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Abstract

Sufficient drug concentrations are required for efficacy of antiretroviral drugs used in

HIV care and prevention. Measurement of nucleotide analogs, included in most HIV

medication regimens, enables monitoring of short- and long-term adherence and the

risk of treatment failure. The REverSe TRanscrIptase Chain Termination (RESTRICT)

assay rapidly infers the concentration of intracellular nucleotide analogs based on the

inhibition of DNA synthesis by HIV reverse transcriptase enzyme. Here, we introduce

a probabilistic model for RESTRICT and demonstrate selective measurement of multiple

nucleotide analogs using DNA templates designed according to the chemical structure of

each drug. We measure clinically relevant concentrations of tenofovir diphosphate,

emtricitabine triphosphate, lamivudine triphosphate, and azidothymidine triphosphate

with agreement between experiment and theory. RESTRICT represents a new class of

activity-based assays for therapeutic drug monitoring in HIV care and could be extended

to other diseases treated with nucleotide analogs.

K E YWORD S

adherence monitoring, enzymatic assay, nucleotide analog, nucleotide reverse transcriptase
inhibitor, reverse transcriptase inhibitor, tenofovir diphosphate, therapeutic drug monitoring

Received: 15 March 2022 Revised: 16 June 2022 Accepted: 20 June 2022

DOI: 10.1002/btm2.10369

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2022 The Authors. Bioengineering & Translational Medicine published by Wiley Periodicals LLC on behalf of American Institute of Chemical Engineers.

Bioeng Transl Med. 2023;8:e10369. wileyonlinelibrary.com/journal/btm2 1 of 14

https://doi.org/10.1002/btm2.10369

https://orcid.org/0000-0003-4776-1774
https://orcid.org/0000-0002-3520-1684
https://orcid.org/0000-0001-5917-3561
https://orcid.org/0000-0002-0327-5638
https://orcid.org/0000-0003-4349-4488
https://orcid.org/0000-0002-9569-4097
https://orcid.org/0000-0001-8860-050X
mailto:ayokunle@uw.edu
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/btm2
https://doi.org/10.1002/btm2.10369


1 | INTRODUCTION

The development and availability of antiretroviral drugs has decreased

the number of deaths related to Human Immunodeficiency Virus (HIV)

by 40% over the past decade.1 However, sufficient drug concentrations

are required to obtain the individual and population-level benefits of

antiretroviral therapy (ART) and pre-exposure prophylaxis (PrEP) regi-

mens for HIV treatment and prevention, respectively.2–5 In several

PrEP trials and implementation studies, concentrations of antiretroviral

medications in blood were correlated with PrEP efficacy.6 Similarly, viral

suppression was associated with antiretroviral concentration among

people living with HIV receiving ART.4 Regular monitoring of antiretro-

viral drug levels and provision of appropriate counseling/feedback

could promote ART and PrEP adherence, increase antiretroviral drug

concentrations, and improve HIV care.3

Nucleotide analogs are a suitable target for antiretroviral drug moni-

toring because of their inclusion in most ART and PrEP regimens7 and

their favorable pharmacokinetics.8 Nucleotide analogs terminate DNA

synthesis by HIV reverse transcriptase (RT) and prevent HIV replication.

Tenofovir diphosphate (TFV-DP), a deoxyadenosine analog, is used in

over 80% of ART regimens and in all approved oral PrEP regimens.7,9

TFV-DP has a 17-day half-life in red blood cells (RBCs) and accumulates

25-fold at steady state compared to the start of drug ingestion, which

enables monitoring of long-term medication adherence over a 1 to

3 month period.10–12 Meanwhile, emtricitabine triphosphate (FTC-TP), a

deoxycytidine analog, is also included in several ART regimens and in all

approved oral PrEP regimens. FTC-TP has a 35-h half-life in RBCs and

provides information about recent (1-week) adherence.13 Measurement

of TFV-DP and FTC-TP concentrations can provide information about

short-term and long-term adherence and enable investigation of their

implications in clinical practice and behavioral science studies.4,10,11,13–16

Liquid chromatography tandem mass spectrometry (LC-MS/MS) is

the gold standard for measuring nucleotide analogs,10,11,17,18 and was

used in directly observed therapy trials to determine TFV-DP concentra-

tions corresponding to low (2 doses/week), intermediate (4 doses/week),

and high (7 doses/week) PrEP adherence.10,11 LC-MS/MS was used to

establish FTC-TP thresholds corresponding to recent medication inges-

tion.10,11,13 Although LC-MS/MS provides accurate and quantitative

information about TFV-DP and FTC-TP concentrations, it requires com-

plex sample preparation, highly trained operators, and resource intensive

equipment that limit its use to centralized and highly capable laborato-

ries. This hinders routine measurement of antiretroviral concentrations

and could delay counseling and interventions in behavioral science stud-

ies.3,19 There are ongoing efforts to miniaturize LC-MS/MS instruments

and to integrate the required sample preparation steps into miniaturized

cartridges.20,21,22 However, the per-unit cost and complexity of current

miniaturized LC-MS/MS systems still exceeds requirements in low and

middle-income settings.

A rapid and inexpensive test that measures nucleotide analogs indic-

ative of long- and short-term adherence in point-of-care (POC) settings

like a doctor's office, patient's home, or event setting could be beneficial

in monitoring and improving ART and PrEP outcomes.3,23 Immunoassays

and lateral flow assays for measuring antiretroviral drugs were recently

developed.24–27 Most immunoassays for HIV adherence measurement

target tenofovir (TFV), a precursor of TFV-DP that is present in plasma

and urine.12 TFV has a 15-h half-life in plasma and indicates recent inges-

tion of medication within the prior 48 h. The short half-life of TFV makes

its measurement susceptible to conflating recent medication ingestion

(≤1 week) with long-term (1–3 months) adherence. We recently devel-

oped an immunoassay for measuring clinically relevant concentrations of

both TFV and TFV-DP28; however, additional sample preparation is

required to separate RBCs from plasma because the antibodies used

could not distinguish between TFV and TFV-DP. There is still a strong

need for assays that can selectively measure biomarkers of short- and

long-term in POC settings.3,29

We recently developed the REverSe TranscrIptase Chain Termina-

tion (RESTRICT) assay for detection of nucleotide analogs based on

their enzyme inhibition activity.30 Unlike immunoassays, RESTRICT

directly measures the pharmacologic activity of the analyte. RESTRICT

uses DNA templates, nucleotides, recombinant HIV-1 reverse transcrip-

tase, primers, and intercalating dyes to infer the concentration of nucle-

otide analogs based on the inhibition of DNA synthesis by recombinant

HIV RT (Figure 1). DNA chain termination occurs at high nucleotide

analog concentration resulting in low DNA synthesis and low fluores-

cence reported by the intercalating dye. Meanwhile at low nucleotide

analog concentration, there is extensive DNA synthesis and high fluo-

rescence from the intercalating dye.

We use dilution in water as a simple and user-friendly sample

preparation mechanism to release intracellular TFV-DP from RBCs

and decrease non-specific inhibition by blood matrix components.31

In a pilot clinical evaluation, RESTRICT measured clinically relevant

TFV-DP concentrations in whole blood and identified participants

with TFV-DP concentrations corresponding to adequate adherence

(≥700 fmol per 3 mm dried blood spot [DBS] punch) among PrEP cli-

ents. RESTRICT represents a new class of activity-based diagnostic

assays with potential for rapid, POC measurement of antiretroviral

drugs used in HIV treatment and prevention.

In this article, we demonstrate that RESTRICT can selectively measure

multiple nucleotide analogs based on their chemical structure. Guided by a

probabilistic model of RT inhibition, we investigate the impact of assay

parameters including nucleotide analog affinity, nucleotide concentration,

template length, and template sequence on RESTRICT. We demonstrate

selective detection of biomarkers of either long-term or short-term adher-

ence without cross-reactivity using DNA templates that are rich in the

endogenous nucleotide that the drug mimics.

2 | THEORY

2.1 | Overview and key assumptions

We present a probabilistic reaction equilibrium model of RESTRICT.

We assume that incorporation of dNTP or nucleotide analog occurs as

a random probabilistic event that depends primarily on their relative

concentrations. For simplicity, we ignore time-dependent changes in

reagent concentration and assume that dNTP and nucleotide analog
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are available in excess for DNA chain elongation or termination. This

model recapitulates experimental results and allows investigation of

the role of assay parameters such as nucleotide analog affinity, dNTP

concentration, template length, and template sequence on RESTRICT

assay performance.

Nucleic acid templates used in the RESTRICT assay consist of a

primer binding domain and a chain terminating domain (Figure 1a). The

primer binding domain is located on the 30 end of the template and

guides primer initiation of DNA synthesis. The chain terminating

domain is located directly downstream of the primer binding domain

and is designed to enable preferential insertion of specific nucleotide

analogs. For example, an assay designed to detect TFV-DP, a deoxya-

denosine analog, will use a DNA template rich in thymidine (T) bases to

provide ample opportunity for TFV-DP insertion. Although the ideal

chain terminating domain for TFV-DP detection is a homopolymeric

template consisting of a string of T's, in practice, HIV RT exhibits tem-

plate preferences and does not efficiently polymerize Poly(dT)

templates,32,33 so the template sequence must be optimized.

There are several contributions to the output fluorescence signal.

The largest signal fraction originates from the interaction between inter-

calating fluorescent dyes and double stranded DNA (dsDNA) products.

There are smaller magnitude contributions from unpolymerized single

stranded DNA (ssDNA) templates and primers. Intercalating dyes provide

significantly greater fluorescence when bound to dsDNA; however, they

also produce a measurable fluorescence signal when bound to ssDNA

(Figure 1b). For example, PicoGreen™ used in our experiments, provides

11 times greater fluorescence when bound to dsDNA compared to

ssDNA.34,35 The theoretical model also accounts for fluorescence from

unpolymerized ssDNA. In the sections below, we provide calculations of

the fluorescence contributions of different assay end products.

2.2 | Full-length dsDNA products

For a nucleic-acid template with chain terminating domain length, Lt, and

n bases complementary to the target nucleotide analog (n≤ Lt), the

formation of full-length dsDNA requires n consecutive dNTP insertion

events. Assuming these are all independent dNTP insertion events in

the presence of excess dNTP and nucleotide analog concentration,

the probability of full-length dsDNA formation can be expressed as,

PdNTP,n ¼ dNTP½ �
dNTP½ �þKaff � NA½ �

� �n

ð1Þ

where NA½ � is nucleotide analog concentration, dNTP½ � is nucleotide

concentration, and Kaff is the relative affinity of RT enzyme for the

nucleotide analog compared to dNTP.

The fluorescence from full-length dsDNA products, Ffull , depends

on the length of the DNA template and the fluorescence properties of

the intercalating dye and can be expressed as,

Ffull ¼Ct �Kdye �Lt �PdNTP,n ð2Þ

F IGURE 1 Summary of inputs and outputs of RESTRICT assay. (a) RESTRICT uses nucleic acid templates, nucleotides, recombinant HIV-1
reverse transcriptase, primers, and intercalating dyes to measure the concentration of nucleotide analogs. The nucleic acid templates have primer-
binding domains to initiate DNA synthesis and chain terminating domains designed to bind specific nucleotide analogs. (b) The key contributions
to fluorescence output of the RESTRICT assay come from (i) full-length dsDNA products, (ii) fragment dsDNA products, and (iii) unpolymerized
ssDNA template. (c) Typical sigmoidal fluorescence versus concentration profile obtained from RESTRICT assays illustrating the high,
intermediate, and low fluorescence obtained from the different assay end products
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where Kdye is the fluorescence per double-stranded base-pair per unit

concentration of the intercalating dye, and Ct is the concentration of

DNA template.

2.3 | Fragment dsDNA products

There is a distribution of dsDNA fragments sizes during RESTRICT

assays as previously observed in experimental studies of RT activity.32

Partial-length dsDNA fragments contribute to the total fluorescence

in the RESTRICT assay (Figure 1b). Like full-length DNA, fluorescence

from dsDNA fragments depends on the probability of formation of a

dsDNA fragment and the length of the DNA fragment. For a given

pair of nucleotide and nucleotide analog concentrations, we can

calculate the probability of chain termination at any of the n possible

insertion sites for nucleotide analogs in the DNA template. The

probability of formation of a dsDNA fragment is,

Pfrag,i ¼PdNTP,i�1 �PNA ð3Þ

where the index i≥1 counts the bases where it is possible to insert

nucleotide analog and the maximum possible value of i is the total

number of bases in the template, or simply n. PdNTP,i�1 is the probabil-

ity that dNTP molecules were incorporated in the nucleic acid

template at all bases preceding the base i where nucleotide analog

was inserted and is calculated using Equation (1). PNA is the probability

of a single nucleotide analog insertion event and can be expressed as,

PNA ¼1�PdNTP,n¼1 ¼ Kaff � NA½ �
dNTP½ �þKaff � NA½ �

� �
ð4Þ

To determine the total fluorescence contribution from dsDNA frag-

ments, we calculate the sum of fluorescence from all the dsDNA frag-

ments. Adapting Equation (3) and summing the fluorescence from

individual dsDNA fragments, the fluorescence from dsDNA fragments

can be expressed as,

FdsDNA�frag ¼Ct �Kdye �
Xn�1

i¼1
PdNTP,i�1 �PNA �Lið Þ ð5Þ

where each termination site i and the resulting dsDNA fragment of

length, Li, is known since we know the exact sequence of DNA tem-

plates used in the assay.

2.4 | Unpolymerized ssDNA

We also account for the background fluorescence contribution of

intercalating dye interacting with unpolymerized nucleic acid

template. At high nucleotide analog concentrations, very little (if any)

dsDNA is formed and most of the fluorescence output comes from

unpolymerized ssDNA template (Figure 1b). In RESTRICT, this

background varies with nucleotide analog concentration. Each dsDNA

fragment has a corresponding ssDNA fragment with length equal to

the difference between the total length of the nucleic acid template

and the dsDNA fragment (Figure 1b). Thus, the background fluores-

cence from the ssDNA fragments can be calculated as,

FssDNA�frag ¼Ct �Kdye

D
�
Xn�1

i¼1
PdNTP,i�1 �PNA � Lt�Li½ �ð Þ ð6Þ

where Lt�Li½ � is the length of the unpolymerized single-stranded

portion of a fragment product that was terminated at base i, and

the factor D is the fold reduction in fluorescence when intercalating

dye is bound to ssDNA rather than dsDNA (D¼11 for

PicoGreen™)34,35

Contributions of bound and unbound primer: DNA templates

used in the RESTRICT assay all had a common 20 nt primer binding

domain, while the chain terminating domain varied in sequence and

length from 45 to 180 nt. Given that the primer binding domain con-

stitutes up to 31% of the total template length, it is important to

account for fluorescence that arises from the primer binding domain.

Assuming the reaction goes to completion with all available templates

bound to a primer, the fluorescence from dsDNA due to bound

primers can be calculated as,

Fbound�primer ¼Ctemplate �Kdye �Lprimer ð7Þ

where Ctemplate is the template concentration and Lprimer is the primer

length.

There is also background fluorescence from unbound primer in

solution. To ensure that all templates bound to a primer, we used

excess primer in the RESTRICT assay (10 times the template concen-

tration). The fluorescence due to unbound ssDNA primer can be cal-

culated as,

Ffree�primer ¼ Cprimer�Ct
� � �Kdye

D
�Lprimer ð8Þ

where Cprimer�Ct
� �

is the difference between primer and template

concentration, and the factor D is the fold reduction in fluorescence

when intercalating dye is bound to ssDNA rather than dsDNA

(D = 11 for PicoGreen).34,35

2.5 | Total fluorescence from RESTRICT assay
products

We can calculate the total fluorescence, Ftotal, at the end of the

RESTRICT assay by combining Equations (1) to (8),

Ftotal ¼ FfullþFdsDNA�fragþFssDNA�fragþFbound�primerþFfree�primer ð9Þ

Using this, we can estimate RESTRICT assay performance as we vary

assay parameters such as nucleotide concentration, template length,

and template sequence.
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3 | EXPERIMENTAL SECTION

3.1 | RESTRICT assay reagents and workflow

RESTRICT reactions were carried out in buffer containing 60 mM Tris

(77-86-1, Sigma, St. Louis, MO), 30 mM KCl (7447-40-7, Sigma, St. Louis,

MO), 8 mMMgCl2 (7786-30-3, Sigma, St. Louis, MO), and 10 mM dithio-

threitol (20-265, Sigma, St. Louis, MO) buffered to pH 8.0 using HCl

(7647-01-0, Acros Organics, Fair Lawn, NJ). Recombinant RT enzyme

was obtained from Worthington Biochemical Corporation (LS05006,

Lakewood, NJ). The nucleotide analogs TFV-DP (166403-66-3 sodium

salt), azidothymidine-50-triphosphate (AZT-TP) (B1331-007254 triethy-

lammonium salt), 3TC-TP (143616-58-4, Triethyammonium salt), and

FTC-TP (1188407-46-6 triethylammonium salt) were obtained from

BOC Sciences Inc (Shirley, NY).

RESTRICT master mixes contained 2.5 nM final concentration of

DNA template, 500 nM of each deoxynucleotide triphosphates (dNTPs)

(D7295, Sigma, St. Louis, MO), and 25 nM of 16S rRNA forward primer

AGA GTT TGA TCC TGG CTC AG (51-01-19-06, Integrated DNA Tech-

nologies, Coralville, IA). DNA templates had 20 nucleotide (nt) primer

binding domains on their 30 ends complementary to the 16S rRNA

primer and chain terminating domains designed according to the target

nucleotide analog that ranged in length from 45 to 200 nt (Table 1).

RESTRICT assays were initiated by adding 5 μl RT (100 nM final

concentration in the assay) to 35 μl of master mix in a 384-well micro-

plate (3575, Corning, Corning, NY), incubated at 37�C for 30 min in a

microplate reader (SpectraMax iD3, Molecular Devices, San Jose, CA).

Reactions were stopped by adding PicoGreen dye (P7581, ThermoFisher

Scientific, Waltham, MA) diluted 1:400 in 1�TE (10128-588, VWR, Rad-

nor, PA) and incubating for 1 min prior to fluorescence readout. Three

replicate reactions were tested unless otherwise stated.

3.2 | Comparison between probabilistic model
and experimental data

We performed a curve fit to determine Kaff values that minimized the dif-

ference between experimental and theoretical normalized fluorescence

values. We completed RESTRICT assays at 500 nM using a 180 nt TTCA

template, a 90 nt TCAA template, and a 180 nt GGCA template to dem-

onstrate clinically relevant detection of TFV-DP, AZT-TP, and FTC-TP,

respectively. We completed RESTRICT assays at 25 nM IC using a

180 nt GGAA to measure lamivudine triphosphate (3TC-TP). We pre-

pared serial dilutions of each drug at concentrations ranging from 10�11

to 10�5 M in 10-fold increments. We varied Kaff in the theoretical model

from 0 to 1 and chose the value that minimized the sum of the square of

the difference between experiment and theory for all data points tested

for a given drug-template pair.

We performed RESTRICT assays with the 180 nt TTCA template

at dNTP concentrations of 0.10, 0.30, 1.56, and 6.25 μM using serial

dilutions of TFV-DP with concentrations ranging from 10�10 to

10�5 M in 10-fold increments to determine the effect of nucleotide

concentration on RESTRICT. We computed theoretical fluorescence

intensities within the same range of dNTP concentrations using the

optimal Kaff value determined at 500 nM dNTP and compared experi-

mental and theoretical IC50 values.

We performed RESTRICT assays at 500 nM dNTP using the 45 nt

TTCA, 90 nt TTCA, 135 nt TTCA, and 180 nt TTCA templates

(Table 1) to determine the effect of template length on RESTRICT.

Similarly, we performed RESTRICT assays at 500 nM dNTP using the

90 nt TCAA, 90 nt TCA, 90 nt TTCA, and 90 nt TTTCA templates

to determine the effect of template sequence on RESTRICT. In

both cases, we tested serial dilutions of TFV-DP with concentrations

ranging from 10�10 to 10�5 M in 10-fold increments and compared

experimental and theoretical 50% inhibition concentration (IC50).

3.3 | Selective detection of nucleotide analogs

We used 180 nt GGCA DNA templates (excluding adenosine bases)

for selective detection of 3TC-TP (cytidine analog) by Watson-Crick-

Franklin base pairing without cross-reactivity with TFV-DP (adenosine

analog). Similarly, we used 180 nt TTCA DNA templates (excluding

guanosine bases) for selective TFV-DP detection without 3TC-TC

binding. We tested four concentrations each of TFV-DP and 3TC-TP

between 10�10 and 10�4 M to measure inhibition with either the

GGCA or TTCA template.

3.4 | Clinical ranges for nucleotide analogs

We estimated clinical ranges, to provide guidelines of concentra-

tions of interest for each nucleotide analog, from published liquid

chromatography tandem mass spectrometry measurements. The

clinical ranges for FTC-TP, 3TC-TP, and TFV-DP were based on LC-

MS/MS measurements in dried blood spots (DBS) (see Table 2). We

used the conversion factor of 12 fmol/3 mm DBS

punch = 1 fmol/106 RBCs10 and assumed 5 million RBCs per micro-

liter of blood37 to convert from fmol/punch to molar units. Nucleo-

tide analogs measurements in RBCs/DBS is appealing in point-of-

care diagnostic development since RBCs are more abundant and

TABLE 1 Sequences of the chain terminating domains of DNA
templates used in the RESTRICT assay

Short name Chain terminating domain sequence

180 nt TTCA (TTCA)45, that is, 45 TTCA repeats

180 nt GGCA (GGCA)45

180 nt GGAA (GGAA)45

135 nt TTCA (TTCA)33 TTC

90 nt TTCA (TTCA)22 TT

45 nt TTCA (TTCA)11 T

90 nt TCAA (TCAA)22 TC

90 nt TCA (TCA)30

90 nt TTTCA (TTTCA)18
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easier to lyse than PBMCs. The clinical range for AZT-TP was deter-

mined from peripheral blood mononuclear cells (PBMCs) because AZT-

TP does not accumulate in red blood cells.38

3.5 | Data analysis and statistics

We normalized RESTRICT data using fluorescence from negative con-

trols (no RT enzyme) as 0% and fluorescence from positive controls

(no nucleotide analog) as 100%. We also normalized the fluorescence

intensity of theoretical calculations from the probabilistic model of RT

inhibition to facilitate comparison with experimental results. Fluores-

cence intensities from experimental data and theoretical calculations

were fit to four-parameter logistic regression curves using GraphPad

Prism 9 (GraphPad Software Inc.) to obtain the 50% inhibition concen-

tration (IC50).

4 | RESULTS

4.1 | Determination of nucleotide analog affinity
coefficient

The nucleotide analog affinity coefficient, Kaff, indicates the relative

affinity of RT enzyme for a particular nucleotide analog compared with

the endogenous nucleotide that it mimics. Given the preferences exhib-

ited by HIV-1 RT for different nucleotide analogs based on the nature

(RNA or DNA) and sequence of nucleic acid templates,32,33 we

TABLE 2 Clinical ranges for nucleotide analogs of interest based on liquid chromatography tandem mass spectrometry measurements

Pro-drug Intracellular metabolite Clinical range (M) References

Emtricitabine (FTC) FTC-TP 3.83E–9 to 1.73E–7 39

Lamivudine (3TC) 3TC-TP 2.50E–8 to 5.00E–7 38,40,41

Tenofovir disoproxil fumarate (TDF) TFV-DP 8.33E–8 to 6.25E–7 10,11

Tenofovir alafenamide (TAF) TFV-DP 9.57E–10 to 6.89E–8 39

Zidovudine (AZT) AZT-TP 5.56E–9 to 5.56E–8 42

Note: The clinical ranges for FTC-TP, 3TC-TP, and TFV-DP are for drug concentrations in red blood cells, while the clinical range for AZT-TP is in

peripheral blood mononuclear cells since AZT-TP does not accumulate in red blood cells.
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F IGURE 2 Contributions of different model components to RESTRICT assay results. (a) Fluorescence from the theoretical model for
unpolymerized ssDNA, unbound primer, bound primer, full dsDNA product, as well as both full and fragment dsDNA product calculated using
Equations (1) to (9). (b) Accounting for both full and fragment dsDNA improves the agreement between normalized theoretical and experimental
data (500 nM dNTP, 180 nt TTCA template, N = 3)
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determined Kaff empirically for each DNA template and nucleotide ana-

log tested. We chose Kaff values that minimized the sum of the differ-

ence between experiment and theory for all data points for each

template-drug pair. Kaff values of 0.3, 0.2, 0.2, and 0.05 provided the

minimum difference between experiment and theory for TFV-DP, FTC-

TP, AZT-TP, and 3TC-TP using the 180 nt TTCA, 180 nt GGCA, 90 nt

TCAA, and 180 nt GGAA templates, respectively. These Kaff values

were used in subsequent experiments.

4.2 | Contributions of RESTRICT assay products to
endpoint fluorescence

We can account for the contributions of different assay inputs and

outputs to the total and normalized fluorescence from the RESTRICT

assay. Accounting for background fluorescence from primers and

unpolymerized template increases the total fluorescence from the

RESTRICT assay (Figure 2a). Our focus in this study was to investigate

(c) (d)

(a) (b)

(e) (f)

F IGURE 3 Effect of nucleotide concentration, template length, and template sequence on detection of TFV-DP using the RESTRICT assay.
(a) As dNTP concentration increases, RESTRICT curves shift to higher TFV-DP concentrations. (b) As dNTP concentration increases, IC50 increases.
(c) As template length increases, RESTRICT curves shift to lower TFV-DP concentrations. (d) As template length increases, IC50 decreases. (e) As the
thymidine base content of DNA templates increases, RESTRICT curves shift to lower TFV-DP concentrations. (f) As thymidine content increases,
IC50 decreases. Symbols indicate experiments and dashed lines indicate theory. N = 3. Error bars indicate 95% confidence intervals
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the parameters that influence the shape and position of normalized

RESTRICT curves on the concentration axis rather than obtaining

exact calculations of the absolute endpoint fluorescence. Conse-

quently, we normalized fluorescence intensities to compare theoreti-

cal and experimental data (Figure 2b).

Accounting for both full and fragment dsDNA improves the

agreement between experiment and theory (Figure 2b). Experimen-

tal RESTRICT data were obtained using the 180 nt TTCA template,

500 nM dNTP, and serial dilutions of TFV-DP. When only full-

length dsDNA was included in the theoretical model, the average

difference between experimental and theoretical values was 36.68

± 19.98%. Meanwhile when both full-length and fragment dsDNA

were included, the average difference between theory and experi-

ment decreased to 6.36 ± 4.04%. When the theoretical lines are

normalized, the “Total dsDNA + ssDNA” and “Full + Fragment

dsDNA” curves are identical. In other words, including background

fluorescence from primers and unpolymerized template did not

change the shape of the normalized RESTRICT curves or improve

the agreement between normalized experimental and theoretical

data. This is unsurprising since the unpolymerized ssDNA curve

does not significantly impact the shape of the curve, but instead

raises the fluorescence baseline of the raw data.

4.3 | Varying dNTP concentration, template
length, and template sequence

We examined the effect of dNTP concentration, template length, and

template sequence on RESTRICT assay performance in theory and

experiment (Figure 3). As dNTP concentration increases, we observe

less inhibition (and consequently higher fluorescence) as a function of

TFV-DP concentrations since higher dNTP concentrations make TFV-

DP insertion less likely and more TFV-DP is required to have a similar

inhibitory effect (Figure 3a). This has the effect of shifting the inhibi-

tion curves to the right. Figure 3b plots the IC50 value as an exponen-

tial function of dNTP concentration and shows good agreement

between experimental data and theoretical calculations.

Figure 3c examines the effect of template length on RESTRICT by

keeping dNTP concentration constant at 500 nM and varying the

length of the chain terminating domain of the TTCA template. The

experimental data and theory show that as template length increases,

RESTRICT curves shift to the left as lower TFV-DP concentrations

now have an increased inhibitory effect, since longer DNA templates

provide additional opportunities for TFV-DP insertion. Figure 3d

shows an exponential decay in IC50 value with increasing template

length.

(a) (b)

(c) (d)

F IGURE 4 Detection of clinically relevant concentrations of multiple nucleotide analogs using RESTRICT. (a) TFV-DP measurement using
180 nt TTCA template at 500 nM dNTP. (b) FTC-TP measurement using 180 nt GGCA template at 500 nM dNTP. (c) AZT-TP measurement using
90 nt TCAA template at 500 nM dNTP. (d) 3TC-TP measurement using 180 nt GGAA template at 25 nM dNTP. Symbols indicate experiments
and dashed lines indicate theory. N = 3. Error bars indicate standard deviation. Gray shaded regions indicate clinical range for each drug.
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Figure 3e shows the effect of varying template sequence on

RESTRICT inhibition curves. DNA template length was fixed at 90 nt

and dNTP concentration was fixed at 500 nM, while the sequence of

the chain terminating domain was varied to test the impact of thymi-

dine content on TFV-DP detection. Figure 3e shows that as thymidine

content increases RESTRICT curves shift left towards lower TFV-DP

concentrations since there are increased opportunities for TFV-DP

incorporation (like the effect of increased template length). Figure 3f

confirms this trend in both the experimental and theoretical IC50

values. Although the TCA template (33% thymidine content in the

chain terminating domain) deviates from this trend, all the other tem-

plates tested confirmed the expected trend of lower IC50 as thymidine

content increases given the greater number of TFV-DP insertion sites

in the chain terminating domain.

Taken together, Figure 3 shows that the probabilistic model for

RESTRICT can be used to inform systematic assay design and

choose appropriate assay parameters to shift RESTRICT curves to

desired concentration ranges for TFV-DP detection. The RESTRICT

assay can be shifted towards more sensitive measurement of nucle-

otide analogs at low concentrations by decreasing the dNTP con-

centration, increasing the template length, and incorporating a

higher fraction of nucleotides that the drug of interest will bind to

during polymerization.

4.4 | Detection of multiple nucleotide analogs

The RESTRICT assay accounts for the endogenous nucleotide that a drug

mimics and Watson-Crick-Franklin base pairing between the template and

the drug. We designed DNA templates to enable sensitive detection of

nucleotide analogs of interest. Figure 4a shows a RESTRICT curve obtained

using 500 nM dNTP, a 180 nt TTCA template, serial dilution dilutions of

TFV-DP, and an empirically derivedKaff= 0.3. Figure 4b shows a RESTRICT

curve obtained using 500 nM dNTP, a 180 nt GGCA template, and serial

dilutions of FTC-TP, and empirically derived Kaff = 0.2. Figure 4c shows a

RESTRICT curve obtained using 500 nM dNTP, a 90 nt TCAA template,

serial dilutions of AZT-TP, and empirically derived Kaff = 0.2. Finally,

Figure 4d shows a RESTRICT curve obtained using 25 nM dNTP, a 180 nt

GGAA template, serial dilutions of 3TC-TP, and empirically derived

Kaff = 0.05. Taken together, Figure 4 demonstrates that RESTRICT DNA

templates can be designed to detect clinically relevant concentrations of dif-

ferent nucleotide analogs used inHIV treatment and prevention.

4.5 | Selective detection of nucleotide analogs

RESTRICT can measure specific nucleotide analogs without cross-

reactivity with companion nucleotide analogs present in the same
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F IGURE 5 Detection of TFV-DP and
3TC-TP using DNA templates designed
for selective detection of each drug
without cross-reactivity. TFV-DP
(A analog) was detected with a thymidine-
rich TTCA template that excluded G bases
to prevent cross-reactivity with 3TC-TP
(C analog). Similarly, 3TC-TP was detected
with a guanosine-rich GGCA template

that excluded T bases. N = 3

OLANREWAJU ET AL. 9 of 14



clinical sample. For example, TFV-DP and 3TC-TP are common com-

panion drugs used in ART regimens.7 TFV-DP in red blood cells is a

measure of long-term (1–3 month) medication adherence,10,11 and

3TC-TP in red blood cells indicates recent (<1 week) adherence.41

Selective measurement of TFV-DP and 3TC-TP is important to avoid

conflating recent pill ingestion with long-term adherence.

We designed a guanosine-rich DNA template (180 nt GGAA) for

selective detection of 3TC-TP (deoxycytidine analog) and excluded thy-

midine bases without cross-reactivity with TFV-DP (deoxyadenosine

analog). Similarly, we designed a thymidine-rich DNA template that

excluded guanosine bases (180 nt TTCA) for selective TFV-DP detection

without cross-reactivity with 3TC-TP (Figure 5). RESTRICT assays with

guanosine-rich DNA templates produced the expected inhibition with

3TC-TP, a deoxycytidine analog but did not produce inhibitionwith TFV-

DP even at >1000-fold higher than clinically relevant concentrations

(see Table 2). Similarly, the thymidine-rich TTCA template responded

only to TFV-DP and did not provide inhibition with 3TC-TP even at

concentrations >1000-fold higher than clinically relevant concentrations.

5 | DISCUSSION

5.1 | Benefits of probabilistic model for RESTRICT
assays

We developed a probabilistic model that guides the design and optimi-

zation of RESTRICT assay parameters including dNTP concentration,

template length, and template sequence. Although other models of the

inhibition of DNA synthesis by HIV-1 RT in the presence of nucleotide

analogs have previously been developed,43,44 those models were

mainly focused on in vivo treatment efficacy using biologically relevant

HIV RNA templates. Conversely, our probabilistic model is focused on

optimizing the performance of our in vitro diagnostic assay for measur-

ing drug concentrations in clinical samples. The model is useful for sys-

tematic design of RESTRICT assays so that the linear region of the

assay overlaps with the clinical range of the nucleotide analog of inter-

est. To that end, we use synthetic DNA templates designed specifically

designed to maximize the likelihood of RT inhibition for different nucle-

otide analogs. RESTRICT assays detect multiple nucleotide analogs by

modifying the sequence of the template DNA and including/excluding

specific nucleotides to enable Watson–Crick–Franklin base pairing of

target drugs without cross reactivity with companion drugs.

5.2 | Reproducibility and potential for quantitative
testing

Our goal is to develop a test that is accurate enough to measure

clinically relevant nucleotide analog concentrations in whole blood

samples. Previous reports suggest that coefficient of variation (CV)

less than 15% is suitable for quantitation of antiretroviral drugs in

whole blood.45 The average CV across all our experiments in buffer

was <5%, suggesting that RESTRICT assay can achieve the required

precision for quantitation of clinical samples. We previously demon-

strated that we could achieve a CV of 13.5% when running RESTRICT

with whole blood samples diluted in water.30,31 Improvements in sam-

ple preparation—incorporating a heating step after blood dilution to

denature blood proteins (e.g., hemoglobin) that nonspecifically inhibit

reverse transcriptase46—have improved the accuracy even further

(data not shown).

5.3 | Addressing sources of potential assay
interference in clinical samples

We do not anticipate assay interference from endogenous reverse

transcriptase (RT) in viremic HIV-infected patients. Studies have esti-

mated the RT activity for patients at very high viremia (�1,000,000

viral copies/mL) to be equivalent to <10,000 fg RT/ml.47 This RT

activity level corresponds to �85.5 fM of RT in undiluted plasma,

which is �7 orders of magnitude lower than the RT concentration

(100 nM) required to obtain a measurable fluorescence signal after

30 min of the RESTRICT assay. Consequently, we do not anticipate

measurable signals because of endogenous RT enzyme from clinical

samples.

Similarly, we do not anticipate assay interference from endoge-

nous dNTP in clinical samples. We did not observe any significant

deviation from expected RESTRICT assay performance in our pilot

evaluation study with 18 clinical samples.31 This is likely because

dNTP concentrations in red blood cells and plasma are too low to

effectively compete with nucleotide analogs for incorporation into

complementary DNA strands synthesized by HIV RT. Our inclusion of

a 10-fold blood dilution step—to reduce non-specific enzyme inhibi-

tion by blood components—further reduces these already low dNTP

concentrations. Although dNTP concentrations have been measured in

white blood cells including among people receiving HIV medication,48

we are not aware of any reports of the concentrations of dNTPs in

plasma or red blood cells. Nevertheless, our pilot data with clinical

samples suggest that dNTP concentrations in clinical samples do not

pose a significant source of variation in the assay.

5.4 | Potential for integration into point-of-care
format

RESTRICT assays are completed in less than 1 h using readily available

nucleic acid analysis reagents and a fluorescence reader.30 RESTRICT

assays are user-friendly and could be integrated into a POC format for

use directly at the point of need (e.g., patient's home, doctor's office,

or event setting) by using freeze-dried reagents and a low-cost fluo-

rescence reader. DNA amplification reactions that use similar nucleic

acid analysis reagents to RESTRICT (i.e., reverse transcriptase, primers,

DNA templates, and nucleotides) have been previously integrated into

POC formats by our group and others.49–51 We have previously

shown that blood dilution to lyse red blood cells is a simple and effec-

tive sample preparation strategy to release TFV-DP from red blood
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cells and minimize non-specific RT inhibition by blood matrix compo-

nents in whole blood samples from PrEP clients.31 RESTRICT requires

<1 μl of whole blood per test. Each reaction requires addition of 5 μl

of 10% whole blood (diluted in water) to 35 μl of reaction mix.

5.5 | Deviations between theoretical and
experimental RESTRICT

The goal of the theoretical framework is to predict the trends of

RESTRICT's fluorescence output and IC50 as a function of the indepen-

dent assay design parameters: dNTP concentration, template composi-

tion, and length. In this way, the theory can be used to optimize

RESTRICT assays by guiding users on how to achieve a desired perfor-

mance by modifying the template and reaction concentrations. Figure 3

shows that the model can predict the fluorescence and IC50 trends as

a function of dNTP concentration, template composition, and length.

The variation in Figure 3b—where there appears to be a growing

difference between theory and experiment as dNTP concentration

increased—could indicate systematic deviations. For the 1.56 and

6.25 μM data points, experimental data undershoots the theoretical

data. This could suggest that at these higher dNTP concentrations

(and correspondingly higher template concentrations), additional time

might be required to synthesize dsDNA using all available ssDNA tem-

plates. We used the same RT enzyme concentration (100 nM) and

reaction incubation time (30 min) for all four dNTP concentrations.

Additional assay optimization could ensure that the template is fully

polymerized, as predicted in the model, and improve the agreement

between the model and experiment.

Figure 3f shows good agreement between the model and experi-

ments for all the experimental data except for 33.3% (TCA). We

repeated this experiment on multiple occasions and obtained similar

results. Since each experiment in Figure 3f provided in this figure is per-

formed on a different template, we hypothesize that the deviation is

due to errors in manufacturing the 33.3% template. Alternatively, there

have been reports that HIV RT can exhibit DNA sequence prefer-

ences.32,33 Overall, the model predicts the overall trends of RESTRICT

fluorescence and IC50 as a function of the assay parameters and is

effective in aiding in the design of RESTRICT assays for measuring

specific nucleotide analogs in a particular clinically relevant concentra-

tion range.

5.6 | Limitations of RESTRICT assay

RESTRICT currently focuses on nucleotide analogs (like TFV-DP, FTC-

TP, and 3TC-TP) that accumulate in RBCs which can be lysed for

release of the drug by blood dilution in water. Extending RESTRICT to

drugs that accumulate primarily in PBMCs rather than RBCs

(e.g., AZT-TP) would require additional sample preparation to isolate

and lyse PBMCs. This work shows that the model can predict

RESTRICT's fluorescence and IC50 trends as a function of the dNTP

concentration as well as the template length and composition.

The empirically derived Kaff depends on the type (DNA or RNA) and

sequence of nucleic acid template, and the choice of RT enzyme used.

If the intent is to use the model to quantitatively predict RESTRICT's

output fluorescence, Kaff needs to be determined empirically for each

template-drug pair.

6 | CONCLUSIONS

Our results demonstrate that RESTRICT assays can detect multiple

nucleotide analog drugs used in HIV treatment and prevention. The

activity-based approach to measuring nucleotide analogs in clinical

samples presented here could be extended to detect other drugs used

in infectious and noncommunicable disease management. Nucleotide

analogs and polymerase inhibitors are used to treat hepatitis B,52

herpes,53 tuberculosis,54 cancer,55,56 and COVID-19.57 RESTRICT

may support therapeutic monitoring and precision dosing of nucleo-

tide analogs for these diseases to ensure efficacy and safety.
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