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Abstract

Point-of-care diagnostics often use isothermal nucleic acid amplification for qualitative detection 

of pathogens in low-resource healthcare settings, but lack sufficient precision for quantitative 

applications such as HIV viral load monitoring. Although viral load monitoring is an essential 

component of HIV treatment, commercially available tests rely on relatively high-resource 

chemistries like real-time polymerase chain reaction and are thus used on an infrequent basis 

for millions of people living with HIV in low-income countries. To address the constraints 

*Send correspondence to blutz@uw.edu.
Author Contributions
I.T.H. designed the competitive RPA workflow, conducted all assays, and analyzed lateral flow results. E.C.K. contributed to 
competitive isothermal assay design. G.K.G. prepared RNA from HIV-positive plasma samples. J.H.K. and N.P. conducted the survey 
for naked-eye analysis of lateral flow strips. K.G.S. developed the MATLAB script for analysis of cell phone photos of lateral flow 
strips and Q.W. conducted the cell phone analysis. L.F. and J.S. contributed analysis of the clinical utility of this work. J.L. and B.R.L. 
oversaw the study. All authors contributed to writing and/or review of this manuscript.

HHS Public Access
Author manuscript
Anal Chem. Author manuscript; available in PMC 2022 October 18.

Published in final edited form as:
Anal Chem. 2022 January 18; 94(2): 1011–1021. doi:10.1021/acs.analchem.1c03960.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of low-resource settings on nucleic acid quantification, we describe a recombinase polymerase 

amplification and lateral flow detection approach that quantifies HIV-1 DNA or RNA by 

comparison to a competitive internal amplification control (IAC) of known copy number, which 

may be set to any useful threshold (in our case, a clinically relevant threshold for HIV treatment 

failure). The IAC is designed to amplify alongside the HIV target with similar efficiency, 

allowing normalization of the assay to variation or inhibition, and enabling an endpoint readout 

that is compatible with commercially available kits for nucleic acid lateral flow detection and 

interpretable with minimal instrumentation or by naked eye. We find that this approach can 

reliably differentiate ≤600 or ≥1400 copies of HIV DNA from a 1000-copy threshold when lateral 

flow strips are imaged with a conventional office scanner and analyzed with free densitometry 

software. We further demonstrate a user-friendly adaptation of this analysis to process cell phone 

photos with an automated script. Alternatively, we show via survey that 21 minimally trained 

volunteers could reliably resolve ≥10-fold (log10) differences of HIV DNA or RNA by naked-eye 

interpretation of lateral flow results. This amplification and detection workflow requires minimal 

instrumentation, takes just 30 minutes to complete, and when combined with a suitable sample 

preparation method, may enable HIV viral load testing while the patient waits or a self-test, which 

has the potential to improve care. This approach may be adapted for other applications that require 

quantitative analysis of a nucleic acid target in low-resource settings.

For Table of Contents Only

Introduction

Isothermal nucleic acid tests (NATs) are useful for point-of-care (POC) diagnostics due 

to their minimal requirements for instrumentation and user expertise. Unlike polymerase 

chain reaction (PCR), isothermal reactions amplify nucleic acids at a constant temperature 

and do not require a specialized thermal cycler, enabling POC detection of pathogens1,2. 

Quantitative applications of isothermal amplification, however, are difficult to implement at 

POC. Most quantitative NATs rely on real-time PCR to quantify a target based on number 

of cycles needed for the signal to exceed a certain threshold, as endpoint signal typically 

plateaus regardless of input copy number3. Real-time analysis requires fluorescence readers 

and external quantitative standards, which increase assay complexity. Isothermal techniques 
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carry additional complications for real-time analysis, as the lack of thermal cycling to 

regulate amplification makes liftoff time highly sensitive to variations in reaction conditions 

such as incubation temperature4, mixing5, or interfering substances.

As a result, real-time PCR remains the standard technique for the most impactful 

quantitative NAT in global public health: HIV viral load (VL) monitoring. VL monitoring is 

integral to the management of antiretroviral therapy (ART). The VL of a person living with 

HIV (PWH), expressed as the number of HIV RNA copies per milliliter (c/mL) of plasma, 

is measured frequently during ART to monitor suppression of HIV replication. A VL that 

remains above 1000c/mL is defined as virologic failure by the World Health Organization 

(WHO) and is associated with HIV transmission and drug resistance. Persistent failure leads 

to depletion of CD4+ T cells and progression to AIDS6. Other public health authorities use 

lower VL thresholds (e.g. ≥200c/mL) to define virologic failure7. Virologic failure, or really 

any lack of virologic suppression, warrants clinicians to discuss medication adherence and 

potentially to evaluate virus for drug resistance.

Although roughly 32 of 37 million PWH globally reside in low- to middle-income countries 

(LMIC)8, VL monitoring typically relies on high-resource tests that require expensive 

equipment and centralized laboratory facilities9 such as real-time PCR by COBAS® 

Taqman® v2.0 (Roche) or the RealTime HIV-1 (Abbott). As a result, less than half of 

PWH on ART globally received routine (annual) VL tests in 201610 (with access particularly 

low in sub-Saharan Africa, at 37% in Eastern and Southern Africa and 13% in Western and 

Central Africa11).

For quantitative NATs to have an impact in global public health, the constraints of POC 

settings must be addressed. An ideal POC HIV VL test, for example, requires minimal 

(ideally battery-powered) instrumentation, results within 30 minutes, resolution within 

0.3 log10 (~2-fold) copies RNA, and sensitivity sufficient for fingerstick blood volumes 

(≤200µL)12. One assay developed by Crannell et al. uses real-time recombinase polymerase 

amplification (RPA)13, which is an adaptation of a qualitative lateral flow RPA assay 

originally described by Boyle et al.14. This approach is isothermal, fast (< 30 minutes), 

and accurate to within 0.3 log10 copies of DNA for most inputs. However, it relies on 

real-time analysis, increasing assay complexity and vulnerability to errors due to reaction 

inhibition. Nycz et al. described a strand-displacement amplification (SDA) assay with a 

target-mimicking internal amplification control (IAC)15. This approach is endpoint-based 

and controls for reaction variability, saturation, and inhibition by comparing the HIV signal 

to that of the IAC, which co-amplifies at a fixed ratio dependent on the initial ratio 

of HIV and IAC input. This “competitive” approach is accurate and effective; in fact, 

competitive PCR predates real-time PCR and was the original technique used to establish the 

relationship between HIV VL and progression to AIDS early in the HIV/AIDS pandemic16. 

Nycz et al.15 expanded this concept to an isothermal chemistry, but used radiolabeled probes 

and an electrophoresis readout that would be inaccessible in POC settings.

Here, we describe an isothermal quantitative or semi-quantitative NAT with features 

accessible in POC settings. We combine the HIV RPA assay described previously with the 

competitive IAC quantification approach previously used in PCR and SDA. By comparing 
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amplification of the HIV target relative to the IAC, we establish that the resulting fractions 

in endpoint signal can be used semi-quantitatively to determine if the HIV input exceeds 

the IAC threshold (which should be sufficient for most POC VL tests), or quantitatively to 

estimate HIV input copy number with 95% confidence intervals (which may be used for 

tracking of ART efficacy over time). This “competitive RPA” assay has several advantages. 

Analysis occurs at endpoint, minimizing instrumentation and enabling a lateral-flow-strip 

readout that can be interpreted by the naked eye or automated with a commercially available 

cell phone camera. The competitive IAC enhances the accuracy of the assay and accounts for 

inhibiting conditions by normalizing HIV amplification relative to that of the IAC. Finally, 

we show that the assay maintains accuracy when challenged with common HIV-1 genomic 

variants. Given these qualities, this competitive amplification approach should prove to be a 

useful template to develop various isothermal quantitative NATs, including but not limited to 

POC HIV VL tests.

Experimental Section

RPA Primer, Probe, and Synthetic Template Designs

We chose the HIV pol RPA assay described by Boyle et al.14 for modification to include 

a competitive IAC and biplexed lateral flow detection of HIV and IAC targets. The primer 

designs and HIV probe sequence are unchanged from the original pol assay14, but the HIV 

probe was given a 5’ digoxigenin label for lateral flow detection. The IAC probe sequence 

was designed using Geneious 11.1.4 (https://www.geneious.com) to comprise the same base 

content as the HIV probe, but with a shuffled sequence. The Mutate & Shuffle plugin was 

used to randomize the positions of all bases in the IAC probe except the “TGC_CT” motif 

at positions 28–33. This motif was preserved so that the endonuclease IV probe system 

would have similar kinetics at the abasic site and so the flanking thymidines could be 

used as conjugation sites for alternative fluorescence-based probe chemistries (not shown). 

We used the DNA Fold tool in Geneious to screen 20 shuffled probe sequences in silico 
for predicted secondary structure at 39°C. We chose the sequence with minimal secondary 

structure for use in the IAC probe and gave this probe a 5’ 6-FAM label for lateral flow 

detection. Synthetic templates were based on sequences from the Los Alamos National 

Laboratory (LANL) HIV Sequence Database17; all experiments used a majority consensus 

sequence HIV-1 template (unless otherwise noted) and an IAC template identical to the 

HIV template except with IAC probe sequence substituted at the probe site. Finally, each 

template was given flanking PCR primer sites and a T7 promoter site to enable in-house 

DNA and RNA production. Full template design notes are included in the Supplementary 

Information. All primer, probe, and template DNA sequences were ordered from Integrated 

DNA Technologies (IDT) (Coralville, Iowa) and are listed in Table S1.

Synthetic Template Preparation and Quality Control

To better quantify DNA templates prior to use in our assay, we amplified our gBlocks 

using M13 PCR primers and Q5 HotStart High-Fidelity DNA Polymerase (New England 

BioLabs (NEB) M0493). Each 50µL PCR reaction contained 1x Q5 Reaction Buffer, 200µM 

each dNTPs, 500nM each M13 primer, 1U Q5 HotStart High-Fidelity DNA Polymerase, 

and 10ng gBlock template. PCR thermal cycling parameters were: 98°C for 30 seconds, 25 
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cycles of [98°C for 5 seconds, 57°C for 10 seconds, 72°C for 5 seconds], then 72°C for 

2 minutes. PCR amplicons were purified using a QIAquick PCR Purification Kit (Qiagen 

28104) or PureLink PCR Purification Kit (Invitrogen K310002). PCR amplicons were then 

quantified using a ThermoFisher NanoDrop 2000c and stored in aliquots of 109 copies 

dsDNA template per µL.

To prepare synthetic RNA templates, we transcribed the dsDNA PCR amplicons using 

T7 RNA Polymerase (NEB M0251S) using the manufacturer-recommended protocol and 

100ng of template DNA. RNA transcripts were purified using a Monarch RNA Cleanup Kit 

(NEB T2030), checked for length and integrity using an RNA ScreenTape Assay (Agilent 

5067–5576) on a TapeStation 2200, and quantified with a Qubit High-Sensitivity RNA 

Assay (ThermoFisher Q32852). The RNA was then diluted with nuclease-free water to 109 

copies/µL and stored at −80°C in single-use 50µL aliquots.

RPA nfo Reactions

RPA nfo reactions (TwistDx TANFO02KIT (temporarily discontinued)) were set up as 

recommended by the manufacturer. Briefly, a master mix was prepared such that the 50µL 

reactions would have final concentrations of 1x primer-free rehydration buffer, 420nM 

each primer, and 60nM each probe. For reactions with RNA templates, the master mix 

was supplemented such that each 50µL reaction would contain 4U OmniScript Reverse 

Transcriptase (Qiagen 205111) and 50U human pancreatic ribonuclease inhibitor (NEB 

M0307). Lyophilized RPA nfo pellets were resuspended with 45.5µL of master mix. A 

2.5µL droplet of 280mM magnesium acetate was added to the lid of each reaction tube. 

Finally, 2µL of template were added to each reaction tube.

Reactions were initiated by spinning the magnesium acetate droplets down into reactions 

using a microcentrifuge, vortexing briefly, and spinning down once more. Reactions were 

then immediately transferred to a preheated Bio-Rad T100 thermal cycler. All reactions 

were incubated at 39° for 20 minutes unless otherwise noted. 5 minutes into incubation, the 

thermal cycler timer was paused and reactions were briefly mixed via vortex and spun down 

before being returned to the thermal cycler to resume incubation. At the end of incubation, 

reactions were rapidly cooled to 4°C on the thermal cycler, spiked with 5µL each of 0.5M 

EDTA to stop amplification, vortexed briefly, and spun down. The amplicons were then run 

immediately on lateral flow strips or stored overnight at 4°C before continuing with lateral 

flow detection.

Lateral Flow Detection of RPA nfo Amplicons

Lateral flow assays were performed using PCRD-FLEX strips (Pocket Diagnostics 

FD51676) in a 96-well plate on an open benchtop. Unless otherwise noted, 1µL of RPA 

nfo amplicons was mixed with 149µL of PCRD extraction buffer in a single well of the 

96-well plate. (See Figure S2 for our justification to use 1µL of amplicons instead of the 

recommended 10µL). One PCRD-FLEX strip was dipped into each well and allowed to wick 

for 10 minutes.

PCRD-FLEX strips were then removed from the wells and taped to a sheet of printer paper. 

The strips were scanned within 15 minutes using an Epson Perfection V700 photo scanner 
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and SilverFast Software SE 8.5 (LaserSoft Imaging). All strips from each experiment were 

scanned as a single image. Raw images were saved in TIF format at a resolution of 600 

pixels per inch.

For some experiments as noted, the strips were then allowed to dry completely (to 

reduce artifacts from refractive index dependent on membrane wetness) and individually 

photographed using an iPhone 11 camera using default settings and 1x zoom via the Camera 

application. Strips were photographed under weak ambient laboratory lighting, with care 

taken to avoid strong and/or directional lighting sources, as these may cause overexposure or 

lighting gradients in the photos.

Analysis of Lateral Flow Capture Line Intensities

Scanner-Based Imaging and Analysis—All software-based analyses of the strips 

were conducted with scanned images except those labeled as cell phone analysis. Scanned 

images of the lateral flow strips were processed in Image Studio Lite Version 5.2 (LI-COR, 

discontinued). Boxes of equal dimensions (within each experiment) were drawn around 

each capture line, excluding the edges of lateral flow strips to eliminate flow artifacts and 

shadows. The background for each box was specified as the median of all green-channel 

intensities 3 pixels above or below the box. The raw signal for each capture line was 

determined by subtracting the background of its box from the green-channel intensities of 

each pixel within the box and summing across all pixels within the box. The HIV and IAC 

signals for each strip were further normalized relative to each other, such that for each strip, 

the “HIV signal fraction” equals (DIG/(DIG+FAM)) and the “IAC signal fraction” equals 

(FAM/(DIG+FAM)).

The intended assay format, in which a known quantity of IAC target is co-amplified with 

an unknown quantity of HIV, should always produce a signal in one or both capture lines, 

as IAC is present even when HIV is undetectable. If neither line is observed, it should be 

interpreted clinically as a failed or inconclusive reaction, from which no information can 

be drawn. Such failed reactions could have multiple causes, including reagent expiry, inputs 

below the assay limit of detection, improper amplification conditions, or inhibition due to 

contaminants. These reactions should not be used for diagnosis or quantification because 

the capture line intensities are dominated by random noise. To identify such reactions, we 

chose a cutoff for minimum capture line intensity that indicates a successful amplification 

and can be used for quantification. Reactions were classified as “failed” if the raw DIG 

and FAM signals were both less than 12,000 units despite a positive HIV and/or IAC input. 

This cutoff was chosen retroactively, as we observed that the noise of raw DIG or FAM 

signals from reactions without their respective targets fell within a range of ±8,000 across all 

experiments, but a cutoff of +12,000 was necessary to minimize divide-by-zero errors from 

strips with very faint (i.e. noisy) capture lines. All failed reactions are labeled with an ‘X’ in 

strip images and omitted from plots where noted. FC lines were visible (and well above the 

12,000-unit cutoff) for all reactions; therefore, we attribute failed reactions to insufficiently 

sensitive amplification, rather than any problems with the lateral flow assays. Note that all 

“NTC” reactions (to which we added neither IAC nor HIV) also had raw DIG and FAM 

signals below the 12,000-unit cutoff and would be classified as “failed” in a real-world 
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context (e.g. if sample preparation failed and no HIV or IAC was added to the reaction), but 

for clarity, we distinguish here between NTCs and reactions that fail despite a positive input.

Cell-Phone-Based Imaging and Analysis—Images of the lateral flow strips taken by 

iPhone 11 camera were processed using an in-house automated script using MATLAB18 

(code provided in supplement). Briefly, this script imported cell phone images and cropped 

to nitrocellulose membranes of individual lateral flow strips (using blue regions of the 

PCRD FLEX strips as a reference). It then obtained a signal profile of each strip for the 

centermost 50% of the width and 90% of the length of the nitrocellulose membrane. This 

signal profile was first integrated across the width of the strip, then saved with respect to the 

length. The user manually designates certain positive strips as a reference for the location of 

the three capture lines in each strip. Finally, the script determines the area under the curve of 

signal at the three capture lines for each strip.

Non-Linear Regression Analysis—Where noted, mathematical curves describing the 

relationship between HIV input copy number and HIV signal fraction were determined 

using non-linear regression analysis in GraphPad Prism version 9.2.0 for Windows 

(GraphPad Software). We fit four-parameter logistic curves (“Sigmoidal, 4PL, X is 

concentration”) to data using least squares regression (all default options). All analyses 

passed the D’Agostino-Pearson omnibus (K2) test19 to verify that data was normally 

scattered around the curves. Curves and 95% prediction bands are included as plots in 

figures; parameters defining these curves and other results of non-linear regression analysis 

are available in Table S2.

Naked-Eye-Based Analysis—Scanned images of lateral flow strips were cropped to 

contain only the nitrocellulose membrane from one strip per image. They were then digitally 

annotated with a random, unique numerical identifier and three arrows, each indicating the 

position of an expected test line (typical lateral flow cartridges for consumer use similarly 

indicate these positions). Images were assigned a random order and copied into a survey 

instrument (Google Forms, forms.google.com) (Figure S3). Volunteers were recruited from 

“non-lab” (N = 14) and “lab” personnel (N = 7) familiar with lateral flow assays but blinded 

to the inputs of each strip. Volunteers were given a short description of the test’s purpose and 

function, and a schematic showing the different possible outcomes of the test, with a letter 

A-G and a short description (Figure S3). The answers in the survey corresponded to the A-G 

outcomes on the schema; volunteers completed the survey using the schematic as a guide. 

Images were annotated using ImageJ (https://imagej.nih.gov/ij/)20. This study was approved 

by the University of Washington Human Subjects Division (IRB STUDY00013312).

Results and Discussion

Designed Competitive IAC Mimics HIV Target by using Identical Primer Sites and Shuffled 
Probe Sequence

We designed a competitive IAC (Figure 1) to incorporate into the HIV-1 RPA assay 

described by Boyle et al.14. Design of the IAC to mimic the HIV target as closely as 

possible was essential, as the quantitative nature of the competitive amplification depends on 
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identical amplification efficiency for both targets. Isothermal amplification of a target can be 

roughly modeled as exponential growth:

HIV t =  HIV t = 0 ∙ 2
t

τHIV

IAC t =  IACt = 0 ∙ 2
t

τIAC

where t represents time since reaction initiation and τ represents the doubling time (a 

representation of amplification efficiency) for a specific target. If both targets possess equal 

amplification efficiency, then τHIV =  τIAC and the endpoint ratio (HIV t
IAC t ) will equal the 

input ratio (
HIV t = 0
IACt = 0

). However, slight differences in amplification efficiency can lead to 

large deviations from the input ratio; for example, if τHIV = 60s and τIAC = 57s, then 

the IAC yield will be roughly double the HIV yield after 20 minutes, and VL will be 

underestimated. This simplified model does not capture more complicated phenomena, 

such as reagent diffusion and depletion21, but illustrates the importance of preserving 

amplification efficiency for this application, particularly because isothermal amplification 

lacks thermal cycling to synchronize doubling times.

Amplification efficiency is influenced by many factors, including primer sequence, target 

sequence, target length, and GC content22. To control these factors, we made the minimum 

modification necessary to achieve specific probe binding to the IAC, by shuffling bases at 

the probe site yet preserving overall target length, base content, and non-probe sequence. 

The competitive IAC is therefore composed of two parts: a synthetic nucleic acid template 

that mimics the HIV target sequence in every way, except with a shuffled probe binding site, 

and a corresponding RPA nfo probe (probe chemistry is described in Piepenburg et al.23). To 

enable separate and specific detection of the HIV and IAC by lateral flow immunocapture, 

the HIV probe is labeled with digoxigenin while the IAC probe is labeled with 6-FAM.

We confirmed that the RPA assay sensitively detects as few as 10 copies of synthetic HIV 

or IAC DNA, with similar amplification efficiency and endpoint signal for each target, 

but virtually no cross-reactivity (Figure S1). In later experiments, we used synthetic DNA 

templates, where indicated, to demonstrate engineering concepts, as the assay is more 

sensitive to DNA. We also synthesized or extracted RNA templates to test the clinical 

viability of this assay, as HIV virions in plasma possess RNA genomes.

Competitive RPA Enables Software and Cell-Phone Quantification of HIV DNA Inputs That 
Vary ≥0.2-Fold (~0.1 log10) from IAC DNA Threshold

By co-amplifying a constant copy number of IAC with varying copy numbers of HIV, 

we found that the endpoint HIV signal fraction approximates the input HIV copy number 

fraction and can be used to identify the predominant target with high accuracy (Figure 2). 

1000 copies of IAC DNA (representing the WHO VL threshold for a 1mL plasma sample) 

and varying copy numbers of HIV DNA (representing a sample with unknown VL) were 

added to RPA nfo reactions and run on lateral flow strips. We then quantified capture 

line signal intensities from scanned images and normalized them to the total (HIV + IAC) 
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signal. For all HIV inputs tested, the target with more copies at reaction initiation (input 

fraction > 0.5) produced a more intense capture line at endpoint (signal fraction > 0.5), even 

when the HIV input differed from the 1000-copy IAC threshold by just 200 copies (20%, 

corresponding to a difference of less than 0.1 log10). This implies that competitive RPA 

can be used to compare an HIV input to a certain threshold (represented by the IAC) with 

resolution comparable or superior to qPCR, but with much simpler instrumentation.

A similar analysis approach was conducted using cell phone photos processed by a custom 

MATLAB script. We took photos of the strips on a laboratory benchtop using an iPhone 

11 camera and processed the images using a custom MATLAB script (see supplement for 

code). While the cell phone analysis slightly overestimated HIV relative to IAC (the average 

HIV signal fraction exceeds IAC signal fraction when HIV input = 800 copies DNA), 

the dominant signal at endpoint generally corresponded to the more abundant target at 

initiation. The slight overestimation of HIV relative to IAC may have occurred in cell phone 

photos due to non-uniform ambient lighting that could not be fully negated via background 

subtraction. Further development of cell phone image analysis algorithms, coupled with 

optical guides on lateral flow cassettes and real-time feedback via phone app to improve 

camera lighting, exposure, and focus, could improve the accuracy of this method and enable 

user self-testing24.

We also observed that despite the correlation between HIV and IAC input and signal 

fractions, both signal fractions exhibited a systematic bias towards a value of 0.5 (in other 

words, the more abundant target was typically underestimated). We attribute this effect 

to the RPA nfo probe system, which does not directly produce signal upon binding to 

amplicons, but relies on enzymatic cleavage of bound probes. Any turnover in this process 

(i.e., ability of multiple probes to sequentially bind to one amplicon and get cleaved) to the 

point of saturation likely drives the endpoint HIV or IAC signal fractions to approximate 

the fraction of their respective probe concentrations (fixed to 0.5 for both probes), rather 

than the fraction of amplicons. Another potential reason for underestimation of the more 

abundant target is re-annealing of amplicons25, which inhibits primer or probe binding and 

disproportionately affects the more abundant target. These effects have little impact on our 

goal to semi-quantitatively compare HIV to a clinical VL threshold, but would affect the 

accuracy of full quantification. While it should be possible to fully quantify a target using 

competitive RPA (as has been demonstrated using competitive SDA15 or PCR16), additional 

development should be performed to counteract underestimation of the more abundant 

target. We suggest using an alternative probe chemistry that directly detects amplicons upon 

hybridization (e.g. molecular beacons26 or Pleiades probes27), though care must be taken to 

ensure that the DNA-binding proteins used in RPA do not interfere with probe chemistry28.

To improve quantification and determine statistical confidence in the assay results, we 

performed non-linear regression analysis on the data from each experiment to define 

the relationship between HIV input copy number and HIV signal fraction. The resulting 

sigmoidal curves resemble the plots of theoretical results, but essentially correct for 

systematic underestimation of the more abundant target by finding best-fit parameters for 

the baselines, slopes, and midpoints of each curve (see Table S2 for these parameters). 

Scatter of the data around each curve can then be used to generate a 95% prediction band, 
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which is the area around the curve that is expected to encompass 95% of future samples. 

For semi-quantitative applications, this analysis can effectively be used to estimate whether 

95% of samples at a given HIV copy number will consistently produce an HIV signal 

fraction above or below a semi-quantitative diagnostic threshold. For example, the prediction 

bands for scanned image analysis of HIV inputs of 800 or 1200 copies slightly overlap the 

0.5 signal fraction threshold (Figure 2, second plot from right), implying these inputs may 

occasionally be misdiagnosed with >5% frequency, but inputs of 600 or 1400 copies have 

prediction bands that do not overlap the 0.5 signal fraction threshold and should therefore be 

misdiagnosed with <5% frequency. For quantitative applications, this analysis may be used 

to interpolate unknown samples (the curve estimates the HIV copy number that produced a 

given HIV signal fraction, while a horizontal line that is drawn across the 95% prediction 

band at that signal fraction defines a 95% confidence interval for the input copy number). 

We believe this analysis is a powerful and convenient way to predict the performance of an 

assay and analyze its results, provided that it is validated across experiments and conditions 

in which the assay will be used.

Competitive RPA Enables Naked-Eye Quantification of HIV DNA Relative to Threshold

To demonstrate the feasibility of naked-eye analysis of these strips, we had 21 minimally 

trained volunteers interpret scanned strip images (Figure 3) that were previously analyzed 

via software. The volunteers’ judgment agreed well with the ground truth (true input copy 

numbers of HIV and IAC) and with software analysis despite being blinded to both. They 

were able to identify a dominant capture line (HIV or IAC) for all HIV DNA inputs 

that deviated from the IAC threshold by an order of magnitude or more, and correctly 

identified the dominant capture line as that of the target with a higher input copy number. 

They therefore correctly classified all DNA reactions as representative of treatment success 

or treatment failure, except for the reactions with no HIV or IAC DNA (which they 

correctly classified as “inconclusive”) or the strips with 1000 copies each of HIV and 

IAC DNA (which were too close to call for most volunteers). Only 4/504 calls (0.8%) 

in this experiment differed from the ground truth, all of which judged the HIV signal to 

be higher than the IAC for two reactions with 1000 copies each of HIV and IAC. While 

this “HIV=IAC” condition is a somewhat indeterminate case (it is possible through random 

sampling that these reactions did have a higher HIV input than IAC, or vice versa), these 

“incorrect” calls agreed with the software analysis in Figure 2, which found a slightly 

higher HIV signal than IAC for the strips in question. The volunteers who made these 

“incorrect” calls may therefore have been more sensitive to minute differences in signal than 

the other volunteers. Altogether, these results show that naked-eye-determined comparison 

of lateral flow line intensities agrees with software quantification and may be sufficient for 

test analysis at the point of care.

Competitive RPA Maintains Quantitative Behavior Regardless of IAC Threshold, Inhibitory 
Conditions, or Common HIV Mutations

We tested the limitations of the assay (Figure 4) with lower IAC thresholds (to simulate 

lower sample yield or volume, or a different choice of treatment failure threshold), a 

lower incubation temperature (to simulate amplification inhibition), or HIV templates with 

mutations relative to the primer and probe designs (to simulate the HIV genetic diversity 
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expected in clinical samples). More detailed information on the justification for and effects 

of changing these parameters can be found in the supplement (Figures S4-S6).

Lower IAC thresholds may occur when some yield is lost during sample preparation 

(assuming the IAC is added prior to sample preparation as an extraction control), when 

lower volumes of sample are collected, or may intentionally be built into the assay to meet 

a different definition of treatment failure (e.g. the 200c/mL threshold used by the CDC7). 

Although sensitivity was reduced with low IAC inputs (2/3 reactions with 50 copies IAC and 

5 copies HIV failed) (Figure S4) the assay either maintained accurate quantification of HIV 

relative to IAC or failed to detect both targets (an inconclusive result, which is preferable to 

a false negative) (Figure 4, left). This demonstrates that the IAC input need not be a specific 

quantity for a given assay, but may be set to any threshold that is useful for the desired 

application.

The IAC further serves to protect the assay against amplification inhibition that may 

otherwise affect quantification. Temperature is a significant determinant of RPA reaction 

speed and sensitivity4,23, and quantification methods that estimate input copy numbers based 

on liftoff time may be sensitive to temperature variations without proper controls. Also, 

while RPA is robust to many inhibitors, it can be adversely affected by background DNA 

at concentrations typical of fingerstick blood samples (though serum, which contains HIV 

virions and is commonly used in viral load tests, does not significantly inhibit RPA)29,30. 

While the optimal incubation temperature for this assay is 39°C14, a POC test with minimal 

instrumentation may lack tight control of incubation temperature. We tested the function 

of this assay at 30°C to simulate a POC scenario with an imprecise heater, which also 

serves as a useful model system for any kind of reaction inhibition, such as that caused 

by background DNA. Although reactions at 30°C took longer to qualitatively detect 1000 

copies of HIV DNA than at 39°C (Figure S5), the competitive assay (Figure 4, center) 

maintained accurate quantification of HIV relative to IAC due to the normalizing effect 

of the IAC. This demonstrates that errors in quantification are less likely to occur when 

a competitive IAC is used rather than a non-competitive IAC or external standards (which 

are commonly used for real-time PCR), as long as the cause of inhibition affects HIV and 

IAC amplification equally. However, we have noted the large variation of reactions with an 

HIV/IAC DNA input ratio of 1 in this experiment. We believe this variation is due to delayed 

mixing. Briefly, mixing ensures that amplification initiation and efficiency are consistent for 

HIV and IAC, but imperfect or delayed mixing may randomly favor one target over another. 

For this reason, a competitive assay procedure must ensure that proper mixing is achieved, 

particularly in low-resource settings. Further discussion on this point is in the Supporting 

Information (Figure S5).

However, mutations in the HIV template are a unique scenario in which HIV amplification 

could be adversely affected relative to that of the IAC and lead to an underestimate of VL, 

especially when variant HIV sequences exhibit mismatches to the primers or probe. We note 

that the qualitative version of this RPA assay has been shown to detect 51/56 sequences 

from a diverse panel of HIV variants in 3/3 replicate reactions, including one variant with 

9 total mismatches to the primers and probe, although 1–4 mismatches are more common 

and the effect of any mismatch appears to depend on its location14. To assess the risk 
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that HIV mutations could affect the accuracy of quantification even if qualitative detection 

is maintained, we ran the competitive RPA assay using HIV templates with a subtype B 

consensus sequence (1 mismatch to the forward primer), subtype C consensus sequence (1 

mismatch each to the reverse primer and probe), and a “Franken”-subtype sequence that 

we created to represent the combined mutations of all HIV-1 Group M subtype consensus 

sequences relative to the primers and probe (9 total mismatches to the primers and probe) 

(see Figure S6 for a sequence alignment). The assay maintained accuracy with the subtype 

B and C sequences, but in the case of the “Franken”-subtype, we observed no detection of 

HIV (unlike the aforementioned 9-mismatch variant14; we believe that differing locations 

of mutations caused this discrepancy), while the IAC was unaffected (Figure 4, right). We 

conclude that the competitive RPA assay is robust to common HIV mutations to a certain 

extent, but in rare cases with abundant mutations or mutations in locations that are critical to 

primer or probe function, a false negative for HIV treatment failure may result. We therefore 

urge careful in silico or clinical evaluation before using this assay in PWH cohorts who 

are expected to have high HIV sequence diversity, but we note that similar validation is 

needed for most HIV NATs regardless of the assay format. Fortunately, the geographical 

distribution of HIV-1 genomic diversity is well-documented, with hundreds of thousands 

of PWH sample sequences available from 116 countries from 1990 to 2015 (in general, 

diversity is low in India, Ethiopia, Southern Africa, and the United States, while diversity 

is high in Western Europe and Central Africa)31. With this knowledge, in silico screening 

of this assay against HIV genome alignments by country can be a useful tool to identify 

mutations to validate the assay against, or to confirm that the HIV genomic diversity of 

a PWH cohort meets a minimum desired prevalence of pre-validated sequences for assay 

compatibility.

One-Pot Competitive RT-RPA Enables Quantification of HIV RNA Relative to Threshold

To demonstrate the ability of this assay to quantify HIV RNA, as needed in a clinical VL 

test, we ran reactions with synthetic RNA targets (Figure 5) and analyzed them with the 

same survey or software approaches previously performed on DNA targets. Overall, the 

survey and software analyses agreed well with each other and with the ground truth. While 

the survey and software analysis both appeared to slightly underestimate HIV RNA relative 

to IAC RNA in the HIV=IAC condition (see the abundant ‘D’ responses in the survey where 

HIV=103, or the HIV signal fractions substantially lower than 0.5 in software analysis of 

the same strips), the agreement between the two analyses indicates that this underestimation 

is not due to errors in either analysis method. Given the tight accuracy of quantification 

previously observed with DNA targets, we believe that the HIV RNA target may have 

degraded slightly more than the IAC prior to RPA, although it is also possible that reverse 

transcription of the IAC target is more efficient (perhaps due to loss of secondary structure). 

We observed similar behavior when we tested the assay against HIV RNA extracted from 

clinical samples (Figure S7). Nevertheless, it appears that naked-eye and software analysis 

are both capable of distinguishing ≥10-fold (log10-scale) differences in HIV RNA copy 

number from the WHO treatment failure threshold. This may be sufficient for most VL 

tests, as PWH who discontinue ART typically experience a viral rebound with VL exceeding 

thresholds for treatment failure by an order of magnitude or more (in a prospective study, 

mean VL for 18 PWH exceeded 104 copies RNA/mL within 4 weeks of stopping ART32).
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Conclusions

Competitive isothermal amplification is a powerful tool for quantification of nucleic acids 

and is useful for semi-quantitative HIV VL testing. The endpoint-measured lateral flow 

system enables naked-eye interpretation for most tests, while software and/or cell-phone 

mediated analysis can make a diagnosis when VL is too close to the treatment failure 

threshold for visual interpretation to be definitive. Furthermore, the competitive IAC 

controls for the variability of isothermal reactions and confers robustness to several potential 

complications, including low sample preparation yield, reaction inhibition, and common 

HIV mutants. Competitive IACs have been used for HIV VL quantification before15,16, and 

a semi-quantitative lateral-flow-based VL test (SAMBA semi-Q) has been described33, but 

the competitive RPA assay described herein is the first (to our knowledge) to combine these 

technologies into a low-resource workflow.

A clinical adaptation of this assay should focus on development of a kit to address other 

POC priorities, such as ready-to-use shelf-stable reagents, low-resource sample preparation, 

and prevention of amplicon contamination. Although lyophilized RPA reaction pellets are 

recommended to be stored at −20°C, one study suggests that they remain viable at 25°C 

for three months or at 45°C for three weeks5, which simplifies distribution and storage in 

low-resource settings (furthermore, the IAC could indicate reaction failure due to expired 

reagents). A more important concern for reagent storage is ease of use; ideally, all oligos 

should be stored with the lyophilized pellet to reduce assay setup complexity34,35, and any 

liquid reagents should be combined into a single, small volume that is easy to add to the 

pellet (e.g. with a single-use exact volume transfer pipette). We have observed favorable 

performance and user feedback with a similar workflow conducted by non-trained 1st-time 

users or healthcare workers for HIV34,36 or SARS-CoV-2 assays37. These changes have the 

added benefit of minimizing reagent volume, which allows for a larger sample input volume. 

Sample preparation must also be addressed in a clinical implementation; a blood sample 

for VL testing must first be collected, filtered or otherwise processed to remove cellular 

components, and purified to remove ribonucleases and other inhibitors and concentrate viral 

RNA12. We did not address sample preparation in this work, but paper-based methods for 

processing viral RNA from human specimens have been described38,39. A more sensitive 

RT-RPA assay40,41 may also be desired if a PWH cohort is expected to have lower VLs 

or if the desired sampling method is a fingerstick. Finally, containment of amplicons is 

essential to prevent contamination of future tests carried out in the same location. This 

can be achieved procedurally through separation of pre- and post-amplification workspaces 

in clinics, for example, but for self-testing, a sealed lateral flow cartridge (e.g., U-Star 

Disposable Nucleic Acid Lateral Flow Detection Units) may be ideal.

The assay chemistry described here is aimed at a specific application for HIV VL testing, 

but the concept and utility of a competitive IAC may be generalized to many isothermal 

amplification systems and applications. Indeed, although RPA nfo is a discontinued product 

at the time of writing, we have developed a fluorescence-based version of this assay using 

the RPA exo kit with similar semi-quantitative behavior (not shown). We also suggest 

that the nfo kit chemistry could be replicated by adding E. coli endonuclease IV to the 

basic RPA chemistry, as described in Piepenburg et al.23. Competitive amplification may be 
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used in practically any chemistry with multiplexable detection methods15,42. Loop-mediated 

isothermal amplification (LAMP), for example, is another multiplexable chemistry used for 

POC diagnostics43, and a direct RT-LAMP assay for HIV RNA detection in whole blood 

has been described44. Adaptation of such assays with demonstrated robustness to include 

a competitive IAC and a lateral flow readout should be relatively straightforward, although 

the barriers to POC implementation described previously still apply to virtually any NAT. 

Further innovations in the assay chemistry, such as direct measurement of amplicons with a 

hybridization-based probe system, may enable full quantification when desired for HIV VL 

testing or other POC applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Competitive IAC design and concept.
(TOP) Sequences for HIV and IAC probes and synthetic templates. HIV probe sequence 

is unchanged from Boyle et al.14 but has been modified to use digoxigenin (DIG) as 

an antigenic label. IAC probe sequence contains same base content as HIV probe but 

with shuffled sequence and a FAM antigenic label. (BOTTOM) Conceptual workflow for 

competitive RPA assay, with mock data demonstrating outcomes with HIV input below or 

above the VL threshold represented by the IAC. Because the HIV and IAC targets should 

amplify with similar efficiency, the endpoint HIV/IAC signal ratio should correspond to the 

input HIV/IAC ratio. (Note that RPA products flow from left to right in this depiction; the 

blue arrows on strips are physical stickers to indicate correct end down for placement of 

strips in sample wells).

Hull et al. Page 17

Anal Chem. Author manuscript; available in PMC 2022 October 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Competitive RPA results analyzed by software.
RPA reactions were run with 1000 copies IAC DNA and varying copy numbers of HIV 

DNA, then wicked through lateral flow strips for endpoint signal analysis. (TOP) Scanned 

images of lateral flow strips. (CENTER) Analysis of lateral flow strips using scanned 

images with ImageStudio Lite software or cell phone photos with a custom MATLAB script. 

Dots represent actual assay results (endpoint HIV or IAC signal divided by the sum of these 

signals) (N=3), while lines represent the theoretical or expected results (input HIV or IAC 

copy number divided by the sum of these copy numbers). (BOTTOM) Sigmoidal curve fit to 

assay results using non-linear regression analysis. Dots represent actual assay results (N=3). 

Lines represent a four-parameter logistic equation fit to the data in each plot. Shaded areas 

represent 95% prediction bands, where 95% of future samples are expected to fall.
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Figure 3. Competitive RPA results analyzed by naked eye survey.
Survey participants classified lateral flow strip results according to options in the schematic 

(TOP) for RPA reactions run with DNA targets. Individual and mode responses for each 

strip are displayed below strip images (CENTER) in a table (BOTTOM). Options C and D 

suggest successful HIV treatment under current WHO guidance and are thus combined in 

calculations, as are options F and G, which both represent treatment failure.
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Figure 4. Competitive RPA assay results in response to changes in IAC copy number, incubation 
temperature, or HIV sequence.
RPA reactions were run with 1000 copies IAC DNA (unless otherwise specified) and 

varying ratios of HIV DNA relative to IAC, then wicked through lateral flow strips for 

endpoint signal analysis via scanner and ImageStudio Lite. Dots represent replicate assays 

while horizontal lines represent sample means (N=3). Failed reactions are omitted from 

analysis; see Figure S4 and Figure S5 for discussion. (LEFT) Competitive RPA assay with 

lower IAC thresholds (and proportional changes in HIV input) to simulate sample loss, 

lower sample volume, or lower thresholds for treatment failure. (CENTER) Competitive 

RPA assay at lower temperature to simulate reaction inhibition. (RIGHT) Competitive RPA 

with HIV template sequences based on subtypes of HIV-1 Group M to simulate mutations 

relative to primer and probe designs.
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Figure 5. Competitive RT-RPA results analyzed by naked eye survey and by software.
RT-RPA reactions were run with 1000 copies IAC RNA and varying copy numbers of HIV 

RNA, then wicked through lateral flow strips for endpoint signal analysis. (TOP) Images 

of lateral flow strips. (CENTER) Survey responses for naked-eye analysis of each strip. 

(BOTTOM LEFT) Software analysis of strips via scanner and ImageStudio Lite. Dots 

represent actual assay results (endpoint HIV or IAC signal divided by the sum of these 

signals) (N=3), while lines represent the theoretical or expected results. (BOTTOM RIGHT) 

Sigmoidal curve fit to assay results using non-linear regression analysis. Dots represent 

Hull et al. Page 21

Anal Chem. Author manuscript; available in PMC 2022 October 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



actual assay results (N=3). Lines represent a four-parameter logistic equation fit to the data 

in each plot. Shaded areas represent 95% prediction bands.
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