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A B S T R A C T

The human immunodeficiency virus (HIV) remains a major global health concern for which accurate viral load 
monitoring is essential for the management of HIV infection. The advent of antiretroviral therapy (ART) has 
transformed once-fatal HIV disease into a manageable chronic condition that now makes the need for VL testing 
which aims to satisfy international suppression targets 95-95-95 al l the more essential. Therefore, considering 
the complexity and diversity of HIV infection, it is essential to develop rapid diagnostic technologies suitable for 
different clinical situations. Here, we report on a multiplexed PCR device developed for simple and efficient 
quantification of HIV-1 or HIV-2 viral loads using finger-pricked whole blood from rural decentralized settings. 
This device is comprised of a previously developed RNA extraction module combined with an optimized real- 
time PCR amplification system. Together, these combine to simultaneously detect and differentiate HIV-1 & 2; 
as well are adopting a testing control of RNase P allowing for full diagnostic analysis from one sample. Our device 
also includes an intuitive user interface and is completely autonomous so it can serve individuals in remote areas 
who are unfamiliar with the field of medical testing. They get the results in a very short time of around 70 min 
and hence save on testing times without leaving accuracy behind. The efficiency and effectiveness of the device 
were validated through the analysis of 30 clinical samples, yielding a sensitivity of 100% for both HIV-1 and HIV- 
2. The specificity was found to be 100% for HIV-1 and 90.91% for HIV-2, demonstrating high diagnostic ac-
curacy. One of the most attractive things about this device is that it comes in comparison to all other counter-
parts. Given that you can run the assay for less than $10, it could be an economically viable way to use this as a 
broadscale test in regions where healthcare budgets don’t allow others. Hence it is quite a useful device to aid 
HIV management in resource-limited settings, where conventional laboratory facilities are out of reach due its 
simplicity and affordability with rapid output. The point-of-care test is an effective, low-cost, high quality 
diagnostic tool-promoting rapid testing for HIV-inexpensively overcoming the barriers to efficient control of and 
care in resource-limited settings.

1. Introduction

The Human Immunodeficiency Virus (HIV) remains an important 
public health issue worldwide with population-level effects that 
generate considerable social and economic burden (WHO, 2023, 2022). 
While the outcome of HIV infection is also greatly serious, an entirely 
different problem has arisen following the introduction and evolution of 
antiretroviral therapy (ART) in managing adults with HIV. However, 
what was once a death sentence, HIV is now a treatable chronic infection 

if the proper treatment protocols are followed (Deeks et al., 2021). The 
success of ART is largely dependent on the accurate and frequent 
monitoring of viral load (VL) levels in order to assess the efficacy of 
treatment and stop the progression towards AIDS (Reeves et al., 2023). 
The international community aims to reach the 95-95-95 goals by 
setting ambitious global health targets based upon the year 2025 (Djiyou 
et al., 2023). Realizing these goals relies on regular, high-quality VL 
testing that is essential for both the patient-level care of HIV and 
population-wide measures to control its spread (Mancuso et al., 2020; 
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Prakash et al., 2024).
HIV has added complexities due to multiple subtypes, with HIV-1 

nearly exclusively in western countries where it is primarily found and 
a significant portion of Africa and Southeast Asia, including geograph-
ical hotspots as considered middle-lower-income (Akakpo et al., 2023). 
These differences in prevalence and clinical behavior necessitate a ver-
satile approach to antiretroviral therapy (ART) monitoring, adapted to 
the distinct treatment needs and resistance profiles of each subtype 
(Pham et al., 2017). A previous study has shown that aggressive treat-
ment strategies are crucial for patients infected with the rapid progres-
sive HIV-1 (The Strategies for Management of Antiretroviral Therapy 
Study Group, 2008). HIV-2, which progresses very slowly and is often 
resistant to drugs that would be effective against HIV-1 (such as the 
non-nucleoside reverse transcriptase inhibitors NNRTIs), on the other 
hand requires different treatments (Charpentier et al., 2013). This dif-
ference highlights the need for flexible ART regimens aimed to appro-
priately treat disease based on subtype-specific features (Moranguinho 
et al., 2023). Moreover, dual infection with HIV-1 and HIV-2 adds to the 
complexity of this field rendering accurate diagnosis and treatment 
essential (Tchounga et al., 2023). This is a condition that warrants the 
application of diagnostics technology for virus type which can detect 
and quantify both types at once (Diop-Ndiaye et al., 2024). Critical to 
ensuring treatments are matched appropriately for the viral subtype, 
maximizing patient outcomes and contributing to global public health 
initiatives in management and control of the HIV epidemic (Mariani 
et al., 2020).

In developed nations, access to VL testing is generally straightfor-
ward due to robust healthcare infrastructure and frequent healthcare 
visits (Pham et al., 2022). Facilities often feature both traditional central 
laboratory setups and commercial point-of-care (POC) devices, such as 
the PIMA device, which facilitate rapid and accessible testing (Dorward 
et al., 2022). Technologies like the GeneXpert HIV-1 Viral Load Test and 
Roche’s Cobas Liat™ System utilize plasma samples in controlled lab-
oratory settings, catering primarily to developed markets with options 
extending to healthcare facilities and home-based self-testing (Bwana 
et al., 2019; Jagodzinski et al., 2019). Ongoing research and develop-
ment efforts focus on enhancing these technologies in accuracy, acces-
sibility, and speed (Ahamed et al., 2025, 2024; Ahamed and Guan, 2024; 
Choi et al., 2018, 2016; Curtis et al., 2016; Damhorst et al., 2015; Liu 
et al., 2011, 2023, 2022a, 2022b; Mauk et al., 2017; Nouri et al., 2023, 
2021; Phillips et al., 2018; Politza et al., 2024, 2023; Safavieh et al., 
2016; Z. Tang et al., 2022; Ahamed et al., 2024b). Despite these de-
velopments, their use is largely limited to developed areas, mainly 
because of challenges in processing whole blood samples and the lack of 
quantitative features in a single operation (Choi and Guan, 2022a, 
2022b; Liao et al., 2016; Liu et al., 2022a; Phillips et al., 2019; Z. F. Tang 
et al., 2022). These urgent concerns underscore the essential need for 
creating a sophisticated HIV viral load monitoring device that functions 
from sample to result and is appropriate for point-of-care use.

However, in low- and middle-income countries (LMICs) there are a 
number of additional challenges which must be addressed for effective 
viral load (VL) testing beyond infrastructure-related barriers such as 
lack of reliable electricity (Lecher et al., 2016). A first problem is the 
scarcity of skilled clinicians by knowledgeable to handle the complex 
laboratory instrumentation necessary for VL tests, which curtails testing 
capabilities (Newman and Hardie, 2021). Price is also a significant 
hurdle. Tackling the high costs of involuntary testing infrastructure in 
LMICs implies that foreign aid represents a substantial contraction, as 
these technologies are not maintained locally and require expensive 
investment (Thomas et al., 2021). Furthermore, problems managing the 
supply chain (i.e. access to necessary materials) are made more severe 
by a lack of pre-existing infrastructure and result in delays around key 
supplies and results (Kilmarx and Simbi, 2016). Additionally, sophisti-
cated VL testing technologies developed for settings with stable infra-
structure are oftentimes ill-equipped to handle the challenging and 
fluctuating field conditions that prevail in many LMICs (i.e. extreme 

temperatures or high humidity), which can interfere with sensitive 
equipment functionality (Drain et al., 2019). In LMICs, these factors 
highlight the dire need for more appropriate VL testing solutions and a 
demand for innovations that are cost-effective and environmentally 
stable enough to be efficiently deployed in local settings. This leaves a 
balkanized landscape for affordable, accessible and feasible VL testing 
solutions in these regions so that there is an urgent need of innovative 
HIV management technology.

Addressing this gap, our research introduces a novel multiplex PCR- 
based detection system tailored for LMICs. This battery-operated device 
is ideal for areas with unreliable electricity and is designed for self- 
testing by laypersons, eliminating the need for professional medical 
personnel. It is cost-effective, requiring only about $4 per test. The de-
vice also includes a control test for accuracy and uses a four-channel 
detection system to differentiate between HIV-1 and HIV-2, accurately 
measuring viral load to monitor disease progression and adjust treat-
ment plans. The device boasts an RNA extraction efficiency of 80% 
through a compact sample preparation unit, designed to collect and 
examine viral RNA accurately. Its semi-automated nature allows for the 
processing of multiple samples simultaneously, enhancing throughput 
and minimizing human error, thereby ensuring consistent results. Our 
system not only measures HIV-1 and HIV-2 viral loads simultaneously 
with a 96% accuracy rate but also demonstrates over HIV.

100% for HIV-1, 100% for HIV-2 sensitivity and 100% for HIV-1 and 
90.91% for HIV-2 specificity in assays. These performance metrics 
confirm the device’s capability to reliably detect HIV-1 as well as HIV-2 
at various stages of infection, providing an essential tool in closing the 
significant gap in VL testing solutions for LMICs. This advancement is 
particularly vital as regular and precise VL testing is indispensable for 
effective global HIV control and prevention, with the added capability to 
manage co-infections of HIV-1 and HIV-2, underscoring its importance 
in the evolution of HIV management technologies.

2. Materials and methods

2.1. Materials and chemicals

Materials for this study were procured from various suppliers. RNA 
extraction kits, specifically the QIAamp Viral RNA Mini Kit, catalog 
number 52904, were sourced as detailed in Supplementary Table S6. 
Electronic and optical components for the HIV analyzer were purchased 
from DigiKey, as listed in Supplementary Table S7. RT-qPCR primers 
and probes were supplied by IDT, while essential reagents and chemicals 
were acquired from Sigma-Aldrich and Thermo Fisher Scientific. The 
Bio-Rad CFX96 system was employed for assay validation. Viral RNAs 
for HIV-1, HIV-2, and RNase P, with catalog numbers VR-3245SD, VR- 
3266SD, and 1006626 respectively, were obtained from ATCC. Clinical 
HIV samples were provided by the Penn State Hershey Medical Center. 
All materials were used as received and stored according to the manu-
facturers’ guidelines.

2.2. Gel electrophoresis

To perform electrophoresis on dsDNA fragments, we first prepare 1x 
TAE buffer by diluting 100 ml of 50x TAE buffer with 4900 ml of 
deionized water. Next, 5 g of agarose powder is added to 100 ml of 1x 
TAE buffer, stirred for 30 s, and heated in a microwave for about 2 min, 
stirring every 30 s until dissolved. After adding 5 μl of SYBR Safe DNA 
gel stain, the gel mixture is cooled for 1–2 min, poured into a mold, and 
left to solidify for 40 min before removing the comb. For the DNA sample 
and ladder preparation, we mix loading buffer with the DNA sample at a 
1:5 ratio and prepare a 9.6 μl ladder mix (1.6 μl ladder, 1.6 μl loading 
dye, and 6.4 μl nuclease-free water). The solidified agarose gel is placed 
in the electrophoresis tank, filled with 1x TAE buffer, and bubbles are 
removed. We load 8 μl of the ladder mix into the first well and 15 μl of 
DNA samples into subsequent wells, using a sharp pipette tip for uniform 
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loading. The voltage is set to 110 V, and the gel runs for 45–55 min. 
Finally, the gel is imaged using the SYBR Safe gel application.

2.3. Statistical analysis

For this study, all statistical analyses and regression modeling were 
executed utilizing MATLAB R2020 software (Natick, MA). Data visual-
ization, including all figures and plots, was also primarily performed 
with MATLAB, supplemented by Microsoft PowerPoint for layout ad-
justments and final presentations. Each plot displayed in the results 
represents the average value (mean) accompanied by three standard 
deviations. These measurements were consistently derived from three 
separate tests (triplicates) to ensure reliability unless otherwise indi-
cated. This standard approach was maintained across all experimental 
conditions to facilitate accurate comparison and reproducibility of the 
data. The use of MATLAB was integral not only for the initial data 
processing but also for the subsequent analysis stages, ensuring a 
seamless workflow from data collection to visualization.

3. Results and discussion

3.1. Overall workflow

Fig. 1a illustrates the complete workflow of our multiplex viral load 
testing PCR-Based approach for detecting HIV-1 and HIV-2 viral loads. 
Fig. 1b details all necessary materials required for the workflow. The 
steps are as follows: Step 1 - Activation of the application on an Android 

smartphone with step-by-step instructions. Step 2 - The user collects 
around 100 μL of blood using a disposable pipette through a finger prick. 
Blood is collected and processed using a plasma separation card appa-
ratus (Liu et al., 2023). The separation of plasma on filter paper as the 
blood passes through the card. In the datasheet for Vivid™ Plasma 
Separation GR, a wait time of 1 min is indicated to achieve full filtration. 
After separation from the rest of the whole blood specimen, plasma is 
ready for diagnostic or research use. Step 3 - Transfer the absorbent 
paper with plasma to a collection tube. The RNA are then purified using 
a centrifuge-based portable RNA extraction device that we previously 
developed (Politza et al., 2024; Zhang et al., 2024). The collected RNA is 
then added into a test tube that contains RT-qPCR reagents. The porta-
bility and user-friendliness of this on-site sample preparation solution, 
that can be done in under 10 min without the need for carrier RNA or 
cold storage highlights how versatile & practical the device is, especially 
in resource-limited settings. Step 4 - At this point, the test tube is 
inserted into the machine and placed in front of a device to start testing. 
Step 5 - The application shows the end results after 70 min. All of this can 
be done at home by the user, without requiring professional staff or 
laboratory facilities. Our system can simultaneously test samples from 
four patient groups to improve detection efficiency. This capacity would 
allow simultaneous testing for HIV viral load from multiple samples in 
low- and middle-income countries (LMICs).

Detailed mechanistic steps for the reaction mechanism used in this 
study are outlined pictorially in Fig. 1c. The process begins by using a 
custom plasma separation card that separates the red blood cells so as to 
isolate virus particles i.e., HIV-1, HIV-2 and RNase P in the sample. 

Fig. 1. Overall Device Workflow and Assay Design. (a) Outline of the procedure as detailed in the mobile application: the user starts the app, collects a blood sample 
using a disposable pipette and a plasma separation card, places the card into a centrifuge-based portable RNA extraction device for RNA extraction, inputs the 
extracted RNA with water into the test tube, and receives results via the app after 40 min. (b) Depiction of the device components, including: 1. An Android 
smartphone, 2. A centrifuge-based portable RNA extraction device, 3. Reagents and materials for testing, 4. A portable PCR analyzer. (c) Schematic illustrating the 
reaction mechanism: Step one involves separating plasma and red blood cells using a plasma separation card, which contains viruses (HIV-1, HIV-2, and RNase P). 
Step two extracts the viral RNA using the centrifuge-based portable RNA extraction device. Step three amplifies the RNA through portable PCR, generating a 
fluorescent signal. The final step determines the test results based on the fluorescent signal and cycle number. (d) Primer design for HIV-1 and HIV-2, featuring two 
RT-qPCR primers and one probe for each virus targeting the beginning of the gag gene.
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Following this, Step 2 continues by isolating the viral-imparted RNA 
with a portable centrifuge-based reagent that streamlines rapid and 
efficient preparation of the extracted RNA for analysis. The third step of 
the mechanism is for this extracted RNA to be amplified by a useable, 
mobile PCR device expressing a fluorescence signal in the presence of 
viral RNA. In this step we use the state of art multiplex RT-qPCR tech-
nology which involves a reverse transcriptase enzyme to convert RNA 
into complementary DNA(cDNA) first. This cDNA is then subjected to 
TaqMan PCR detection, an extremely specific and sensitive technique 
that uses a double-labeled probe system for amplification. The multiplex 
RT-qPCR assay detected simultaneously with differentiating and relayed 
results for HIV: ATTO425, HEX and Cy5 channels targeted HIV-1, HIV-2, 
RNase P, respectively. Each probe has been engineered with high 
specificity for one of three targets, providing qPCR detection by unique 
fluorescent labeling (Tombuloglu et al., 2021). Such multiplex detection 
capabilities are essential for the robust surveillance and precise diag-
nosis of viruses (Guiraud et al., 2023). Interpretation of the test results is 
the final step in analysis, with whether or not a sample tested positive 
determined from fluorescent signals and how many PCR cycles were 
needed to reach significant levels. The advantage of this is for quanti-
tative analysis with high level of specificity to accurately detect viral 
load in the sample which can be helpful in determining whether a pa-
tient is still infected or drug treatment was successfully applied.

3.2. Multiplex PCR assay performance

Specific primer-probe sets were designed for each target in the 
multiplexed assay, which includes HIV-1, HIV-2, and human RNase P. 
This assay also employs two reverse transcription PCR (RT-PCR) primers 
and one fluorescent probe per viral type, targeting the first part of gag 
gene (Fig. 1d). Both the Reverse-transcriptase sub-region targeting HIV- 
1 and its corresponding region for targeting HIV-2 are depicted in 
Supplementary Tables S1–2. This region was chosen because it is well 
conserved among various strains mnemonic, making short for better 
detection per wear (Curtis et al., 2012; Gaebler et al., 2021). RNase P 
was used as an internal control to confirm RNA extraction and general 
assay effectiveness, for which a unique set of primers along with a probe 

were designed (Broughton et al., 2020). For detecting samples with each 
primer and probe set, amplification reaction mixtures were prepared 
that contained all combinations of primers/probes at the same concen-
tration under a common thermal cycling protocol. We sought a strategy 
by which we could detect only the desired RNA targets, and limit signal 
for any target to their respective optical channel as much in order not 
need separate runs. This specificity is likely to be important in limiting 
cross-reactivity between the targets and ultimately improving diagnosis 
using our approach. Benefits of this multiplex method are increased 
efficiency and require less time and costs for HIV infection diagnosis. 
Primer and probe design were conducted with 6 primers and 3 probes, 
respectively for the PCR (Supplementary Tables S3, S4, and S5).

Specificity of our multiplex RT-qPCR assay is an essential parameter, 
directly related to the accuracy at which we can detect. It was critical 
that our assay had a clean and distinct signal for differentiation of HIV-1, 
HIV-2, and RNase P with little to no cross reactivity between them in 
order as an effective diagnostic tool. To determine the specificity and 
multiplexing ability of our assay, we performed a well-thought-out set of 
experiments. We systematically created eight experimental biotin sam-
ples by arranging the three targets—HIV-1, HIV-2, and RNase P—in all 
possible combinations, simulating a three-bit binary pattern. Each 
sample contained synthetic RNA sequences of these three targets and 
was classified as either positive or negative for each respective marker 
based on the presence or absence of these RNA sequences. The RNA 
concentrations were set at either 0 or 1000 copies per reaction, serving 
as a serial dilution to assess the assay’s sensitivity and specificity. This 
design allowed for a quantitative visual analysis of each sample 
(Fig. 2a).

PCR amplification was performed on the samples (followed by 
agarose gel electrophoresis analysis as presented in Fig. 2b: after 
running through a final total of 60 cycles, clear-visible bands at different 
base pair lengths indicated presence of amplified genetic material at 
desired length ranges for all analyzed cases. Lanes 2, 3 and 5 in partic-
ular showed single bands corresponding to individual target amplifica-
tions (HIV-1, HIV-2 and RNase P respectively) By contrast, lanes 4, lane 
6 and lane 7 showed dual bands reflecting co-amplification of two 
different targets per sample. Lane 8 was of particular interest because it 

Fig. 2. Validation of the specificity of the multiplex RT-qPCR assay. (a) Samples 1 through 8 were created by mixing synthetic RNA of HIV-1, HIV-2, and RNase P, 
each positive or negative marked with “+/− ” sign. The concentration of each viral RNA in the samples ranged from 0 or 1000 copies per reaction. (b) Agarose gel 
electrophoresis was used to analyze the RT-qPCR products, displaying the amplification profiles for Samples 1 to 8. Each sample was tested six times. (c) Results from 
real-time multiplex RT-qPCR amplification obtained from Bio-Rad bench top PCR analyzer for Samples 1 to 8 are presented. Optical signals for HIV-1, HIV-2, and 
RNase P from three different optical channels are combined into a single figure.
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displayed multiple bands specific to all three targets resulting from 
efficient multiplex amplification, validating the ability and sensitivity of 
our assay for detecting more than one pathogen. No amplification was 
observed for NTC in lane 1, confirming the absence of contamination 
and non-specific amplifications. To validate the gel electrophoresis data, 
we quantitated selected samples to qPCR for 60 cycles. Supplementary 
Fig. S8 Shows the full image, covering the marker (molecular weight 
standard), sample banding, and the start and end of electrophoresis. 
Fluorescence detection results, where Fig. 2c shows fluorescence and all 
experimental samples show a signal above the background threshold 
representing successful RNA amplification in target selection. This cross- 
validation not only confirms the accuracy of the gel electrophoresis data 
but also demonstrates the reliability of the assay under dynamic con-
ditions. Since our PCR primer probe design is based on previously 
published, well-established designs, we did not further test for false 
positives with non-HIV pathogens. Taken together, our results from both 
basic and advanced analyses strongly indicated that the PCR assay is 
highly specific with high multiplexing capability, rendering it ideal as a 
candidate for external integration into portable diagnostic platforms 

developed against rapid diagnosis of infectious diseases in point-of-care 
testing formats. This simplification of this assay is a major step forward 
in molecular diagnostics especially when simultaneous comprehensive 
detection for multiple viral targets uses to be performed at resource- 
limited settings.

3.3. Analyzer development and sub-module validation

Next, we developed a portable analyzer prototype (L70 × W118 ×
H74 mm) capable of multiplex RT-qPCR amplification and fluorescent 
signal quantification. Fig. 3a presents the disassembled views of the 
device. This portable unit is loaded with an internal lithium-ion battery 
and Bluetooth wireless technology, bringing together electronic, optical 
and thermal cycling components at the small lab scale. Supplementary 
Fig. S1 illustrates the graphical user interface (GUI) for the mobile 
phone. Supplementary Fig. S2 illustrates a simple block diagram of the 
entire device as well as a complete flowchart explaining about devel-
oping an android GUI. Commercial products of a similar type, such as 
the ’m-PIMA HIV-1/2 VL cartridge,’ cost approximately $27 per test, 

Fig. 3. The probable PCR analyzer design and its sub module validation. (a) Illustrations depict a fully enclosed analyzer and a partial exploded view. The unit 
features Bluetooth connectivity for wireless data transmission and incorporates integrated optical and thermal cycling subsystems for efficient nucleic acid analysis. It 
operates on an internal rechargeable battery. (b) Presented are the theoretical excitation and emission spectra for three selected fluorophores—ATTO425, HEX, and 
Cy5—alongside the RGB excitation sources and the sensor’s eight distinct detection channels. The blue, green, and red light sources are optimally matched with the 
excitation spectra of ATTO425, HEX, and Cy5, respectively, while the detection channels 4, 6, and 8 correspond closely with their emission spectra. (c) A 3D scatter 
plot shows normalized sensor RFU responses to varying concentrations of mixed fluorophores. The plot uses the optimal excitation sources and detection channels 
noted in (a), with 125 unique combinations of ATTO425, HEX, and Cy5 tested at five concentrations (0, 0.25, 0.5, 0.75, and 1 μM). The visualization highlights the 
increasing RFU trends correlated with rising fluorophore concentrations, independent of the levels of the other two fluorophores. (d) Evaluation of the optical 
sensor’s response to different fluorophores. Each sensor channel demonstrated a linear response across fluorophore concentrations ranging from 0 to 1 μM. Mea-
surements were conducted using a 256X gain, a 154 ms integration time, and 80% PWM for the RGB LED excitation control. (e) Temperature profile for the PCR 
assay’s heating block, detailing the stages of heating, incubation, and cooling throughout the PCR cycle.
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whereas our device requires only about $4 per test (Diop-Ndiaye et al., 
2024). More detailed information on the materials and fabrication 
processes of the each type of analyzer can be seen in Supplementary 
Table S7. It orients the devices perpendicularly and employs 
custom-designed circuit boards for heat control & fluorescence. Task 
results can also be viewed via a custom GUI on mobile phone supporting 
Bluetooth. PCB Circuit Design can be found on Supplementary Fig. S3. 
The Arduino and Android code are available in the supplementary 
materials.

We have updated our analyzer, based on the NAT-On-USB device(Liu 
et al., 2022a) and HIVL device(Liu et al., 2023), by incorporating an 
optical module with four unique excitation and detection units for 
real-time fluorescence tracking. Our optical system, aimed at analyzing 
mixtures of fluorophores, employs an RGB LED (SK6812) for excitation 
and a CMOS spectral sensor (AS7341) as the detector. These components 
are arranged perpendicularly to minimize excitation interference. Since 
there are no optical paths at the top of the reaction tube, a hot lid 
function is not needed to mitigate vapor interference with detection. The 
LED combines three light sources, managed by an Arduino Nano, while 
the sensor functions across eight visible spectrum channels, modifying 
integration times and using I2C protocol for communication. The sensor 
incorporates monolithic filters with nano-optic technology on its CMOS, 
capturing light with a photodiode array and converting it into digital 
signals through a 16-bit ADC, as illustrated in Fig. 3b. Our emission 
sensor features eight channels, theoretically supporting multiplex 
detection of up to eight targets. In contrast, current technologies, such as 
Biomeme, can support a maximum of only three (Franklin® Real-Time 
PCR Thermocycler, nd). This configuration allows for the sequential 
activation of LEDs to monitor emissions across four channels concur-
rently, removing the need for additional optical elements and simpli-
fying the detection of fluorophores without hardware alterations. Due to 
the different excitation light sources and sensor channels used for the 
three targets in this optical system, comparisons can only be made 
within individual channel fluorescence intensity changes. We explored 
the impact of one fluorophore’s presence on the detectability of others 
within a mixed scenario. For this purpose, we created a sample set 
containing five concentrations (0.00, 0.25, 0.50, 0.75, and 1.00 μM) for 
each fluorophore, leading to 125 distinct combinations. These combi-
nations, along with the normalized RFUs for each fluorophore’s optimal 
channels, are showcased in Fig. 3c. An upward trend in RFUs is 
noticeable as fluorophore concentrations increase. For more precise 
analysis, we plotted the RFUs against the concentration for each fluo-
rophore, ignoring the concentrations of the others, to present the data 
clearly in a two-dimensional format. Our data processing method in-
volves zeroing the baseline before calculating the Ct value based on the 
threshold. This approach may lead to the erroneous assignment of Ct 
values to S-shaped curves, highlighting the need for improved data 
processing algorithms in the future, such as incorporating machine 
learning methods. Fig. 3d demonstrates strong linearity for ATTO425, 
HEX, and Cy5, indicating that this detection method is suitable for 
precise sub-micromolar measurements of these fluorophores, which can 
be used for our multiplex RT-qPCR assay.

In developing our portable PCR analyzer, achieving precise tem-
perature control and rapid heating and cooling is crucial. We engineered 
a temperature control module featuring an aluminum heating block 
with a hollow design to reduce mass and enhance the speed of tem-
perature changes. A 2 Ω power resistor heats the block swiftly, while a 
fan, paired with ducting and a heat sink, cools it efficiently. The sche-
matic of the thermal module is shown in Supplementary Figs. S4a and 
S4b. Both fan and resistor are controlled via a PID temperature function 
on an Arduino Nano, powered by a 9V source. We used Type K/T 
thermocouples with a National Instrument deck to measure tempera-
tures. One set was on the heating block surface, and another was in the 
reaction solution. Fig. 3e displays the temperature fluctuations 
throughout the test cycle, monitoring both the block and the fluid 
temperatures in the PCR assay. Completing the cycle, including reverse 

transcription, initial denaturation, denaturing, annealing/extending, 
and 40 cycles, takes about 70 min. Our thermal cycling module achieves 
a maximum heating rate of 1.82 ◦C/s and a cooling rate of 1.31 ◦C/s, 
approximately 15 min slower than a Bio-Rad benchtop PCR(Nguyen 
et al., 2022). The RMS for the heating block and PCR assay fluid tem-
peratures are 0.095 and 0.1135, respectively. Increasing the ramp rate 
to further accelerate the reaction speed is one of the key directions for 
future research. Supplementary Fig. S4c illustrates the power profile 
over a 77-min test cycle, with a peak power of approximately 30W. The 
entire test consumes 14.2 Wh of energy, and it can be powered by a 20 
Wh EBL rechargeable lithium battery (Supplementary Fig. S4d). A full 
charge supports only one complete testing cycle. Despite being slower 
than the Bio-Rad benchtop PCR, our device’s simple structure, compact 
size, and battery operability meet the temperature standards required 
for PCR reactions, making it valuable in resource-limited settings, 
particularly in LMICs(Mogg and Bond, 2003).

3.4. Analyzer analytical evaluation

In order to evaluate the performance of our assay in identifying viral 
presence over a wide range of clinical and field scenarios, we carried out 
an extended sensitivity comparison versus standard benchtop PCR uti-
lizing multiplexed HIV-1, HIV-2 detection with RNase P on portable 
analyzer. The initial phase involved assessing the assay’s aptitude to 
quantify precise RNA levels across a wide range of concentrations, from 
1 to 105 copies/rnx. As illustrated in Fig. 4a, real-time multiplex RT- 
qPCR trials were conducted on a Bio-Rad desktop PCR analyzer with 
serial dilutions of synthetic RNA standards, spanning from 105 to 
0 copies/rnx, each replicated six times across three independent optical 
channels. Due to sample availability, we were unable to conduct addi-
tional repetitions at this time. However, we will consider this in future 
studies. This benchmark utilized the Bio-Rad instrument to establish the 
detection thresholds for each virus, found to be 5 copies/μL for both 
HIV-1, HIV-2, and the RNase P reference gene. Additionally, the calcu-
lated amplification efficiencies are as follows: HIV-1 at 103.37%, HIV-2 
at 99.67%, and RNase P at 106.9%. This addition provides a more 
comprehensive explanation. The precision of these conclusions was 
corroborated by additional analyses. These insights are detailed 
expansively in Fig. 4b, exhibiting the highly quantitative capabilities of 
our approach.

To additionally validate the absolute quantification of our portable 
analyzer systemically, we performed validation measurements across a 
RT-qPCR array panel from various serially diluted RNA samples 
(Fig. 4c). All concentrations of RNA were performed in triplicate to 
demonstrate reproducibility (from 105 to 0 copies/rnx). Comparative 
analysis between our portable device and traditional Bio-Rad analyzer 
demonstrated the amplification curves generated by testing each of RNA 
type with two systems were identical. The HEX channel in the self- 
developed instrument exhibited reduced reaction efficiency and insuf-
ficient amplification, particularly at higher concentration ranges, due to 
suboptimal primer design and lower temperature control precision, 
resulting in nonlinear characteristics. Comparing the results (Fig. 4d) 
gave a correlation coefficient of between 0.96 and 0.99. Meanwhile, the 
combination of a portable PCR analyzer with an multiplex RT-qPCR 
assay can achieve a detection limit of up to 10 copies per reaction. 
Although this is not as low as the 5 copies per reaction achieved with 
conventional PCR equipment, it is sufficient for HIV VL testing. These 
results are evidence of the validity and applicability of our portable PCR 
with respect to conventional laboratory devices. These results highlight 
the utility of this analyzer for viral loads in quantitative analysis. 
Collectively, these findings underscore the superior performance of our 
multiplex assay when deployed on our portable analyzer, confirming its 
suitability for use in a variety of settings, including those with limited 
resources. The assay’s ability to deliver sensitive, specific, and reliable 
results in a portable format presents significant advantages for on-site 
diagnostics and real-time monitoring of viral loads. This makes our 
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portable analyzer a crucial tool in the global effort to control and 
manage HIV, especially in regions where access to traditional lab facil-
ities is constrained.

3.5. Diagnostic performance from sample to answer

To show the clinical utility of our HIV VL PCR instrument, we sub-
jected a total of 30 archived samples that have been extracted from HIV 
positive symptomatic subscribers who had already enrolled into one or 
two programs within Penn State Herssey Medical Center’s infectious 
diseases and consultative services. Multimodal plasma samples of 13 
positive HIV-1/2 individuals at various viral load (VL) levels. 17 healthy 
blood donors were identified as confirmed HIV-1 and HIV-2 negative by 
Roche COBAS® AmpliPrep. Given the lack of clinical samples from HIV- 
2-infected patients, we spiked extracted RNA with synthetic HIV-2 RNA 
to simulate the conditions of such infections within our study. It is 
important to note that all positive clinical samples contained only HIV-1, 
and HIV-2 was entirely negative.

We compared our HIV VL PCR device with a conventional benchtop 
RT-qPCR by testing two identical samples with both methods to evaluate 
consistency. Further, traditional centrifugation methods were employed 
for RNA extraction, followed by RT-qPCR testing on these samples to 
assess our device’s performance agreement with the benchtop RT-qPCR. 
Each analysis utilized an identical volume of 25 μL, though the benchtop 
RT-qPCR employed a column-based extraction method. Each clinical 
sample was tested just once. One set of data comes from the traditional 

extraction method and amplified by a conventional qPCR instrument, 
while the other set comes from using our portable extraction module and 
PCR analyzer. Fig. S5 displays the RT-qPCR results of these clinical 
samples alongside six concentration references for quantification. This 
figure also includes a calibration curve, illustrating the robustness of our 
testing approach. Fig. S6 display the optical signals obtained from 30 
clinical samples processed through our portable centrifuge RNA 
extraction module, as detected in the HIV VL PCR device. The signals for 
HIV-1, HIV-2, and RNase P, derived from three distinct optical channels, 
are consolidated into a unified figure. Additionally, Fig. S7 features RT- 
qPCR analysis results from our HIV VL PCR device for a cohort of 30 
clinical samples, encompassing both positive and negative outcomes. 
Fig. 5a presents a detailed qualitative and quantitative analysis of HIV-1, 
HIV-2, and RNase P results from both the benchtop RT-qPCR and our 
device. White boxes highlight samples from uninfected individuals or 
those successfully undergoing antiretroviral therapy (ART) with a fully 
suppressed viral load within the safe threshold (Low: 0–1000). Light red 
or green boxes denote samples with viral loads exceeding safe limits, 
indicating a need for enhanced medical oversight(Medium: 
1000–20,000). Dark red or blue boxes reveal a significantly higher viral 
load, signaling potential treatment failure and a risk of viral rebound 
despite ongoing ART(High: >20,000 copies/mL) (Ritchie et al., 2014; 
Saag et al., 1996),. A heatmap on the right side of the figure provides 
reference values to further guide interpretation.

Fig. 5b, which serves as a table, summarizes the Diagnostic Perfor-
mance of our device. We carefully compared the Cq values from our 

Fig. 4. Evaluation of Sensitivity and Quantitative Performance of Multiplex RT-qPCR Assays Using Bio-Rad Equipment and a Portable PCR Analyzer. (a) This figure 
illustrates the results from real-time multiplex RT-qPCR using a Bio-Rad benchtop PCR analyzer with serially diluted RNA standards at concentrations ranging from 
105 to 0 copies per reaction, replicated six times. Optical detection for HIV-1, HIV-2, and RNase P across three distinct optical channels is shown in three separate 
columns. (b) The graph displays the cycle threshold (Ct) values at varying RNA concentrations for each target. The "Cq values" is marked by the duration required for 
relative fluorescence units (RFU) to exceed a threshold of 20 (indicated by a dashed line in the plot). (c) A panel displaying RT-qPCR data from tests on serially 
diluted RNA, with HIV concentrations from 105 to 0 copies per reaction, each tested in triplicate. Optical signals for the three targets are again split into three 
columns. (d) A comparative plot shows the Ct values obtained with both the Bio-Rad benchtop PCR analyzer and our portable analyzer for all three targets.
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device with those from the benchtop PCR to evaluate our analyzer’s 
capabilities in quantitative viral load analysis. Our device incorporates a 
quality control method to eliminate invalid tests, achieving a high 
testing validity rate of 96%. For HIV-1 and HIV-2, the sensitivity was 
100% and 100%, specificity was 100% and 90.91%, and accuracy was 
100% and 93.75% respectively, confirming that our device performs on 
par with traditional laboratory protocols using benchtop RT-PCR. These 
findings robustly support the implementation of our innovative point-of- 
care platform in settings where precise and reliable HIV viral load 
testing is essential.

4. Conclusion

In conclusion, our research introduces a pioneering multiplex PCR- 
based device specifically engineered for effective HIV-1 and HIV-2 
viral load testing in resource-limited settings. This portable and 
battery-operated system overcomes significant logistical and technical 
challenges by offering high levels of sensitivity and specificity, essential 
for managing HIV effectively. Demonstrating a sensitivity of 100% for 
both HIV-1 and HIV-2, and a specificity of 100% for HIV-1 and 90.91% 
for HIV-2, our device sets a new benchmark in the field of HIV di-
agnostics. Furthermore, the device successfully achieved a diagnostic 
accuracy of 100% for HIV-1 and 93.75% for HIV-2, confirming its reli-
ability and effectiveness in a range of testing environments. The entire 
testing process can be completed in approximately 60 min, offering a 
significant time advantage over traditional lab-based tests. Moreover, 
the cost per test has been reduced to under $10, making it financially 
accessible for widespread deployment in low-resource settings. These 
performance metrics and cost-efficiency are critical for enhancing access 
to vital health metrics, supporting ongoing treatment efforts, and 
aligning with global health initiatives like the 95-95-95 targets set by the 
World Health Organization. The device’s ability to deliver rapid, robust, 
and accurate viral load results directly at the point-of-care marks a 
substantial advancement in HIV management, particularly in low- 
resource settings where traditional testing facilities are not readily 
accessible. The device may still encounter challenges such as sample 
contamination and result interpretation. To address these, we will 
integrating automated sample processing, utilizing disposable consum-
ables, and employing machine learning for standardized results in the 
future development. Extensive testing and comprehensive user training 

are essential for ensuring stability and reliability. The potential of this 
technology to transform HIV diagnostics and treatment in these regions 
is immense, underscoring the vital role of innovative diagnostic solu-
tions in combating the global HIV/AIDS epidemic.
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Fig. 5. Evaluation of Clinical Samples with Our Device. (a) Validation with Constructed Clinical Samples in a Blind Test. RNA from HIV-1 and RNase P was extracted 
from the plasma of 30 patients utilizing our centrifuge-based portable RNA extraction device. After sample preparation, HIV-2 RNA was introduced to the extracted 
RNA. Qualitative analysis for RNase P and quantitative analyses for HIV-1 and HIV-2 were performed using our device and a Bio-Rad benchtop PCR system. A heat 
map displays the Ct values from the quantitative analyses of HIV-1 and HIV-2. (b) Diagnostic Performance Overview: This table displays the performance metrics of 
our system, including Sensitivity, Specificity, Accuracy and Valid Rate for HIV-1, HIV-2, and RNase P.
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Côrtes, F.H., , Working Group 4 (Targeting the provirus), Valente, S., Søgaard, O.S., 
Diaz, R.S., Ott, M., Dunham, R., Schwarze, S., Patrigeon, S.P., Nabukenya, J., , 
Working Group 5 (Targeting the immune system), Caskey, M., Mothe, B., Wang, F.S., 
Fidler, S., SenGupta, D., Dressler, S., Matoga, M., , Working Group 6 (Cell and gene 
therapy), Kiem, H.-P., Tebas, P., Kityo, C., Dropulic, B., Louella, M., Das, K.T., , 
Working Group 7 (Paediatric remission and cure), Persaud, D., Chahroudi, A., 
Luzuriaga, K., Puthanakit, T., Safrit, J., Masheto, G., , Working Group 8: (Social, 
behavioral and ethical aspects of cure), Dubé, K., Power, J., Salzwedel, J., 
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