnaround time. Rapid antigen and antibody tests are commonly
employed at the point of service to screen and diagnose HIV infection. These tests detect
the HIV p24 antigen and/or antibodies and often give results within 15-20 min. The dual-
detection capability boosts sensitivity, allowing for earlier diagnosis than antibody-only
assays. POC tests are especially useful in community and rural health settings, where quick
results enable timely counseling, referral to care, and ART initiation [23].

The use of oral fluids to detect HIV antibodies is a handy and non-invasive sampling
procedure that improves patient acceptability. The US FDA has approved many lateral
flow immunoassays (LFIAs), including the OraQuick Advance Rapid HIV-1/2 antibody
test, for detecting HIV antibodies in a variety of sample types, including fingerstick blood,
venipuncture blood, plasma, and oral fluids. OraQuick, which was first approved for
professional use in 2004, was later certified for over-the-counter use with oral fluid in 2012,
giving it an enticing choice for those who prefer private testing at home rather than public
health facilities. Additionally, oral fluid sampling reduces healthcare workers” exposure to
bloodborne infections [24].

Although fast oral fluid-based HIV tests are useful, they have limitations. According to
a meta-analysis, utilizing oral fluid reduced the sensitivity of the OraQuick test by about 2%
compared to using fingerstick blood [25]. According to a Nigerian cohort study employing
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the Avioq HIV-1 Microelisa technology, there is also less sensitivity in detecting antibodies
in oral fluid, particularly shortly after HIV infection. The study discovered that among
14 seroconverters, 35.7% exhibited consistent findings between plasma and oral fluid at
all time points, whereas 64.3% had plasma reactivity before oral fluid specimens during
early infection. The median delay between plasma and oral fluid reactivity was 29 days
(p < 0.0039), with a significant difference of 69.5 days compared to RNA testing. Delayed
antibody responses in oral fluid testing were detected independent of viral load or HIV
subtypes, indicating that oral fluid testing is less sensitive than plasma-based techniques in
the early stages of HIV infection. These findings highlight the limits of oral fluid testing
in identifying HIV during early infection, particularly in individuals at increased risk of
incidental HIV infection, and they highlight the need for caution when employing oral
fluid testing in such settings [26]. The OraQuick test may miss HIV-1 infections on occasion
due to poorer sensitivity than blood-based laboratory tests and variances in operator
proficiency. Rapid HIV antibody testing may also fail to detect acute, early infections when
the transmission risk is the greatest [24]. Despite these limitations, the OraQuick oral fluid
test underscores the LFIA platform’s potential for non-blood sample testing in home and
resource-limited settings, similar to home pregnancy or drug abuse tests using urine.

3.5. CRISPR-Based Diagnostics for HIV

CRISPR-based HIV diagnostics have emerged as a viable tool because of their high
sensitivity, specificity, and flexibility. The CRISPR (Clustered Regularly Interspaced Short
Palindromic Repeats) system, which is usually used for gene editing, can be modified
to recognize specific nucleic acid sequences. CRISPR technology has been used in HIV
diagnostics with systems such as CRISPR-Cas12 and CRISPR-Cas13, which can target and
bind to HIV RNA or DNA sequences, triggering collateral cleavage activity that provides a
detectable fluorescence signal when the viral genome is present [12].

The SHERLOCK (Specific High-Sensitivity Enzymatic Reporter UnLOCKing) plat-
form, which is based on CRISPR-Casl13a, is an outstanding example. SHERLOCK detects
small amounts of viral RNA by first amplifying the target nucleic acid with recombinase
polymerase amplification (RPA) and then cleaving it with Cas13. This approach has demon-
strated great sensitivity and specificity in identifying HIV, even at low viral loads, making
it appropriate for early-stage infection diagnosis [27].

Another technique, the DETECTR (DNA Endonuclease-Targeted CRISPR Trans Re-
porter) technology, uses Cas12 to selectively target HIV DNA sequences. This technology
has shown comparable sensitivity and is especially suitable for point-of-care (POC) test-
ing, giving immediate, real-time findings. The Cas12-based approach was examined for
detecting HIV in a range of clinical samples, and its ability to rapidly distinguish between
distinct viral strains was a significant advantage for resource-limited situations [28].

Recent research has also focused on merging CRISPR diagnostics with microfluidics
to produce lab-on-a-chip devices capable of automated sample processing and readout.
This integration is intended to make CRISPR diagnostics more accessible and user-friendly,
particularly in low-resource situations where standard laboratory facilities may be con-
strained [29].

Overall, CRISPR-based HIV diagnostic approaches have the potential to transform
HIV testing by making it faster, cheaper, and more accessible while retaining high accuracy.
However, clinical validation and regulatory approval are still needed before widespread
adoption [30].
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3.6. Machine Learning and Al for HIV Diagnosis

Machine learning (ML) and artificial intelligence (Al) are rapidly being used in HIV
diagnostics to improve detection accuracy, forecast disease progression, and optimize
treatment regimens. These tools can find patterns and anticipate outcomes that standard
diagnostic procedures may not detect.

3.6.1. Predictive Modeling for HIV Diagnosis and Progression

Machine learning models have been used to accurately predict HIV diagnosis and
disease progression by analyzing electronic health records (EHRs), genetic data, and patient
history. Wiewel et al. used machine learning algorithms to analyze data on patients with
HIV and forecast which patients will have quicker disease progression based on baseline
features and biomarkers. These models can aid doctors in making personalized treatment
decisions and implementing early intervention measures for patients which are at risk [31].

3.6.2. Diagnostic Accuracy and Rapid Screening

Al and machine learning (ML) approaches are improving the speed and accuracy of
HIV tests, particularly in point-of-care settings. Image recognition models may be used to
automate the examination of diagnostic test findings, such as lateral flow assays (LFAs), by
accurately analyzing test lines and deciding whether the results are positive or negative.
Studies have demonstrated that these machine learning-driven solutions can even beat
human interpretation in terms of precision, helping to eliminate human error and enable
precise diagnosis in resource-limited environments [32].

3.6.3. Alin HIV Screening and Early Detection

Al has also shown potential in diagnosing early HIV infection by analyzing patterns
in standard blood test data, which are typically accessible before particular HIV tests are
performed. This technique has the potential to increase early diagnosis rates, particularly
in high-risk populations, by identifying instances that require further testing. Barrios et al.
used machine learning algorithms for normal lab data to discriminate between early HIV
infection and other non-HIV illnesses, minimizing diagnostic delays and perhaps restricting
transmission [14].

3.7. Limitations in HIV Diagnostic Approaches

HIV diagnostic techniques have drawbacks, such as sensitivity gaps, where early
infections or low viral loads go unnoticed, and latency difficulties, which delay diagnosis
owing to the detection window. Furthermore, resource restrictions such as high expendi-
tures, infrastructure demands, and requirements for qualified people impede accessibility,
particularly in resource-limited areas [33].

3.7.1. Sensitivity Gaps

Many diagnostic methods, such as ELISA and Rapid Antibody Tests, are unable to
identify HIV during the acute phase due to low antibody levels in the detection window
period, resulting in false negatives. Traditional approaches, such as Western blot, also
struggle to detect HIV in early infections, resulting in delays in proper diagnosis. Even
modern techniques, such as NAT and qPCR, may have difficulty detecting the virus when
the viral load is exceedingly low, particularly in individuals on antiretroviral treatment
(ART) [34].

3.7.2. Latency Issues

Most antibody-based tests, such as ELISAs and rapid tests, rely on the development of
detectable antibodies, which might take weeks after infection, causing delays in diagnosis.
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Advanced technologies such as PCR and NGS need extensive processing periods, which
further delay diagnosis and treatment. Additionally, existing diagnostic methods have
difficulty finding latent HIV in viral reservoirs, which is important for effective treatment
and cure programs [33].

3.7.3. Resource Constraints

Advanced diagnostics, such as qPCR, NGS, and CRISPR-based technologies, are pro-
hibitively expensive, limiting access in low-income areas, whereas tools such as NAT and
multiplex testing necessitate sophisticated laboratory infrastructure, dependable electricity,
and trained personnel, which are frequently unavailable in underserved communities.
Dependence on specialized chemicals complicates logistics and raises costs, while tech-
nologies such as machine learning-based diagnostics and biosensors need highly qualified
workers for operation and maintenance [35].

3.7.4. Cost-Effective Diagnostic Innovations for Resource-Limited Settings

Cost-effective and scalable diagnostics, such as point-of-care (POC) testing, provide
speedy and reliable findings without the need for specialized laboratories [36]. Affordable
technologies such as microfluidic assays and isothermal amplification have demonstrated
promise for low-cost HIV detection, particularly when linked with public health programs
to increase early detection and monitoring. Additionally, diagnostics capable of detect-
ing diverse HIV subtypes ensure equitable access to accurate results worldwide. These
advancements are vital for achieving global HIV elimination goals [1].

4. Challenges in Clinical Translation

The clinical translation of improved HIV diagnostics confronts a number of difficulties
that limit their inclusion into ordinary practice. These include logistic, economic, and
infrastructure challenges, as well as concerns about patient accessibility, acceptability, and
training providers. Each of these barriers has a significant impact on the practical use of
innovative technology in real-world contexts [37].

4.1. Logistic Barriers

Logistic challenges in deploying sophisticated HIV diagnostic methods include the
need for specialized equipment, storage needs, and supply chain consistency, particularly
in resource-constrained situations. Certain diagnostic methods, such as point-of-care
(POC) nucleic acid amplification assays, are challenging to scale in places without reliable
electricity or refrigeration. Furthermore, problems with sample transit and processing in
remote places cause delays and probable deterioration, compromising test accuracy and
rapid diagnosis [36]. To overcome these constraints, studies emphasize the importance of
regionally specialized logistic planning and resource allocation [5].

Managing Logistic Barriers in HIV Diagnostics

Table 2 illustrates a holistic strategy for addressing the logistic challenges commonly
encountered in HIV diagnostic services.

Managing logistic hurdles in HIV testing is crucial to improving patient outcomes and
meeting public health objectives. Common logistic problems include estimating diagnostic
requirements, obtaining testing kits and equipment, and ensuring a steady supply chain.
Strategies for overcoming these hurdles are being introduced in high-burden regions, fre-
quently with the help of initiatives such as PEPFAR (President’s Emergency Plan for AIDS
Relief). These activities are aimed at anticipating supply demands, optimizing procurement
procedures, and guaranteeing the safe storage and efficient delivery of HIV tests. Effective
supply chain management systems, such as those created by Global Health Supply Chain
(GHSC) programs, are required to meet diagnostic demand. These systems use technology
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that enables the real-time tracking of HIV diagnostic materials at many levels, ranging
from central warehouses to health clinics. Furthermore, data-driven decision-making tech-
nologies help to prevent stockouts by allocating resources based on demand and predicted
usage rates [5,36].

Table 2. This table illustrates a comprehensive approach to overcoming logistic barriers that often
complicate HIV diagnostic services [5,36,37].

Managing Logistical Barriers in HIV Diagnostics

Resource Supply Chain Training and Quality Data Evaluate and
Identify Barriers Allocation and pp7y L Capacity Assurance and Management and
A Optimization g . . Adapt
Prioritization Building Monitoring Reporting
Input Input Input Input Input Input Input
List of logistical
challenges (e.g., i .
limited Identlfle.d barriers  Data on loc.al List of required Established Patient and .
. and available supply chain - gy . - Ongoing data
transportation, skills and training protocols for diagnostic data, -
et resources challenges . from monitoring,
distribution . . gaps among quality control resource usage, .
. (funding, (supplier delays, : - . quality checks,
issues, lack of healthcare and diagnostic and operational
; personnel, and regulatory and resource use.
trained personnel, . . personnel. standards. reports.
. equipment). requirements).
equipment
shortages).
Process Process Process Process Process Process Process
Implement Review and
Conduct needs Prioritize Partner with local =~ Develop tailored P . . assess logistical
- . . - . routine quality Use centralized
assessment in high-need regions  suppliers, training programs strategy
. O L . checks and databases to track )
target regions, or facilities, optimize routes, for operating . effectiveness,
L . . . . real-time results, manage .
examining allocating and work with diagnostic . . . adjust resource
. . . ; monitoring using  patient .
barriers specific resources based logistics experts equipment, . : . allocation,
. . . . digital tools to information, and L.
to transportation,  on severity of to streamline sample handling, . . D training, or
. . . track diagnostic analyze logistical .
infrastructure, constraints and transport and and patient data supply chain
- T accuracy and performance.
and resources. population needs.  distribution. management. . . processes as
service delivery.
needed.
Output Output Output Output Output Output Output
Trained Quality . Updated logistics
workforce controlled Comprehensive .
. . . model with
Detailed report of ~ Resource Optimized capable of processes and reporting on .
- . P . . . O continuous
logistical allocation plan for  distribution handling reliable diagnostic impact, .

. . . . . . improvements for
constraints by phased routes and diagnostic diagnostics, with  resource use, and scaling and
region or facility. implementation. schedules. procedures and performance data  areas for logistical re lic§tin in

equipment for continuous refinement. P 'S
. . other regions.
efficiently. improvement.

4.2. Economic and Infrastructural Constraints

Economic constraints limit access to high-cost diagnostic tools, since healthcare funds
in many places prioritize other pressing health needs. Furthermore, maintaining diag-
nostic infrastructure, which includes equipment and reagents for procedures such as
next-generation sequencing and CRISPR-based diagnostics, can be prohibitively expensive.
According to Zhang et al., modern diagnostic instruments frequently demand large initial
investments, and the expense of operation and maintenance might strain limited resources,
rendering them unsuitable for long-term usage in low- and middle-income nations [38].
Infrastructure deficiencies in laboratory facilities, particularly in rural locations, restrict the
scalability of these technologies [39].

4.3. Patient Accessibility and Acceptability Issues

Ensuring that patients have access to and are willing to employ new diagnostics is a
major hurdle. Diagnostics that need several visits to the clinic or sophisticated procedures
are less likely to be accepted by patients, especially in rural locations where travel to
healthcare facilities can be costly and time-consuming. Additionally, the stigma associated
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with HIV testing may discourage people from seeking care [40]. For example, Zeleke
et al. found that patients preferred home-based testing and self-testing owing to privacy
concerns, but the lack of understanding about these alternatives remains a barrier [41].

4.4. Education and Training Gaps

Healthcare professionals must be educated to utilize and interpret data from inno-
vative diagnostic instruments for successful clinical deployment, which can be difficult
in resource-constrained areas. Training gaps are widespread in developing technologies
such as molecular diagnostics and point-of-care testing, where a shortage of competent
workers can result in improper use and interpretation of data. According to Avila-Rios
et al., continual education and organized training programs are required to ensure that
healthcare practitioners are proficient in the operational and interpretative components of
sophisticated HIV diagnoses. Without properly educated workers, the benefits of these
technologies cannot be fully realized, and healthcare results may suffer [22].

Addressing these challenges needs a multidimensional approach that includes in-
vestments in infrastructure, training, and community engagement, as well as legislative
support, to make modern HIV tests more accessible and sustainable in a variety of health-
care settings [42].

5. Bridging the Gap: Strategies for Integration

Innovative HIV diagnostics must be integrated into healthcare systems through strate-
gic efforts that include cross-disciplinary collaboration, infrastructure and technology
investment, comprehensive healthcare training, and supporting public health policies.
Addressing each of these components can help to fill the gap between technological devel-
opments and practical, accessible HIV care [43] (Table 3).

Table 3. This table provides an overview of key strategies for bridging the gap in HIV diagnostics,
focusing on integrating innovative approaches into healthcare systems.

Strategy

Description References

Interdisciplinary Collaboration

Collaboration among healthcare providers, researchers,
and policymakers fosters innovation and translates [44]
research into clinical practice.

Building diagnostic infrastructure and investing in

Infrastructure and Technological Investment technologies like point-of-care testing and mobile health [45]

units expand reach and reliability.

Equipping healthcare workers with updated skills

Healthcare Professional Training and Education  through training in diagnostics, patient handling, and [46]

emerging technologies enhances service delivery.

Public Health Policies and Supportive

Frameworks

Establishing supportive policies, including funding for
diagnostics and patient access programs, ensures [47]
sustainable health outcomes and continuity of care.

5.1. Interdisciplinary Collaboration

Interdisciplinary collaboration among scientists, doctors, public health authorities,
and politicians is required to integrate novel HIV tests. Collaboration enables the trans-
lation of research results into healthcare solutions that address real-world requirements.
According to Grossman et al., strong collaborations between laboratory scientists and
clinicians have accelerated the adoption of diagnostic innovations, such as molecular-based
HIV tests, by enabling real-time feedback and ensuring that technologies are appropriate
for a variety of healthcare settings [44]. This collaborative approach allows for the cus-
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tomization of diagnostics to meet the demands of certain populations, such as those in
resource-limited areas.

5.2. Infrastructure and Technological Investment

To adopt HIV diagnostics effectively, healthcare institutions must have infrastructure
that supports modern technologies like next-generation sequencing and Al-driven tools.
Investments in strong laboratory infrastructure, data storage, and internet connectivity are
critical, especially in low- and middle-income nations. Han et al. emphasized the need
for long-term technical investment in diagnostic facilities, which improves access to and
accuracy of HIV testing over time [45]. Furthermore, donor funding and government expen-
ditures can help underserved regions deploy and sustain innovative diagnostic technology.

5.3. Healthcare Professional Training and Education

A skilled staff is essential for efficiently implementing novel HIV diagnoses. Train-
ing programs must be established to give healthcare personnel the skills necessary for
sophisticated diagnostics, such as data interpretation for Al-assisted testing. Kennedy
et al. discovered that the quality of training offered to healthcare workers has a substantial
impact on the effectiveness of novel HIV detection methods, which require continual educa-
tion to keep up with fast advancing technology [46]. Training programs customized to local
healthcare contexts can help encourage long-term integration by providing professionals
with the appropriate skills and knowledge.

5.4. Public Health Policies and Supportive Frameworks

Supportive public health policies are critical in the integration of innovative diagnos-
tics, encouraging wider usage through regulatory backing and financing. Policies that
support new diagnostics in regular HIV screening and monitoring can help assure that
these techniques are included in standard care practices. UNAIDS and the World Health
Organization have both said that supporting frameworks should include incentives for
diagnostic innovation, expediting regulatory processes, and encouraging global health
collaborations [47]. Public health policies can also help to remove obstacles to access by
promoting equal allocation of resources and diagnostics in underprivileged populations.

6. Future Directions and Emerging Technologies

Future trends in HIV diagnosis and treatment focus on creating technologies that
are quicker, more accurate, and usable in a wide range of healthcare settings. Emerging
technologies are poised to overcome present obstacles in early identification, monitor-
ing, and treatment response, all while enabling decentralized and patient-centered care.
CRISPR-based diagnostics, Al-powered diagnostic algorithms, and biosensor technology
developments are among the key innovations in HIV diagnoses and therapy that are being
investigated [48,49].

6.1. CRISPR-Based Diagnostics

CRISPR technology, which was originally designed as a tool for gene editing, has
now evolved into diagnostics with the promise for high specificity and sensitivity in
HIV detection. CRISPR-based diagnostic tools may identify particular sequences of HIV
RNA or DNA in patient samples, allowing for fast identification of the virus even at
low levels. These techniques are useful for tracking HIV reservoirs and detecting growing
treatment resistance, making them a viable tool for personalized care. As CRISPR diagnostic
techniques improve, their low cost and quick outcomes may make them useful in point-of-
care (POC) settings in resource-constrained locations [50].
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6.2. Al-Powered Diagnostic Algorithms

Artificial intelligence (AI) has shown great promise for analyzing massive datasets
and detecting patterns that might improve HIV diagnosis. Machine learning algorithms
based on clinical and genomic data may enhance early detection and treatment outcomes,
allowing for more tailored therapies. Al applications in HIV research include discover-
ing genetic indicators for disease progression, aiding in medication development, and
improving clinical decision-making procedures. Research is undertaken to guarantee that
Al models can be installed on portable devices and are compatible with proof-of-concept
testing, making diagnostics more accessible [51].

6.3. Advancements in Biosensor Technology

Biosensors, particularly lab-on-a-chip (LOC) technology, continue to progress, allow-
ing for quick and portable HIV testing. These miniature platforms enable the very sensitive
detection of HIV antibodies, antigens, and viral RNA/DNA from tiny samples, such as
blood and oral secretions. Emerging LOC technologies are intended to be user-friendly and
operable by non-specialists, with accurate findings delivered in less than an hour. With
further improvement, biosensors can enable at-home HIV testing and enhance diagnosis in
rural areas where access to healthcare institutions is limited [34].

6.4. Nanotechnology and Next-Generation Sequencing (NGS)

Nanotechnology has enormous potential for HIV diagnostics, with nanoscale sen-
sors enabling the ultra-sensitive detection of virus particles. When combined with NGS,
nanotechnology-based technologies may identify trace levels of HIV nucleic acids, even dur-
ing acute infection phases, and track viral changes that confer medication resistance. These
technologies provide comprehensive HIV genotyping, which allow accurate treatment
regimens and real-time monitoring, making the treatment a success [52].

6.5. Integrative Platforms and Telemedicine

With the growth of digital health, integrated diagnostic platforms paired with
telemedicine can let patients receive continuous HIV care remotely. These systems in-
tend to deliver diagnostic findings directly to patients or healthcare practitioners, followed
by teleconsultations for treatment planning. This method is especially useful for persons
living in remote regions or who are hesitant to attend clinics in person owing to social
stigma. As telemedicine becomes more incorporated into HIV care, it has the potential to
close gaps in follow-up and adherence, resulting in better patient outcomes [53].

6.6. Future Directions: Emphasis on Management

The future of HIV diagnostics should focus on enhancing clinical management by
monitoring disease progression, detecting drug resistance, and optimizing antiretroviral
therapy (ART) [33]. Advanced tools like ultrasensitive assays and next-generation sequenc-
ing support long-term care, treatment adherence, and public health surveillance, ensuring
a broader impact on patient outcomes and global HIV control efforts [54].

6.7. Future Directions

Future advances will most likely focus on extending diagnostic availability, improving
mobility, lowering prices, and incorporating HIV tests into general healthcare processes.
Continued multidisciplinary research, supporting public health policies, and infrastructure
expenditures will be critical to ensure that new technologies reach those in need and
advance the worldwide HIV pandemic control effort.



Life 2025, 15, 209 14 0f 16

7. Conclusions

Innovative diagnostic techniques, such as CRISPR-based tools, Al applications, and
lab-on-a-chip technologies, are changing HIV care by bridging the gap between fundamen-
tal research and clinical practice. These technologies offer more accuracy, faster outcomes,
and broader accessibility, particularly in resource-constrained environments. However,
hurdles persist, including logistic, economic, and educational constraints that must be
overcome in order to completely incorporate these technologies into global HIV treatment
systems. Strategic collaborations and investment are required to guarantee that these
innovations reach those who need them the most, thereby contributing to the broader
objective of ending the HIV pandemic and improving patient outcomes.

Author Contributions: Conceptualization, AAM.A.B., S.J., PK.P. and A K.S.; methodology, M.A.,
RHE, E.ALO. and RK.C; software, S.A,; validation, E.A.L.O., S.A. and FZ.; formal analysis, AM.A;
investigation, M.G.S.; resources, M.A.; data curation, PK.P,; writing—original draft preparation,
M.A.; writing—review and editing, A.M.A.B., EZ. and A K.S,, visualization, E.A.I.O.; supervision,
S.J., AM.AB., FZ. and A KS,; project administration, R.H.E. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Zaid, D.; Greenman, Y. Human Immunodeficiency Virus Infection and the Endocrine System. Endocrinol. Metab. 2019, 34, 95-105.
[CrossRef] [PubMed]

2. Chakraborty, S. Democratizing nucleic acid-based molecular diagnostic tests for infectious diseases at resource-limited settings—
from point of care to extreme point of care. Sens. Diagn. 2024, 3, 536-561. [CrossRef]

3. Iha, K; Inada, M.; Kawada, N.; Nakaishi, K.; Watabe, S.; Tan, Y.H.; Shen, C.; Ke, L.Y.; Yoshimura, T.; Ito, E. Ultrasensitive ELISA
Developed for Diagnosis. Diagnostics 2019, 9, 78. [CrossRef] [PubMed]

4. Alexander, T.S. Human immunodeficiency virus diagnostic testing: 30 years of evolution. Clin. Vaccine Immunol. 2016, 23, 249-253.
[CrossRef] [PubMed]

5. Parekh, B.S.; Ou, C.Y,; Fonjungo, P.N.; Kalou, M.B.; Rottinghaus, E.; Puren, A.; Alexander, H.; Hurlston Cox, M.; Nkengasong, J.N.
Diagnosis of Human Immunodeficiency Virus Infection. Clin. Microbiol. Rev. 2018, 32, €00064-18. [CrossRef]

6. Summah, H.; Zhu, Y.G; Falagas, M.E.; Vouloumanou, E.K.; Qu, .M. Use of real-time polymerase chain reaction for the diagnosis
of Pneumocystis pneumonia in immunocompromised patients: A meta-analysis. Chin. Med. |. 2013, 126, 1965-1973. [CrossRef]

7. Gaebler, C.; Lorenzi, ].C.C.; Oliveira, T.Y.; Nogueira, L.; Ramos, V.; Lu, C.L.; Pai, ].A.; Mendoza, P,; Jankovic, M.; Caskey, M.; et al.
Combination of quadruplex qPCR and next-generation sequencing for qualitative and quantitative analysis of the HIV-1 latent
reservoir. J. Exp. Med. 2019, 216, 2253-2264. [CrossRef]

8. Lee, J.H,; Seo, H.S.; Kwon, ].H.; Kim, H.T.; Kwon, K.C.; Sim, S.J.; Cha, Y.J.; Lee, ]. Multiplex diagnosis of viral infectious diseases
(AIDS, hepatitis C, and hepatitis A) based on point of care lateral flow assay using engineered proteinticles. Biosens. Bioelectron.
2015, 69, 213-225. [CrossRef]

9. Zhu, H; Fohlerova, Z.; Pekarek, J.; Basova, E.; Neuzil, P. Recent advances in lab-on-a-chip technologies for viral diagnosis. Biosens.
Bioelectron. 2020, 153, 112041. [CrossRef]

10.  Gibson, R.M.; Schmotzer, C.L.; Quifiones-Mateu, M.E. Next-Generation Sequencing to Help Monitor Patients Infected with HIV:
Ready for Clinical Use? Curr. Infect. Dis. Rep. 2014, 16, 401. [CrossRef]

11. Farzin, L.; Shamsipur, M.; Samandari, L.; Sheibani, S. HIV biosensors for early diagnosis of infection: The intertwine of
nanotechnology with sensing strategies. Talanta 2020, 206, 120201. [CrossRef] [PubMed]

12. Kumaran, A.; Jude Serpes, N.; Gupta, T.; James, A.; Sharma, A.; Kumar, D.; Nagraik, R.; Kumar, V.; Pandey, S. Advancements in
CRISPR-Based Biosensing for Next-Gen Point of Care Diagnostic Application. Biosensors 2023, 13, 202. [CrossRef] [PubMed]

13.  Turbé, V.; Herbst, C.; Mngomezulu, T.; Meshkinfamfard, S.; Dlamini, N.; Mhlongo, T.; Smit, T.; Cherepanova, V.; Shimada, K,;
Budd, J.; et al. Deep learning of HIV field-based rapid tests. Nat. Med. 2021, 27, 1165-1170. [CrossRef] [PubMed]

14. Pai, N.P; Karellis, A; Kim, J.; Peter, T. Modern diagnostic technologies for HIV. Lancet HIV 2020, 7, E574-E581. [CrossRef]


https://doi.org/10.3803/EnM.2019.34.2.95
https://www.ncbi.nlm.nih.gov/pubmed/31257738
https://doi.org/10.1039/D3SD00304C
https://doi.org/10.3390/diagnostics9030078
https://www.ncbi.nlm.nih.gov/pubmed/31323782
https://doi.org/10.1128/CVI.00053-16
https://www.ncbi.nlm.nih.gov/pubmed/26936099
https://doi.org/10.1128/CMR.00064-18
https://doi.org/10.3760/cma.j.issn.0366-6999.20122506
https://doi.org/10.1084/jem.20190896
https://doi.org/10.1016/j.bios.2015.02.033
https://doi.org/10.1016/j.bios.2020.112041
https://doi.org/10.1007/s11908-014-0401-5
https://doi.org/10.1016/j.talanta.2019.120201
https://www.ncbi.nlm.nih.gov/pubmed/31514868
https://doi.org/10.3390/bios13020202
https://www.ncbi.nlm.nih.gov/pubmed/36831968
https://doi.org/10.1038/s41591-021-01384-9
https://www.ncbi.nlm.nih.gov/pubmed/34140702
https://doi.org/10.1016/S2352-3018(20)30190-9

Life 2025, 15, 209 15 0f 16

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Boyle, D.S.; Lehman, D.A.; Lillis, L.; Peterson, D.; Singhal, M.; Armes, N.; Parker, M.; Piepenburg, O.; Overbaugh, J. Rapid
detection of HIV-1 proviral DNA for early infant diagnosis using recombinase polymerase amplification. mBio 2013, 4, e00135-13.
[CrossRef]

Rutsaert, S.; Bosman, K.; Trypsteen, W.; Nijhuis, M.; Vandekerckhove, L. Digital PCR as a tool to measure HIV persistence.
Retrovirology 2018, 15, 16. [CrossRef]

Zhao, ].; Chang, L.; Wang, L. Nucleic acid testing and molecular characterization of HIV infections. Eur. J. Clin. Microbiol. Infect.
Dis. 2019, 38, 829-842. [CrossRef]

Sengupta, J.; Adhikari, A.; Hussain, C.M. Graphene-based analytical lab-on-chip devices for detection of viruses: A review.
Carbon. Trends 2021, 4, 100072. [CrossRef]

Mauk, M.; Song, J.; Bau, H.H.; Gross, R.; Bushman, ED.; Collman, R.G.; Liu, C. Miniaturized devices for point of care molecular
detection of HIV. Lab Chip 2017, 17, 382-394. [CrossRef]

Glynn, M.T,; Kinahan, D.J.; Ducrée, J. Rapid, low-cost and instrument-free CD4+ cell counting for HIV diagnostics in resource-poor
settings. Lab Chip 2014, 14, 2844-2851. [CrossRef]

Zhuang, J.; Yin, J.; Lv, S.; Wang, B.; Mu, Y. Advanced “lab-on-a-chip” to detect viruses—Current challenges and future perspectives.
Biosens. Bioelectron. 2020, 163, 112291. [CrossRef] [PubMed]

Avila-Rios, S.; Parkin, N.; Swanstrom, R.; Paredes, R.; Shafer, R; Ji, H.; Kantor, R. Next-Generation Sequencing for HIV Drug
Resistance Testing: Laboratory, Clinical, and Implementation Considerations. Viruses 2020, 12, 617. [CrossRef] [PubMed]

Chen, H,; Liu, K,; Li, Z.; Wang, P. Point of care testing for infectious diseases. Clin. Chim. Acta 2019, 493, 138-147. [CrossRef]
[PubMed]

Kozel, T.R.; Burnham-Marusich, A.R. Point-of-Care Testing for Infectious Diseases: Past, Present, and Future. J. Clin. Microbiol.
2017, 55, 2313-2320. [CrossRef]

Pant Pai, N.; Balram, B.; Shivkumar, S.; Martinez-Cajas, J.L.; Claessens, C.; Lambert, G.; Peeling, R W.; Joseph, L. Head-to-head
comparison of accuracy of a rapid point-of-care HIV test with oral versus whole-blood specimens: A systematic review and
meta-analysis. Lancet Infect. Dis. 2012, 12, 373-380.

Luo, W.; Masciotra, S.; Delaney, K.P.; Charurat, M.; Croxton, T.; Constantine, N.; Blattner, W.; Wesolowski, L.; Owen, S.M.
Comparison of HIV oral fluid and plasma antibody results during early infection in a longitudinal Nigerian cohort. J. Clin. Virol.
2013, 58 (Suppl. S1), e113—-e118. [CrossRef]

Gootenberg, ].S.; Abudayyeh, O.O.; Lee, ].W.; Essletzbichler, P.; Dy, A.].; Joung, J.; Verdine, V.; Donghia, N.; Daringer, N.M.; Freije,
C.A,; et al. Nucleic acid detection with CRISPR-Cas13a/C2c2. Science 2017, 356, 438—442. [CrossRef]

Chen, J.S.; Ma, E.; Harrington, L.B.; Da Costa, M.; Tian, X.; Palefsky, ].M.; Doudna, J.A. CRISPR-Cas12a target binding unleashes
indiscriminate single-stranded DNase activity. Science 2018, 360, 436—439. [CrossRef]

Huang, D.; Zhao, Y.; Fang, M.; Shen, P; Xu, H.; He, Y.; Chen, S.; Si, Z.; Xu, Z. Magnetofluid-integrated biosensors based on
DNase-dead Cas12a for visual point-of-care testing of HIV-1 by an up and down chip. Lab Chip 2023, 23, 4265-4275. [CrossRef]

Kellner, M.].; Koob, J.G.; Gootenberg, ].S.; Abudayyeh, O.0O.; Zhang, F. SHERLOCK: Nucleic acid detection with CRISPR nucleases.
Nat. Protoc. 2019, 14, 2986-3012. [CrossRef]

Steiner, M.C.; Gibson, K.M.; Crandall, K.A. Drug Resistance Prediction Using Deep Learning Techniques on HIV-1 Sequence Data.
Viruses 2020, 12, 560. [CrossRef] [PubMed]

Bhaiyya, M.; Panigrahi, D.; Rewatkar, P.; Haick, H. Role of Machine Learning Assisted Biosensors in Point-of-Care-Testing For
Clinical Decisions. ACS Sens. 2024, 9, 4495-4519. [CrossRef] [PubMed]

Kabir, M.A; Zilouchian, H.; Caputi, M.; Asghar, W. Advances in HIV diagnosis and monitoring. Crit. Rev. Biotechnol. 2020, 40,
623-638. [CrossRef] [PubMed]

Bacon, A.; Wang, W.; Lee, H.; Umrao, S.; Sinawang, P.D.; Akin, D.; Khemtonglang, K.; Tan, A.; Hirshfield, S.; Demirci, U.; et al.
Review of HIV Self Testing Technologies and Promising Approaches for the Next Generation. Biosensors 2023, 13, 298. [CrossRef]
Wi, TE.; Ndowa, EJ.; Ferreyra, C.; Kelly-Cirino, C.; Taylor, M.M.; Toskin, I.; Kiarie, J.; Santesso, N.; Unemo, M. Diagnosing
sexually transmitted infections in resource-constrained settings: Challenges and ways forward. J. Int. AIDS Soc. 2019, 22 (Suppl.
S6), €25343. [CrossRef]

Heidt, B.; Siqueira, W.E; Eersels, K.; Dilién, H.; van Grinsven, B.; Fujiwara, R.T.; Cleij, T.]. Point of care diagnostics in resource-
limited settings: A review of the present and future of PoC in its most needed environment. Biosensors 2020, 10, 133. [CrossRef]

Younis, M.A.; Tawfeek, H.M.; Abdellatif, A.A.H.; Abdel-Aleem, J.A.; Harashima, H. Clinical translation of nanomedicines:
Challenges, opportunities, and keys. Adv. Drug Deliv. Rev. 2022, 181, 114083. [CrossRef]

Zhang, Y,; Guy, R.; Camara, H.; Applegate, T.L.; Wiseman, V.; Treloar, C.; Lafferty, L. Barriers and facilitators to HIV and syphilis
rapid diagnostic testing in antenatal care settings in low-income and middle-income countries: A systematic review. BMJ Glob.
Health 2022, 7, €009408. [CrossRef]

Roberts, T.; Cohn, J.; Bonner, K.; Hargreaves, S. Scale-up of Routine Viral Load Testing in Resource-Poor Settings: Current and
Future Implementation Challenges. Clin. Infect. Dis. 2016, 62, 1043-1048. [CrossRef]


https://doi.org/10.1128/mBio.00135-13
https://doi.org/10.1186/s12977-018-0399-0
https://doi.org/10.1007/s10096-019-03515-0
https://doi.org/10.1016/j.cartre.2021.100072
https://doi.org/10.1039/C6LC01239F
https://doi.org/10.1039/C4LC00264D
https://doi.org/10.1016/j.bios.2020.112291
https://www.ncbi.nlm.nih.gov/pubmed/32421630
https://doi.org/10.3390/v12060617
https://www.ncbi.nlm.nih.gov/pubmed/32516949
https://doi.org/10.1016/j.cca.2019.03.008
https://www.ncbi.nlm.nih.gov/pubmed/30853460
https://doi.org/10.1128/JCM.00476-17
https://doi.org/10.1016/j.jcv.2013.08.017
https://doi.org/10.1126/science.aam9321
https://doi.org/10.1126/science.aar6245
https://doi.org/10.1039/D3LC00558E
https://doi.org/10.1038/s41596-019-0210-2
https://doi.org/10.3390/v12050560
https://www.ncbi.nlm.nih.gov/pubmed/32438586
https://doi.org/10.1021/acssensors.4c01582
https://www.ncbi.nlm.nih.gov/pubmed/39145721
https://doi.org/10.1080/07388551.2020.1751058
https://www.ncbi.nlm.nih.gov/pubmed/32308063
https://doi.org/10.3390/bios13020298
https://doi.org/10.1002/jia2.25343
https://doi.org/10.3390/bios10100133
https://doi.org/10.1016/j.addr.2021.114083
https://doi.org/10.1136/bmjgh-2022-009408
https://doi.org/10.1093/cid/ciw001

Life 2025, 15, 209 16 of 16

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Bucyibaruta, B.].; Eyles, ].; Harris, B.; Kabera, G.; Oboirien, K.; Ngyende, B. Patients’ perspectives of acceptability of ART, TB and
maternal health services in a subdistrict of Johannesburg, South Africa. BMC Health Serv. Res. 2018, 18, 839. [CrossRef]

Zeleke, E.A,; Stephens, ].H.; Gesesew, H.A.; Gello, B.M.; Ziersch, A. Acceptability and use of HIV self-testing among young
people in sub-Saharan Africa: A mixed methods systematic review. BMC Prim. Care 2024, 25, 369. [CrossRef] [PubMed]

Mao, ].J.; Pillai, G.G.; Andrade, C.J.; Ligibel, J.A.; Basu, P.; Cohen, L.; Khan, I.A.; Mustian, K.M.; Puthiyedath, R.; Dhiman, K.S,;
et al. Integrative oncology: Addressing the global challenges of cancer prevention and treatment. CA Cancer J. Clin. 2022, 72,
144-164. [CrossRef] [PubMed]

Khorram-Manesh, A.; Burkle, EM., Jr.; Goniewicz, K. Pandemics: Past, present, and future: Multitasking challenges in need of
cross-disciplinary, transdisciplinary, and multidisciplinary collaborative solutions. Osong Public Health Res. Perspect. 2024, 15,
267-285. [CrossRef] [PubMed]

Grossman, C.I; Ross, A.L.; Auerbach, J.D.; Ananworanich, J.; Dubé, K.; Tucker, J.D.; Noseda, V.; Possas, C.; Rausch, D.M.;
International AIDS Society (IAS) “Towards an HIV Cure’ Initiative. Towards Multidisciplinary HIV-Cure Research: Integrating
Social Science with Biomedical Research. Trends Microbiol. 2016, 24, 5-11. [CrossRef]

Brault, M.A.; Vermund, S.H.; Aliyu, M.H.; Omer, S.B.; Clark, D.; Spiegelman, D. Leveraging HIV Care Infrastructures for
Integrated Chronic Disease and Pandemic Management in Sub-Saharan Africa. Int. |. Environ. Res. Public Health 2021, 18, 10751.
[CrossRef]

Kennedy, C.E.; Yeh, P.T; Johnson, C.; Baggaley, R. Should trained lay providers perform HIV testing? A systematic review to
inform World Health Organization guidelines. AIDS Care 2017, 29, 1473-1479. [CrossRef]

Adeyemi, O.; Lyons, M.; Njim, T.; Okebe, ].; Birungi, J.; Nana, K.; Claude Mbanya, J.; Mfinanga, S.; Ramaiya, K ; Jaffar, S.; et al.
Integration of non-communicable disease and HIV/AIDS management: A review of healthcare policies and plans in East Africa.
BM]J Glob. Health 2021, 6, €004669. [CrossRef]

Krishnamoorthy, S.; Dua, A.; Gupta, S. Role of emerging technologies in future IoT-driven Healthcare 4.0 technologies: A survey,
current challenges and future directions. J. Ambient Intell. Humaniz. Comput. 2023, 14, 361-407. [CrossRef]

Sebastiao, C.S.; Pingarilho, M.; Bathy, J.; Bonfim, E.; Toancha, K.; Miranda, M.N.S.; Martins, M.R.O.; Gomes, P.; Lazaro, L.;
Pina-Araujo, I; et al. MARVEL-minimising the emergence and dissemination of HIV-1 drug resistance in Portuguese-speaking
African Countries (PALOP): Low-cost portable NGS platform for HIV-1 surveillance in Africa. BMC Infect. Dis. 2024, 24, 884.
[CrossRef]

Del Giovane, S.; Bagheri, N.; Di Pede, A.C.; Chamorro, A.; Ranallo, S.; Migliorelli, D.; Burr, L.; Paoletti, S.; Altug, H.; Porchetta, A.
Challenges and perspectives of CRISPR-based technology for diagnostic applications. TrAC Trends Anal. Chem. 2024, 172, 117594.
[CrossRef]

Olaboye, J.A.; Maha, C.C.; Kolawole, T.O.; Abdul, S. Integrative analysis of Al-driven optimization in HIV treatment regimens.
Comput. Sci. IT Res. . 2024, 5, 1314-1334. [CrossRef]

Altindis, M.; Kahraman Kilbas, E.P. Managing Viral Emerging Infectious Diseases via Current and Future Molecular Diagnostics.
Diagnostics 2023, 13, 1421. [CrossRef] [PubMed]

Cuadros, D.F; Huang, Q.; Mathenjwa, T.; Gareta, D.; Devi, C.; Musuka, G. Unlocking the potential of telehealth in Africa for HIV:
Opportunities, challenges, and pathways to equitable healthcare delivery. Front. Digit. Health 2024, 6, 1278223. [CrossRef]
Maggiolo, F,; Bandera, A.; Bonora, S.; Borderi, M.; Calcagno, A.; Cattelan, A.; Cingolani, A.; Gianotti, N.; Lichtner, M.; Lo Caputo,
S.; et al. Enhancing care for people living with HIV: Current and future monitoring approaches. Expert Rev. Anti-Infect. Ther. 2021,
19, 443-456. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1186/s12913-018-3625-5
https://doi.org/10.1186/s12875-024-02612-0
https://www.ncbi.nlm.nih.gov/pubmed/39407123
https://doi.org/10.3322/caac.21706
https://www.ncbi.nlm.nih.gov/pubmed/34751943
https://doi.org/10.24171/j.phrp.2023.0372
https://www.ncbi.nlm.nih.gov/pubmed/39039818
https://doi.org/10.1016/j.tim.2015.10.011
https://doi.org/10.3390/ijerph182010751
https://doi.org/10.1080/09540121.2017.1317710
https://doi.org/10.1136/bmjgh-2020-004669
https://doi.org/10.1007/s12652-021-03302-w
https://doi.org/10.1186/s12879-024-09803-1
https://doi.org/10.1016/j.trac.2024.117594
https://doi.org/10.51594/csitrj.v5i6.1199
https://doi.org/10.3390/diagnostics13081421
https://www.ncbi.nlm.nih.gov/pubmed/37189522
https://doi.org/10.3389/fdgth.2024.1278223
https://doi.org/10.1080/14787210.2021.1823217
https://www.ncbi.nlm.nih.gov/pubmed/33054479

	Introduction 
	Methodology 
	Search Strategy 
	Study Selection 

	Diagnostic Innovations in HIV 
	Molecular Assays 
	Polymerase Chain Reaction (PCR) Developments 
	Real-Time Quantitative PCR (qPCR) 
	Nucleic Acid Testing (NAT) 

	Biosensors and Lab-on-a-Chip Technologies 
	Next-Generation Sequencing 
	Point-of-Care Testing: Rapid Antigen and Antibody Testing 
	CRISPR-Based Diagnostics for HIV 
	Machine Learning and AI for HIV Diagnosis 
	Predictive Modeling for HIV Diagnosis and Progression 
	Diagnostic Accuracy and Rapid Screening 
	AI in HIV Screening and Early Detection 

	Limitations in HIV Diagnostic Approaches 
	Sensitivity Gaps 
	Latency Issues 
	Resource Constraints 
	Cost-Effective Diagnostic Innovations for Resource-Limited Settings 


	Challenges in Clinical Translation 
	Logistic Barriers 
	Economic and Infrastructural Constraints 
	Patient Accessibility and Acceptability Issues 
	Education and Training Gaps 

	Bridging the Gap: Strategies for Integration 
	Interdisciplinary Collaboration 
	Infrastructure and Technological Investment 
	Healthcare Professional Training and Education 
	Public Health Policies and Supportive Frameworks 

	Future Directions and Emerging Technologies 
	CRISPR-Based Diagnostics 
	AI-Powered Diagnostic Algorithms 
	Advancements in Biosensor Technology 
	Nanotechnology and Next-Generation Sequencing (NGS) 
	Integrative Platforms and Telemedicine 
	Future Directions: Emphasis on Management 
	Future Directions 

	Conclusions 
	References

