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Abstract

A colorimetric nucleic acid based test for label-free pathogen detection has been developed and
used for the detection of the Zika virus. The test relies on nucleic acid sequence-based
amplification (NASBA) of a viral RNA followed by interrogation of the amplicon by a cascade of
deoxyribozymes constituting a visual split deoxyribozyme (vsDz) probe. The probe consists of a
split phosphodiesterase deoxyribozyme, which forms its catalytic core upon binding to a specific
amplicon fragment. The catalytically active complex recognizes and cleaves an inhibited
peroxidase-like deoxyribozyme (PDz), thereby activating it. Active PDz catalyzes hydrogen
peroxide-mediated oxidation of a colorless substrate into a colored product, thereby generating a
visible signal. Viral RNA (10° copies/mL or higher) triggers intense color within 2 hr. The test
selectively differentiates between Zika and closely related dengue and West Nile viruses. The
reported technology combines isothermal amplification and visual detection and therefore
represents a basis for the future development of a cost-efficient and instrument-free method for
point-of-care nucleic acid analysis.
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1. Introduction

Analytical tests with color change as a readout offer great convenience due to their ability to
be read without instrumentation [1]. Among the most well-known colorimetric tests are pH
strips, the Bradford assay for quantitative protein analysis, and the home pregnancy test. The
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Enzyme-Linked ImmunoSorbent Assay (ELISA) provides visual detection of human
pathogens [2]. However, ELISA suffers from cross-reactivity, often provides only post-
infection information when the pathogen is no longer present, and involves multistage
protein-based manipulations requiring a skilled technician [2-5]. On the other hand, analysis
of pathogenic nucleic acids allows for the detection of a current infection with ultimate
sensitivity down to one molecule and the ability to resolve point mutations [6]. Conventional
PCR-based nucleic acid amplification tests (NAATSs), known also as molecular diagnostics,
require a trained personal and sophisticated instrumentation [6]. As a result, both ELISA and
molecular diagnostic tests are performed only in specialized diagnostic laboratories. Even
though a number of nucleic acid-based tests for pathogen detection with a colorimetric
output have been reported [7-16], molecular tests for “laboratory-free” diagnostics of
bacterial or viral infections are not currently used in standard practice.

Unlike antibody-based approaches (e.g. ELISA), molecular diagnostic tests require the
following stages: (i) isolation of a pathogenic DNA or RNA,; (ii) nucleic acid amplification;
and (iii) interrogation with a probe resulting in a signal output generation. In order to aim for
point-of-care (POC) pathogen detection in resource-limited settings, the test should satisfy
the ASSURED criteria of the World Health Organization: it should be Affordable, Sensitive,
Specific, User-friendly, Rapid, Equipment-free, and Deliverable to those in need [17]. More
general definitions stress a fast turnaround time from the sample collection to the results
being available for a clinical decision to be made [18]. Therefore, all three stages should
require minimal training for a person to perform the test, be rapid enough to complete within
a typical doctor’s visit, and not rely on sophisticated or expensive equipment.

In this study, we developed a label-free test for colorimetric or visual pathogen detection.
The test relies on isothermal amplification of a pathogen RNA combined with a
deoxyribozyme cascade with color change as a readout. The test was designed for the
detection of the Zika virus (ZIKV) as a model pathogen, which recently caused the outbreak
in the Americas with severe complications [19]. Infection with ZIKV is predominantly
asymptomatic, and any symptoms otherwise inferred are indistinguishable from other
mosquito-borne infections. Therefore, reliable POC detection methods for the ZIKV are
beneficial to ensure timely virus transmission surveillance and control over infected
mosquito population.

The test involves three stages (Scheme 1). First, a fragment of viral genome is amplified
using the Nucleic Acid Sequence-Based Amplification (NASBA) technique, which has been
suggested previously for amplification of bacterial and viral RNA [9,20-28]. This technique
utilizes three enzymes — AMV reverse transcriptase, RNase H, and T7 RNA polymerase — to
produce multiple copies of a single stranded RNA amplicon using viral RNA as a template
(Scheme S1). RNA product being less stable than DNA offers an advantage of less incidence
of sample cross-contamination when multiple samples are analyzed, which would result in
less false-positive results. The NASBA amplicon then serves as a target in stage 2 to activate
the first deoxyribozyme (Dz) of the cascade and cleave an RNA phosphodiester bond in the
inhibited peroxidase-like deoxyribozyme (IPDz) to release a G-rich sequence (PDz reporter
in Scheme 1). PDz reporter then folds into a G-quadruplex (G4) structure [29] and bind a
hemin cofactor to form the second Dz - a catalytically active PDz-hemin complex, which
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catalyzes H,0,-mediated oxidation of a colorless peroxidase substrate, 2,2"-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS), into a colored peroxidation product. Overall,
after three stages, ZIKV RNA of 10 pg/mL (1.6x108 copies/mL) triggers intense green color
with no cross-talk from closely related viruses. The test requires only a hot plate, a pipette,
and reagents, allowing it to be performed by a user with minimal training.

2. Material and Methods

2.1 Materials

All oligonucleotides were from Integrated DNA Technologies, Inc. (Coralville, 1A). 2,2 -
Azino-bis(3ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), hemin, triton-
X100 and HEPES were purchased from Sigma-Aldrich (St. Louis, MO). DMSO was from
Fisher Scientific (Hampton, NH). Hydrogen peroxide solution (3%) was from VWR
(Radnor, PA). Non-DEPC treated DNase/RNase-free water was from Boston Bio Products
(Ashland, MA). GelRed® nucleic acid gel stain was from Biotium (Fremont, CA). All other
reagents were of analytical grade.

2.2. \Virus propagation and RNA isolation

The viruses listed in Table S1 were grown in Vero cells in DMEM media containing 10%
fetal bovine serum. All ZIKV and DENYV strains were obtained from World Reference
Center for Emerging Viruses and Arboviruses. West Nile virus (NY99 strain) was kindly
provided by Dr. Tesh at the University of Texas Medical Branch. Vero cells were obtained
from ATCC, a large number of aliquots from early passages were frozen, and a new aliquot
was thawed every two months. Only the cells within 4 passages are used to propagate
viruses. Viral RNA was extracted using Trizol LS (Life Technologies) and quantified via
absorbance at 260 nm using a NanoDrop. Additionally, to quantify viral RNA and
authenticate viral identity, qPCR was performed using virus NS3-specific primers and a
probe for ZIKV and WNV (Table S2), or the DENV gPCR kit (PCRmax). For this purpose,
complementary DNA (cDNA) was synthesized from RNA, using High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems) and random hexamers.

2.3. NASBA reaction

The amplification reaction was carried out using a NASBA liquid kit (Life Sciences
Advanced Technologies, Inc.) according to the manufacturer’s protocol with a final volume
of 15 pL. NASBA products were analyzed in 2% agarose gel and quantified using Qubit™
RNA HS assay. To convert the concentration into molar units, an average molecular weight
of 340 g/mol for ribonucleotides was utilized to estimate the weight of the 147-nt long RNA
sequence, yielding a molecular weight of 50,000 g/mol. A typical concentration of the
amplified RNA obtained via the NASBA reaction with 50 pg/mL ZIKV RNA was calculated
to be 6-10 uM.

2.4. vsDz probe reaction

Samples (30 pL) containing IPDz (1.0 uM), Dza (100 nM), Dzb, (100 nM) in the
colorimetric buffer (50 mM HEPES-NaOH, pH 7.4, 50 mM MgCl,, 120 mM NaCl, 20 mM
KCI, 0.03% Triton X-100, 1% DMSO) were mixed with either synthetic analyte T64 (0-100
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nM, Table S2) or NASBA product (1.7-3.3%), incubated at 50 °C for 15-60 min, and briefly
cooled to room temperature. Then, hemin (375 nM), ABTS (1 mM) and H,0, (1 mM) were
added to the samples. The stock solutions of hemin and ABTS were prepared daily in
DMSO, and H,0, was diluted daily with water. After 5-15 min incubation of the samples at
room temperature, their absorbance at 420 nm was measured, and the tube images were
captured using a smartphone camera. The absorbance data was measured with a NanoDrop
spectrometer (Thermo Fisher) and processed in Microsoft Excel.

3. Results

3.1

Design of NASBA/vsDz test

As a target for the NASBA/vsDz test, a fragment of the envelope gene of ZIKV genomic
RNA was selected based on the alignment data for genomes of ZIKV isolates circulating in
the Americas. The fragment corresponded to nts 2622-2760 of ZIKV strain PRVABC-59
genome. The primers for NASBA reaction were designed according to previously reported
guidelines [30]. The T7 promoter sequence was placed at the 5’-end of the forward primer to
ensure the sequence of the amplified RNA product be the same as in the viral genome. The
primer sequences are listed in Table S2. As a template for NASBA, RNA isolated from
several strains of ZIKV Asian lineage were used (Table S1). In addition, MR766 strain of
African lineage was tested. All ZIKV isolated were successfully amplified using the
designed set of primers, as can be seen from gel electrophoresis analysis (Figure S1).

The amplified fragment of ZIKV genome was then tested with a vsDz probe. The probe
represents a cascade of two Dz — a split phosphodiesterase based on the 10-23 Dz [31] and a
peroxidase-like Dz (PDz) [29]. The split phosphodiesterase consisted of two Dz subunits —
strands Dz, and Dz, each of which had a middle fragment comprising a half of 10-23 Dz
catalytic core. In the absence of a complementary RNA analyte, the two halves were
inactive. However, when both Dz, and Dz, strands hybridized to the adjacent fragments of
the amplified fragment of ZIKV RNA, the catalytic core of the 10-23 Dz was re-formed and
capable of catalyzing the hydrolysis of a phosphodiester bond of a single ribonucleotide
embedded in the deoxyribonucleotide sequence of IPDz substrate (Scheme 1, Stage 2). The
5’-terminal fragment IPDz substrate contained a G-rich PDz sequence sequestered in a stem-
loop structure to render it catalytically inactive (Scheme 1, Stage 2, left). IPDz cleavage
released PDz to enable its folding into a G4 structure that, in complex with a hemin cofactor,
catalyzed the peroxidation of a colorless organic indicator (e.g. ABTS) into a colored
product resulting in visual output of the test in response to the pathogen’s presence (Scheme
1, Stage 3).

3.2. Optimization of NASBA/vsDz test stages

3.2.1. NASBA reaction (Stage 1)—We optimized the duration of the NASBA reaction.
Samples containing 50 pg/mL (8x10° copies/mL) ZIKV RNA were amplified for variable
times, and then the amplified product was interrogated with a specific vsDz probe (Figure
1a). The color change was apparent with the RNA amplicon obtained by 30 min NASBA
reaction (Figure 1a, inset), with greater color intensity than the no-target control (NTC)
containing no RNA in the NASBA reaction. After 60 min of NASBA reaction, the color
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intensity was not significantly affected by longer amplification (Figure 1a). Adding more
NASBA sample (3.3-10%) after shorter (30 or 45 min) amplification reaction did not result
in high enough signal to reliably differentiate the presence of ZIKV RNA from its absence,
especially by the naked eye (Figure S2). Therefore, for the subsequent experiments, stage 1
of the test was performed for 60 min.

3.2.2. ZIKV-dependent release of the signal reporter (Stage 2)—The product of
NASBA is a single-stranded RNA, folded into a stable secondary structure (Figure S3A). In
this study, we demonstrated that NASBA product can be used as a target for the vsDz
interrogation without prior purification or annealing steps. In order to unwind the RNA
secondary structure, we applied our original strategy that utilized a specially designed split
deoxyribozyme probe [32-38]. In this design, two strands of the probe independently or
semi-independently interrogate the abutting positions of the targeted RNA fragment
(Scheme 1, stage 2, right). The catalytically active construct is formed only if both strands
are simultaneously bound to the RNA analyte, i.e. if the analyte is fully complementary to
the analyte binding arms of Dz, and Dz;,. One strand of the probe is designed to be longer
and complementary to one of the single-stranded loop portions of the RNA analyte to enable
efficient binding of the strand to the analyte and unwinding its secondary structure to assist
binding of the second strand of the probe. We have tested four different designs for the vsDz
probe targeting different fragments within the 147-nt product of NASBA reaction (Figure
S3). Three vsDz probes demonstrated satisfactory performance (Figure S3b), and design 1
consisting of strands Dz, and Dz, (Table S2) was selected for subsequent experiments.

Another important component of the vsDz probe is the stem-loop folded IPDz substrate
(Scheme 1, stage 2, left), which contains the sequence of the color-generating signal reporter
PDz, released upon IPDz cleavage. To ensure low background, the stem-loop structure of the
intact IPDz should be stable enough at room temperature to prevent folding of its PDz
fragment into a catalytically active G-quadruplex structure. At the same time, if the stem is
too long, the two fragments of the cleaved IPDz can form a stable residual hybrid with each
other, thus disfavoring the G4-peroxidase formation and inhibiting color generation. A too
stable stem of IPDz could also interfere with its binding to Dz, and Dz, which would
decrease the amount of PDz released and, correspondingly, the color intensity of the
solution. Therefore, we optimized the stability of IPDz stem to ensure the highest turn-on
ratio of vsDz sensor in the presence of its complementary target (Figure S4a). We tested six
different IPDz designs, five of which folded into a hairpin with two wobble base-pairs and
8-12 Watson-Crick base-pairs. Another design (IPDZ-10/1) relied on different pattern of
PDz sequestering. It was found that intact IPDz-8/2 and IPDz-9/2 are still capable of
triggering the color change disregarding the presence of the target, with the color intensity
being similar for IPDz alone or when Dz, Dz, and the target were added (Figure S4, panels
b and c). For IPDz-10/2 and IPDz-10/1, the target-induced color was more intense than in
the absence of the target, but the background (IPDz only) was still too high due to the
“leakage” of the stem. The best signal-to-background ratio was observed for IPDz-11/2 and
IPDz-12/2. The former demonstrated lower background and, therefore, was selected for the
NASBA/vsDz test.
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Aiming at minimizing the time for the test, we studied the kinetics of IPDz cleavage (stage 2
of the test). The product of the NASBA reaction (10 nM or 100 nM, as estimated with Qubit
RNA HS assay) was incubated in the presence of the vsDz probe for different time points
followed by ABTS peroxidation reaction (Figure 1b). As a control, the NASBA NTC sample
was used. The samples’ absorbance was normalized by the background absorbance (vsDz
probe in the absence of the NASBA product). It can be seen that at high concentrations of
the RNA analyte, the optimal incubation time is 45 min, since prolonged incubation resulted
in a plateau of the signal and, at the same time, increase in the background, which decreased
S/B over time (Figure 1b). At lower analyte concentrations, S/B plateaued after 45 min
incubation as well. Therefore, stage 2 of the test was set to be 45 min.

3.2.3 Color generation (Stage 3)—This stage depends on the catalytic activity of a
G4-peroxidase. The structure of a peroxidase substrate used as an indicator in the test will
pre-determine the color, its intensity, as well as the duration of the color generation stage of
the NASBA/vsDz test. To determine a suitable indicator for the test, we compared the PDz/
hemin-catalyzed oxidation reaction of four peroxidase substrates — 3,3’ -diaminobenzidine
(DAB), 3,3,5,5 -tetramethylbenzidine (TMB), 2,2’ -Azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS), ophenylenediamine (OPD) (Figure S5a) — in terms of color, time for
color generation, and signal-to-background ratio. For both DAB and OPD, the rate of
peroxidation reaction was relatively slow, with visible color change observed only 30-60
min after H,O, addition (Figure S5, panels b and c). In addition, high background and low
signal-to-background ratio (signal for PDz-containing versus PDz-free sample) was
observed for OPD oxidation. Peroxidation of TMB in the presence of PDz rapidly generated
royal blue reaction product, but the background was still too high (Figure S5d). Moreover,
even at lower (100 nM) hemin concentration than for all other indicators an unstable product
of TMB oxidation underwent further reaction to form a dark blue precipitate after 20 min,
which made absorbance monitoring impossible (data not shown).

It should be noted that the blue-green color of the product of ABTS peroxidation, ABTS™,
can be observed within minutes upon addition of H,O5 to the sample containing ABTS,
hemin and PDz (Figure S5e). Maximum absorbance at 420 nm was observed within 15-20
min, with about 9-to-10-fold absorbance increase over the background. Even though the
color intensity gradually declined after 40 min due to low stability of ABTS*", it was still
visible for at least four hours (Figure S5e, inset).

3.3 Selectivity of NASBA/vsDz test

Molecular diagnostic tests, while powerful, can experience complications due to cross-talk
with nonspecific, closely-related pathogens. For example, molecular diagnostics of ZIKV
can cause false positive results in case of infection with Chikungunya virus and other
flaviviruses, such as dengue virus (DENV) or West Nile virus (WNV), which are transmitted
by the same mosquito species and have similar symptoms as ZIKV infection. Indeed, the
homology between genomes of ZIKV and DENYV is estimated to be 60-70% [39], which
makes it highly probable for a ZIKV-specific probe to generate positive signal in response to
DENV RNA, for example. At the same time, like all RNA-containing viruses, ZIKV
genome is characterized by high mutation rate [40], which can give false negative results if a
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patient is infected with a viral isolate containing point-mutations in its genome when
compared with the sequence of the original strain or isolate used for the probe design. For
the diagnostic test to have low rate of false negatives and false positives, the signal should be
observed in the presence of ideally all or at least most prevalent viral isolates, and, at the
same time, not be triggered by the closely related viruses.

To test the selectivity of NASBA/vsDz test, we used RNA obtained from several isolates of
ZIKV, as well as WNV and two subtypes of DENV (Table S1). All RNA samples underwent
the NASBA reaction using the primers designed to amplify a fragment of the envelope gene,
which is highly conserved among ZIKYV isolates of the Asian genotype circulating in the
Americas (Table S1). The products of NASBA reactions were then interrogated with the
vsDz probe targeting the amplified fragment of the ZIKV genome. The intense color was
observed only in the presence of ZIKV RNA, while no-target control or non-specific viral
RNA triggered absorbance at the background level (blank sample, in the absence of RNA
amplification product) (Figure 2). Remarkably, all tested ZIKV isolates responded positively
to the test. All samples containing ZIKV amplicons turned green, while the samples
containing NASBA mixtures obtained in the absence of viral RNA or presence of non-
specific flaviviruses (DENV, WNV) stayed colorless (Figure 2, Inset), indicating a clear
“yes/no” response. MR766, a strain representative of the African lineage, yielded positive
signal despite thirteen mutations in the amplified sequence; only one such mutation was in
the sensor-binding region yet, due to its location between the two binding arms, did not
affect the formation of the Dz catalytic core (Figure S6).

3.4 Detection limit of NASBA/vsDz test

We determined the detection limit of NASBA product using vsDz probe. For this purpose,
we used the product of NASBA reaction for ZIKV RNA (strain BR_SJRP1840) quantified
with Qubit RNA HS assay. Different amounts of this stock solution were then mixed with
the vsDz probe, and the absorbance of the samples was plotted as a function of RNA product
concentration (Figures 3 and S7). The absorbance values increased with increased
concentration of the amplified RNA and plateaued at ~40 nM RNA (Figure 3a). Visually, the
analyte presence could be differentiated from its absence at as low as 2.5 nM amplicon
concentration (Figure 3b). At the same time, the theoretical detection limit of ~1 nM was
calculated based on the absorbance values using 3o method, with the linear dynamic range
to be 1-10 nM (Figure 3c).

The concentration of ZIKV RNA in biological specimens (blood, urine, saliva) was reported
to be from the femtomolar to subpicomolar range (~106-10° viral particles/mL) [41,42].
These values are beyond the capabilities of the vsDz probe for target amplification-free
ZIKV detection. To circumvent this limitation, an isothermal NASBA reaction was
employed for amplification of a targeted fragment of the viral genome. We determined the
least amount of viral RNA that is required for the signal to be generated using the NASBA/
vsDz test. Different amounts of ZIKV RNA (2.5-50 pg/mL) corresponding to viral count of
(0.4-8)x108 copies/mL were used for NASBA reaction followed by vsDz test (Figure 4).
When 10-50 pg/mL ZIKV RNA was used for NASBA reaction, the bands of similar
intensity for the RNA product were observed, while very faint bands were seen in the case of

Sens Actuators B Chem. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reed et al.

Page 8

2.5 or 5 pg/mL viral RNA, which indicates inefficient amplification (Figure 4a). At the same
time, only 1.7% or less of the NASBA reaction mixture with the starting amount of 10-50
pg/mL viral RNA was sufficient to trigger maximum absorbance values, with the intense
green color to be clearly visible in these samples (Figure 4b). Therefore, based on the data
obtained, it was concluded that at least 10 pg/mL (1.6x106 virions/mL) ZIKV RNA was
needed for reliable and reproducible results of the NASBA/vsDz test. Thorough
optimization of stage 1 of the test can potentially lower its detection limit.

4. Discussion

We proposed a test for viral pathogen detection with color change as a signal. The test
consists of four steps: (0) pre-processing of the biological specimen (blood, serum etc.); (1)
isothermal amplification of a highly conserved fragment of the pathogen’s genome, which
eliminates the need of an expected thermocycler; (2) probing the amplified fragment with
highly selective sDz sensors, which ensures accurate diagnosis of ZIKV even in the presence
of closely related RNA from other flaviviruses; (3) signal generation due to the catalytic
action of a G-quadruplex peroxidase release in response to the pathogen’s presence in the
previous stage. The first stage of the test relies on isothermal amplification of viral RNA
using the NASBA reaction. NASBA-based tests have been previously suggested for
detection of viral infections [9,20,22-24,28]. For example, Pardee et al. reported a
colorimetric detection of ZIKV RNA using isothermal RNA amplification combined with
programmable toehold RNA switches and a CRISPR/Cas9-based module for ZIKV strain
genotyping [9]. The color change depended on the activation of the /acZ gene by ZIKV
RNA, which resulted in changing the color of the solution from yellow to purple. The test
could detect clinically relevant concentrations of ZIKV RNA in 3 hr, but required the use of
a multiprotein cell-free protein expression system for color generation. The NASBA/vsDz
test developed in the present study required an enzyme mix only for the amplification stage,
while the detection stage relied solely on protein-free components — catalytic DNA
molecules were used instead.

Since the outbreaks of ZIKV infection in 2015-2016, several colorimetric tests for
diagnostics of the infection have been reported [9,12,13,43-46]. The majority of the reported
methods rely on reversetranscription loop-mediated amplification (RT-LAMP) of a fragment
of ZIKV genome. This isothermal amplification technique is proven to be robust and
efficient, but it produces a mixture of double-stranded DNA (dsDNA) product of different
length. Such amplicons are difficult to interrogate with hybridization probes to enable
genotype-specific detection, thus visual product detection relied on sequence-unspecific
binding of a dye to dsDNA, or a pH indicator. In this case, any non-specific amplification
would result in false-positives, since the selectivity of the tests depended solely on the
primers (one-level recognition of the RNA target). Another isothermal method of nucleic
acid amplification — recombinase polymerase amplification (RPA) [47] — has been suggested
and is widely used in POC NAATSs. Similar to LAMP, this methods uses DNA as a template,
which imposes the need of an additional reverse transcription step for the conversion of viral
RNA into a DNA template, and results in dSDNA as a product, unless asymmetric conditions
are employed, which compromises the efficiency and increases time of the amplification
stage.
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The test reported here enabled detection of all tested ZIKV isolates including the isolates
prevalent in the Americas. At the same time, RNA from closely related viruses (e.g. DENV
and WNV) did not trigger the signal despite high homology between the viral genomes.
High selectivity of the test relies on two-level recognition of viral RNA: (i) ZIKV-specific
primers are used to amplify a fragment of viral genome; (ii) highly selective vsDz probe are
designed to bind to and detect ZIKV-related nucleic acid targets. The high selectivity of split
Dz probes has been previously demonstrated by distinguishing similar nucleic acids
differing in as little as one nucleotide [32,34,38]. The discriminatory power of the probe is
ensured by the split design. It allows for the shortening of the target-binding arm of one
interrogating strand of the probe to ensure selective target recognition, while keeping the
arm of another strand as long as needed for efficient target binding. The presence of
mismatches in the hybrid between the target and the shorter probe strand compromises the
hybrid formation, which prevents binding of both strands to the abutting positions of the
target and, therefore, activation of the vsDz catalytic core. It is possible to uncouple the
selectivity of the two test stages. This will allow for adapting the reported strategy for
simultaneous detection of ZIKV and other flaviviruses (e.g. DENV). For example, the use of
pan-flavivirus primers [48] would allow amplification of both ZIKV and DENV, while two
vsDz probes, each targeting one virus, would produce color only in response to their fully
complementary viral targets. In case of either ZIKV or DENV infection, the signal will be
generated only for one of the probes. In the case of simultaneous ZIKV and DENV
infection, which has been reported [49-52], both probes will exhibit high color intensity. A
colorimetric test capable of detecting co-infection is beneficial, since such cases may require
different treatment regimens and adjustment in the monitoring of viral spread.

In this proof-of-principle study, the total time for the NASBA/vsDz test was ~2 h: stage 1 —
60 min; stage 2 — 45 min, stage 3 — 15 min. At the same time, shortening of stages 1 and 2 to
45 and 30 min, respectively, can still result in the signal intense enough to differentiate
between the absence and presence of the pathogen, especially at high viral load. Additional
optimization experiments can improve the efficiency of NASBA reaction, thus shortening
stage 1 and, potentially, improving the detection limit.

Currently, samples containing ~10° copies/mL viral RNA trigger maximum absorbance as a
result of the NASBA/vsDa test. This is in agreement with the detection limits allowable by
another NASBA-based test [9]. In addition, this correlates with viral RNA levels of 7x106-
9x108 copies/mL in blood of symptomatic patients [19]. Even higher RNA levels were
observed in urine or semen samples of ZIKV-positive donors [19,40,41]. At the same time,
only 1.7% of the NASBA reaction mixture is used for the test with vsDz probe, which
implies limitations on the starting material of viral RNA used in stage 1. Theoretically, if
50% of the NASBA reaction mixture is utilized for the subsequent stages of the test, the
detection limit can be improved 50-fold. Unfortunately, in the current test format, the signal
generation (stage 3 of the test) is inhibited by components of the NASBA buffer if more than
10% of the mixture is used (data not shown). Partial purification of the sample from the
inhibitors of peroxidation reaction would contribute to better detection limit of the test.

Even though an ideal diagnostic test should not require any heating element and, therefore,
should be efficient at ambient temperatures, NASBA/vsDz test required a thermostat for

Sens Actuators B Chem. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reed et al.

Page 10

stage 1 (41°C) and for stage 2 (50 °C). Thermostats are, however, an inexpensive piece of
equipment, which can be afforded by households or doctor’s offices. Despite that,
minimization of heating is preferable in a test if it is to be used in rural areas. Eliminating
stage 2 of the detection scheme would enable the test to be run at 41 °C, which can be
provided by a simple battery-powered heating block. Alternatively, the use of a self-
contained battery-powered device to perform the test is beneficial to implement this strategy
in the laboratory-free settings.

In the developed test, the signal can be monitored with the naked eye with no
instrumentation needed, which is advantageous for POC applications. The test serves to
screen the patients for possible infection, and so requires only “yes/no” response: highly
reproducible bright green color triggered in response to ZIKV infection can be reliably
distinguished from a colorless solution when no infection occurs, even in hands of a first-
time user. This test offers a promise to make diagnostics of viral infections more affordable
for patients in terms of turnaround time, among other advantages.

4. Conclusions

We have reported on a strategy for visual pathogen detection based on a combination of
isothermal amplification of a viral genome fragment using NASBA reaction and a color-
generating split deoxyribozyme technology. We employed the strategy to detect ZIKV RNA.
The use of pan-ZIKV primers for the NASBA reaction enabled amplification of highly
conserved fragments of the viral genome, which open the perspective to use the same
amplification conditions or even the same product of amplification in combination with
strain- or lineage-specific vsDz probes for simultaneous detection of several ZIKV strains.
The split approach enables efficient unwinding of a highly structured RNA amplification
product and ensures high selectivity for target recognition. The advantages of the proposed
NASBA/vsDz test include the following: (1) isothermal amplification of a targeted fragment
of the viral genome; (2) color change as a signal, which can be detected by the naked eye
without instrumentation; (3) highly selective target recognition since the vsDz probe can
distinguish between closely related pathogens. It opens a possibility to differentiate closely
related flaviviruses or even strains of ZIKV, which can be beneficial for case management
and surveillance of virus distribution; (4) straightforward design of sDz sensor — minimal
sequence adjustments and test optimization are required to adapt the platform for the
detection of a new viral isolate or another virus. The reported strategy has a potential to
advance diagnostics of viral infections, as well as improve monitoring and surveillance of
the pathogen transmission.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. A three-stage colorimetric test for the naked-eye detection of Zika virus.
. Isothermal amplification combined with a label-free split deoxyribozyme
probe.
. Differentiation of Zika virus from closely related dengue and West Nile
viruses.
. Total test time of 2 hours without expensive instrumentation.
. Detects clinically relevant concentrations of viral RNA.
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Figure 1.
Time-dependence of NASBA/vsDz test stages. (a) Optimization of NASBA reaction time.

NASBA reaction was allowed for the indicated time followed by the interrogation of the
amplified RNA by the vsDz sensor. No-target control (NTC) containing no ZIKV RNA was
amplified for 90 min and used as a control in the vsDz reaction. (b) Kinetics of IPDz
cleavage. The RNA amplification product at either 10 or 100 nM concentration (estimated
based on Qubit RNA HS assay) was incubated with IPDZ-11/2, Dz, and Dz for 0, 15, 30,
45 or 60 min. As a control, the NTC sample from panel (a) was used. The samples’
absorbance at 420 nm was normalized by the background absorbance of the blank samples
containing only vsDz but not the RNA product or NTC. Signal-to-background ratios (S/B)
were plotted over incubation time. The data are average values of three independent
experiments with standard deviations as error bars.
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Figure 2.

Selectivity of NASBA/vsDz test. Isolated RNA from different strains of ZIKV (indicated
below the bar graph), DENV (type 2 and type 3) or WNV was used for NASBA reaction
followed by vsDz reaction. The images of the sample tubes were taken and the absorbance at
420 nm was recorded 10-15 min after addition of H,O,. The data for three independent
experiments were averaged, with standard deviations as error bars.
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Figure 3.
Absorbance for vsDz samples as a function of RNA concentration. (a) Serial dilutions of

NASBA RNA product (0-100 nM) obtained using ZIKV RNA (strain BR_SJRP1840) were
incubated with the vsDz probe, and the absorbance at 420 nm was measured upon addition
of ABTS, hemin and H,05. (b) Images of samples containing 0-10 nM RNA amplification
product. (c) Linear dependence of absorbance at 420 nm on RNA concentration (0-10 nM).
The data are average values of three independent experiments, with standard deviations as
error bars.
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Figure 4.
Detection limit of the NASBA/vsDz test. (a) Analysis of the products of NASBA reaction

with different starting amount (2.5-50 pg/mL) of ZIKV RNA using 2% agarose gel
electrophoresis. The bands corresponding to the amplification product are labeled with an
arrow. NTC — no target control for NASBA reaction. (b) Absorbance of the samples
containing the vsDz probe in the absence (blank) or presence of 1.7% NASBA reaction
mixtures from panel (a). Inset. Images of the tubes with the correspondent samples.
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Scheme 1.
Stages of the NASBA/vsDz test. Stage 1- RNA amplification; Stage 2 — recognition and

activation of PDz; Stage 3 — color generation. Stages 2 and 3 show the components of the
vsDz probe.
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