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Abstract: Lateral flow paper biosensors are an attractivadyaical platform for detection
of human and veterinary disease pathogens bedaegare optimal for accurate, rapid and
sensitive analysis in research laboratory setupsyedl as field analysis. Since diseases of
viral etiology have been wreaking havoc in aquagaltindustry, as well as the
environment, the present study aims at the devedoprof a gold nanoparticle-based
biosensor for fish nervous necrosis virus (Nodasjimucleic acids detection. Total viral
RNA, isolated from fish samples was subjected tenge transcription PCR amplification.
The PCR products were mixed with a specific oligdeatide probe and applied next to
oligonucleotide conjugated Au NPs. A red test m&s formed when nodavirus product
was present. The visual detection of the RT-PCRIygbwas completed within 20 min.

Following optimization, the biosensor was able tsuslly detect 270 pg of nodavirus



initial total RNA. The present study describes m@e, accurate, robust and low cost
method for nodavirus detection in biological samspkpart contribution on basic research,
the proposed biosensor offers great potential danraercial kit development for use on the
site of fish culture by fish farmers. This fact Mihve great impact on environmental safety

and disease monitoring without time consuming avsdlg procedures.

Keywords. Lateral flow strip biosensor; gold nanoparticlegrvous necrosis virus;

Nodavirus; RT-PCRDicentrarchus labrax

1. Introduction

Viral nervous necrosis (VNN), also named vacuotagmcephalopathy and retinopathy (VER) or
encephalomyelitis, is a disease that causes higtahties (80-100%) in several marine fish speanes
Europe, America, Japan, Southeast Asia, and Aissf{HL In recent years, VNN has attracted much
attention because of its ecological and econompasts on the aquaculture industry. Especially & th
Mediterranean area, VNN has emerged as a majotgonofor aquaculture facilities, as well as wild
marine species, since it has no effective vaccmieeatment [2,3]. The causal agent of the diséase
the nervous necrosis virus (NNV), also known asanvods, which has been reported worldwide in at
least 30 different fish species, including groupsesa bass and Atlantic halibut, indicating a widet
range [1,4-7].

Fish nodavirus (genu8etanodavirus, family: Nodaviridae) is an icosahedral, non-enveloped virus
with diameter offR5 nm [1]. Its genome is composed of two, singlarsted, positive-sense RNA
molecules of 3.1 kb (RNA 1) and 1.4 kb (RNA 2). RMAlirects the synthesis of the RNA-dependent
RNA polymerase (100 kDa) [8] and RNA 2 encodessyr@hesis of the coat protein of the virus (42
kDa) [9]. RNA 3 is a subgenomic transcript of thBIARL segment which contains an open reading

frame for the B2 protein [10]. Nodavirus has beé&ssified in four genotypes: striped jack NNV
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(SINNV), red-spotted grouper NNV (RGNNV), tiger faafNNV (TPNNV) and barfin flounder NNV
(BFNNV). Fish nodaviruses are quite different framsect nodavirusesalphanodaviruses) [11]. A
nodavirus found only in shrimps and prawmdacrobrachium rosenbergii nodavirus has been
identified. Its sequence could not be assignedtbe@reof the existing genera and it has been pregos
to be classified aGammanodavirus[12].

Fish nodavirus has been detected and analyzedseséral methods including light- and electron-
microscopy [1,13], immunofluorescence antibody t@8AT) [14], enzyme-linked immunoassay
(ELISA) [15] andin situ hybridization [16]. However, polymerase chain teat (PCR) [9] and
reverse transcriptase PCR (RT-PCR) [17] have bectime main diagnostic methods for fish
nodaviruses, as they can detect tiny quantitiedraf RNA in any tissue. Analysis of PCR products
(amplicons) is, usually, carried out by agarose gettrophoresis, followed by ethidium bromide
staining. Several methodologies for rapid and ateunodavirus detection have been developed
recently, including: real-time quantitative PCR [[1®op-mediated-isothermal-amplification (LAMP)
[19] and real-time LAMP [20] assays; an immunomdgnesduction (IMR) assay which employs
magnetic nanoparticles coated with dextran andadtes [21]; a microfluidic LAMP system, needing
slab-electrophoresis for products detection [22]RE&PCR microfluidic chip with laser-induced
fluorescence technology on the capillary electropbis module of the chip [23]; and an integrated
microfluidic chip with molecular beacons and nucleacid sequence-specific captured probes
conjugated to magnetic beads [24]. Even though paaftioned methodology has several advantages,
they require expensive and specialized instrumiemtahighly-trained personnel or they are time-
consuming and cumbersome. Especially the methoals utilize gel electrophoresis for products
detection are based on products size detectiorghwhight result in false positives, and are ushng t
highly mutagenic ethidium bromide.

Paper-based sensing has emerged as an attraciiy&icah platform. Lateral flow paper biosensors
(LFB) are optimal for accurate, rapid and sensiéimalysis in research laboratory setups, but tlae h

the potential to be used for field analysis. Esgécithe use of functionalized nanoparticles, as



4

recognition labels has accelerated nucleic acidetems sensing by LFBs, by increasing their
sensitivity and specificity. In general, laterabvl biosensors are prefabricated strips of materials
containing dry reagents that are activated by apglyhe fluid sample. They are designed for
disposable single use and for applications whereowafoff signal is sufficient [25]. LFBs are
considered one of the most promising technologwsg to their simplicity, rapid analysis, low cost,
high sensitivity and specificity. Several laterilw biosensors have been developed to detect many
analytes such as DNA, mRNA, miRNA, proteins, biadadjagents and chemical contaminants [26].

In that aspect, the present study aims at the dpwednt of a gold nanoparticle-based LFB for
nodavirus nucleic acids detection. Specifically,ondler to increase the detection accuracy, simplify
and speed up the total time for PCR-based analysigropose a paper lateral flow biosensor which
has been evaluated in applications such as hep&itvirus detection [27]; genetically modified
organisms (GMO) detection [28]; bacterial infecBordetection [29] and single nucleotide
polymorphisms (SNPs) genotyping [30,31]. In brietal viral RNA, isolated from fish samples was
subjected to reverse transcription PCR amplificatibhe PCR products were mixed with specific
oligonucleotide probe and applied next to oligoeatide conjugated gold nanoparticles (Au NPs). A
red test line was formed when nodavirus product prasent. The visual detection of the RT-PCR
product was completed within 20 min. Detection pseters were optimized and the proposed LFB

discriminate NNV infected from non-infected sammescessfully.

2. Experimental Section

2.1. Oligonucleotides

All oligonucleotides used in this study were sysihed by VBC-Biotech (Vienna, Austria). A-5

thiolated (dT)o oligonucleotide (SH-ddy: 5-SH-TTTTTTTTTTTTTTITTTTTITTTTITTTTTTT-3) was
used for conjugation on gold nanoparticles. A (@A)oligonucleotide (dAy 5-
AAAAAAAAAAAAAAAAAAAA-3 ') was used for construction of the control zonéhefbiosensor.

The 20-mer 5TAAGAAATTGGCAAAACCCG-3' was labeled at the-8nd with biotin and used as
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an upstream primer (UpNdv_B) for PCR of nodavirusatc protein cDNA. The 20-mer’-5
TATCCGTCTGTTCCTGTCCC-3 was used as downstream primer (DpNdv). The 20-Bier
CCTTAGACACAGGTGCGTCA-3 was used as the nodavirus-specific probe (Probe).Nbhe
oligonucleotide primers and probe were designegdas the published sequence for nodavirus coat
protein gene (GenBank accession number. Y08700.Hinally, B-dAy (5-B-

AAAAAAAAAAAAAAAAAAAA-3 ') reference oligonucleotide was used as controlbfosensor

construction. +B-d1o 5-B- A -3-and.

2.2. Tailing of Oligonucleotide Probes with dTTP or dATP

The 3-SH modified (dT)o oligonucleotide was tailed enzymatically with dT Mhereas the (dA)
probe, the biotinylated control oligonucleotide B-g and the nodavirus-specific probe (Probe_Ndv)
were tailed with dATP. The reactions were perfornred total volume of 20 pL, containing 50 mM
potassium acetate, 20 mM Tris-acetate, 10 mM magmeacetate (pH 7.9), 0.25 mM Co{B8.5 mM
dTTP or dATP (2 mM of dATP for probe Ndv), 10 unds$ terminal deoxynucleotidyl transferase
(TdT; New England Biolabs, Ipswich, MA, USA), an@07 pmol of oligonucleotide (400 pmol for
probe Ndv). The reactions were carried out at 3#1?@&0 min and terminated by heating to 70 °C for
10 min. After completion of the tailing reactioretpoly(dA)-tailed Ndv probe was mixed with 1.5 pL
of 40 mM N-methylmaleimide (Sigma-Aldrich, Steinhe@ermany) solution in dimethyl-sulfoxide

(DMSO, 2.7 mM final concentration). The tailed pesbwvere stored at -20 °C.

2.3. Preparation of Oligonucleotide Conjugated Gold Nanoparticles

Gold nanoparticles (40 nm, 7.2Xf0particles/mL; Sigma-Aldrich, Steinhem, Germany)reve
modified with oligonucleotide addition, through dhigroup conjugation [27]. The reactions were

carried out by adding 75 pmol of tailed (dd¢ligonucleotide and 0.8 pL of absolute pyridine.tmL
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of the gold nanoparticle solution (~0.12 pmol). Thexture was incubated at 4 °C, for 24 h.
Subsequently, the solution was subjected to “aghgthe addition of NaCl up to a concentration of
90 mM. The solution was allowed to stand for ano@w h at 4 °C, and the excess of reagents was
removed by centrifugation at 1,300xg for 30 mineTBupernatant was discarded, and the pellet was
redispersed in 100 pL of an aqueous solution coimigi30% sucrose, 0.25% Tween-20, 0.25%

sodium dodecyl sulfate (SDS), and 45 mM NaCl, bgesang and brief sonication.

2.4. Preparation of the Lateral Flow Biosensors

The dry reagent lateral flow biosensors (4x60 mamscsted of a cellulose immersion pad, a glass-
fiber conjugate pad, a nitrocellulose diagnostiantbene, and a cellulose absorbent pad. The parts
were assembled on a plastic adhesive backing Esvil The diagnostic membrane (HF240MC100,
25 mm in length; Millipore, Billerica, MA, USA) waplaced on center of a laminated card by the
manufacturer. The conjugate pad (GFCP000800, 8 Miltipore, Billerica, MA, USA) was then
placed below the membrane, the immersion pad (CEARF00, 17 mm; Millipore, Billerica, MA,
USA) was placed below the conjugate pad, and tiserabnt pad (same as immersion pad) was
positioned above the membrane. Each part overlappath to ensure that the solution could migrate
through the biosensor. The TLC applicator, Linorbaand WinCats software (Camag, Muttenz,
Switzerland), were employed to construct the testezand the control zone by loading streptavidin
(SA) from Sreptomyces avidinii, and poly(dA), respectively, on the membrane. étais, a solution
containing 4 g/L SA (Sigma-Aldrich, Steinhem, Genyja 150 mL/L methanol, and 20 g/L sucrose
was loaded at a density of 1.6 pg/4 mm membrarsalétion containing 4 uM poly(dA)-tailed probe,
500 mL/L methanol, and 20 g/L sucrose was loaded @ensity of 2.4 pmol/4 mm membrane. The
membrane was then dried at 80 °C for 1 hr. LFB& witl-mm width were cut by using a Guillotine

cutting and stored dry at ambient temperature.



2.5. Fish Samples

The European sea basBidentrarchus (D.) labrax) with or without VNN clinical signs were
collected from sea-cage fish farms in Epidavrogd@éios Gulf), Astakos (lonian sea) and Aliveri
(Euboean Gulf) regions, covering three of the maguaculture sites in Greece. Asymptomatic fish
reared for 8 months into experimental land faeifitiof the Hellenic Centre for Marine Research
(Athens, Greece), were used as healthy negativieatdishes. Samples were processed using aseptic
technique to isolate dissected brain and retine®MA extraction. Samples were transferred in &eri

polypropylene tubes and stored at —80 °C, until use

2.6. RNA Extraction

Total RNA was extracted from the fish eyes usirg @Neasy Mini kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. Tid¢ARconcentration and purity were determined by
measuring the absorbance at 260 nisdAn the Nanodrop 1000 spectrophotometer (Thernsbi
Scientific, Delaware, USA). The purified aliquétad concentrations in the range of 100 — 180 ng/mL
of total RNA in RNase-free water. The,slAog ratios of the purified aliquots were 2.04-2.08,

indicating that the isolated total RNA was effidigrpurified for further use.

2.7. RT-PCR of NNV RNA from Fish Samples

In order to reverse transcribe (RT) the NNV totdNAR the Superscript Il reverse transcriptase
(Invitrogen, Carlsbad, CA) was used. The RT reactonsisted of 2.;M oligonucleotide d%o, 0.5
mM dNTPs (dNTPs: dATP, dTTP, dCTP, dGTP; HT Biotealogy, Cambridge, UK), 100 ng of
purified total RNA and RNase-free.8. The mixture was heated to 65 °C for 5 min, anttkdy
chilled on ice (0 °C, 1 min). First-strand bufféix), Dithiothreitol (0.1 M) and RNase OUT RNase

inhibitor (40 u; Invitrogen, Carlsbad, CA) were addo the mixture, which was incubated at 42 °C for
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2 min. Immediately, 200 units of SSII RT were adéad the mixture was incubated at 42 °C for 50
min. Finally, the mixture was heated at 70 °C férmin, in order to deactivate the enzyme and the
produced cDNA was stored at -20 °C.

The produced cDNA was subjected to PCR. The raachocture (25uL) contained 1x GoTaq
Flexi Buffer, 2 mM MgC}, 200 uM of each dNTP, 0..uM each of the upstream and downstream
primers, 2uL of cDNA, and 0.5 U of GoTaq Flexi DNA polymera@&omega, Madison, WI, USA).
The cycling conditions were 95 °C for 5 min, folleavby 35 cycles at 95 °C, 30 s; 60 °C, 60 s; and 72
°C, 60 s. At the end of the cycling, the mixtureswacubated at 72 °C for 7 min and cooled down to 4
°C. PCRs were performed in GeneAmp PCR System 8y0ler (Applied Biosystems, New York,
USA). Negative controls (containing water instedd®lA) were included in each series of PCRs to
confirm the absence of contamination. The PCR mtdwere visualized by 2% agarose gel
electrophoresis and quantified based onpti&74 DNA Haelll digest DNA molecular weight marker
(HT Biotechnology, Cambridge, UK). The Sub-Cell @darose gel electrophoresis system was from
Bio-Rad (New York, USA). The digital camera and UWinsilluminator, AlphaEase FC Imaging
System, was from Alpha Innotech (California, USA)dathe gel images were analyzed with

Alphalmager software and ImageJ software [32].

2.8. Lateral Flow Biosensor Detection Assay of Nodavirus Amplification Products

For the detection of NNV PCR products, al5aliquot of PCR solution was mixed withpl of
0.9 M NacCl, 0.5 pmol of dATP-tailed NNV probe andHO in a total volume of 1QL. The mixture
was heated at 95 °C for 3 min and then hybridinatras allowed to proceed for 10 min at 37 °C. The
above mixture was applied to the conjugation pact ne the poly(dT)-functionalized gold
nanoparticles. The immersion pad of the biosensas then dipped into 250L of the developing
solution. The developing solution contained 40 mbglcerol, and 10 g/L SDS in phosphate-buffered

saline (PBS: 0.14 M NacCl, 2.7 mM KCI, 10 mM sodipimosphate and 1.7 mM potassium phosphate,
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pH 7.4). The visual detection of was completed wi20 min. Longer times did not affect the assay
results. After completion of the assay, the LFBsenecanned with a desktop scanner (HP Scanjet

G4050, HP, California, USA) and the band densitiese quantified with ImageJ software [32].

3. Results and Discussion

3.1. Assay Principle

The principle of the nanoparticle-based laterahfluiosensor is depicted in figure 1. After the kota
RNA isolation from fish samples, a RT reaction efprmed. The produced cDNA is amplified and
end-labeled with biotin during PCR, by using antrggn primer labelled with biotin. The PCR
product is mixed with a nodavirus specific poly(dtajled oligonucleotide probe and hybridization
results on a poly(dA) probe — sample complex. Theridized complex is applied on the conjugate
pad next to Au NPs that are surface-functionalizé@t poly(dT). Subsequently, the LFB is immersed
in the developing solution which migrates along besensor by capillary action. As a result, the
poly(dT) functionalized Au NPs move towards the tigized complex, interact and hybridize with the
poly(dA) probe — sample complex. The hybrids analfy captured from immobilized streptavidin at
the test zone of the biosensor. The accumulatioAuwoNPs generates a characteristic red line at the
test zone since gold nanoparticles have an absmel@ak at 520 nm due to plasmon resonance. The
excess nanoparticles are captured from immobildeph(dA) strands at the control zone of the LFB
generating a second red line that confirms thegrémction of the biosensor. In the absence afetar

DNA, no red band is observed at the test zone.

3.2. Optimization of the lateral flow biosensor with a reference oligonucleotide

Since the accumulation of Au NPs on the test amdrabzones could affect the signal formation,
two major factors were investigated by comparing tmalytical performances of the LFBs on
specifically detecting a reference oligonucleotiflee studied factors were the amount of Au NPs and

the composition of the developing solution. Theerefce oligonucleotide B-g4 tailed with dATP,
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had a biotin moiety in the 5’ end, in order to maie with streptavidin in the biosensors’ test zcared

a poly(dA) tail in the 3’ end, to interact with giT) Au NPs.
3.2.1. Effect of the Au NPs amount

The amount of gold nanoparticles loaded on theugatg pad was determined by the nominal
concentration of the nanoparticles (7.2¥1particles/mL) and the respective volume of sohutio
applied on the conjugate pad. The target mix ctasief 500 fmol B-dA; 90 mM NacCl to facilitate
hybridization, and ddpD. The amount of the nanoparticles was optimizeithénrange of 3 — 15 fmol
per LFB. It was found that 12 fmol gave strong caftensities in both the test and control zonet wi
no background (figure 2A). Even though higher namtges amount increase the band intensities, the
background signal also increased, as it can bemnisghe LFB images. Therefore, the use of 12 fmol
of Au NPs conjugates, corresponding topd0of the prepared solution, was adopted in theofwihg

experiments.
3.2.2. Effect of the devel oping solution composition

The composition of the developing solution affect#tically the performance of the DNA
hybridization on the LFB. The developing solutiohosld allow the sample mixture and Au
nanoparticles to migrate at a flow rate that bathvigles a sufficient time for the hybridization caéan
to occur and also ensures a rapid test, and teeptelie nonspecific binding of the nanoparticles on
the biosensor membrane [27]. The addition of glyicexsults in increased viscosity of the developing
solution and causes a decrease of the flow rateodasurfactants (e.g. SDS, Tween-20) were added
in order to facilitate the movement of the nanaphkas from the conjugate pad. Several formulations
were tested, as we observe in figure 2B. In dettiks solutions that were tested consisted of 19%6 SD
(1%S), 2 % glycerol and 1% SDS (2%G_1%S), 4 %agiyicand 1% SDS (4%G_1%S), 4% glycerol,
1% SDS and 0.1% Tween-20 (4%G_1%S_0.1%T), 4% gica% SDS and 1% Tween-20

(4%G_1%S_1%T), 6 % glycerol and 1% SDS (6%G_1%%) géy/cerol, 1% SDS and 1% Tween-20
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(6%G_1%S_1%T), 8% glycerol and 1% SDS (8%G_1%S) g8%erol, 1% SDS and 1% Tween-20
(8%G_1%S_ 1%T), all in PBS buffer. The optimum comalion for clear bands, rapid assay times,

and background elimination was attained with us&%fglycerol, 1% SDS and 1% Tween-20.

3.3 Optimization of the lateral flow biosensor assay with nodavirus amplification products

In order to achieve the optimum results for nodaidetection in samples, two parameters of the
poly(dA) probe — sample complex formation assayevgtudied: the hybridization temperature and the

amount of the specific oligonucleotide probe in tgization mixture.

3.3.1. Effect of the hybridization temperature

The effect of target PCR product and specificaigcleotide probe hybridization temperature was
studied in the range of 25 — 55 °C. The resultgeesented in figure 3A. The density of the testezo
reaches the optimum at 37 °C and decreases inrhighgeratures, probably due to hybridization

inhibition. Therefore, all subsequent hybridizasamere performed at 37 °C.

3.3.2. Effect of the hybridization temperature

The influence of the amount of oligonucleotide @ab the hybridization mixture was studied in
the range of 0.25 — 2.5 pmol/ 1 pmol of targetyfeg3B). The density of the test zone was optimum
with 0.5 pmol probe and decreased with higher antsoahprobe. This is because, at high levels, the
amount of poly(dA) oligonucleotide probe exceedslimding capacity of the poly(dT)-functionalized
nanoparticles. As a consequence, poly(dA) oligeentde that is hybridized to the target sequence
competes with the free (unhybridized) poly(dA) olifpr binding to limited poly(dT) strands on the
nanoparticles. The higher the amount of poly(dAgmlused, the larger the fraction of nanoparticles

that bind to the free probe. These nanoparticlea thigrate along the entire length of the biosensor
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without being captured from immobilized streptamidind poly(dA). As a result, the red bands of both

the test zone and the control zone become fai#@r [

3.4. Analytical characteristics of nodavirus LFB

3.4.1. Nodavirus LFB detectability

To assess the biosensor applicability, sample isakitcontaining different concentrations of target
PCR products were tested under the optimized exjgatial conditions. Specifically, various amounts
of PCR products (107 bp) ranging from 0 to 1000Ifraorresponding to initial total RNA amount in
the range of 135 pg to 1 ng per reaction, wereiegppin LFBs. The concentration of each PCR
product was determined by agarose gel electropisorethidium bromide staining and densitometry
with X174 —Haelll digest DNA fragments as calibrators. The respecti#Bs are presented in
figure 4. As low as 270 pg of initial total RNA (@3mol of target DNA) was detectable with the
naked eye on the biosensor. Densitometrically, A@%f initial total RNA (125 fmol of target DNA)
were corresponded to a positive signal. To defipesative result, we used the signal/noise (S/Npra
(S/N = 3) as reference. Signal is the optical isignof the test line with detected sample and exass
the intensity of the test line with 1xGoTaq Flexifter.

The same amount of products was applied on agayelsand visualized with ethidium bromide
staining. As we observe in figure 4c, 135 pg ofiahitotal RNA are faintly visible on the gel revieg

that the proposed biosensor could achieve compasaisitivity.

3.4.2. Nodavirus LFB reproducibility

Since the signal reproducibility is one of the miogportant parameter to evaluate the biosensor, it
was assessed with i) the reference oligonucleo#idd,ii) nodavirus amplification products. Initigll
the reproducibility was determined by analyzing 590l of B-dAyo. Five biosensors were tested with

or without the reference oligonucleotide for studyhe test or the control zone, respectively. fihe



13

biosensors were produced in different batches. rékalts are presented in figure 5A. Densitometric
analysis of the test zones of the strips gave woefit of variation (CV) of 11.1%, while analysi§ o
the control zones resulted in 5.1% CV.

Subsequently, the reproducibility was studied &l Bmalysis conditions, where samples of 5 uL of
PCR product hybridized with 0.5 pmol of nodaviruslge, were loaded on 5 LFBs. The assay results
are presented in figure 5B. The CVs for test andtrob zones were 4% and 7%, respectively,

indicating excellent reproducibility.

3.4.3 Nodavirus LFB specificity

The specificity of the LFB for nodavirus detectimas determined by checking the cross-reactivity
of the assay with RNA extracted from eye tissuesaf-infected fish. Amplicons were detected only

for the verified infected samples (figure 6).

3.5. Nodavirus detection on D. labrax samples with the LFB assay

The nodavirus biosensor was used to detect nodaunr®d. labrax samples with the optimized
reaction conditions. Ten indicative infected (pesit and healthy (negativé). labrax samples were
analyzed, as shown in figure 6. The non-infecteshpdas were obtained from experimental land
facilities in a controlled environment, in orderassure that no infection had occurred. Two samples
were originated form Epidavros area (S5-6), 3 samplere from Aliveri region (S7-9) and 1 sample
was collected from Astakos (S10). In each run aatieg control, containing 1x GoTaq Flexi Buffer
instead of a PCR product, and a positive contmttaining 500 fmol of B-dAy, were included. None
of the non-infected samples showed any signalartékt zone. All infected samples were positivdawit

varying signal intensities, corresponding to déf@ramounts of nodavirus in the sample.

4. Conclusions
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Rapid and accurate detection of nodavirus wouldlentne early quarantine of infected fishes in
order to protect the aquaculture breeding facditidostly due to its economic impact to aquaculture
industry, methods for efficient identification offectious diseases have attracted considerableegtte
in recent years. As a step forward to rapid analgs$ivirus amplification products we developed a
nanoparticle-based paper lateral flow biosensorsimple and specific visual detection of nodavirus
RT-PCR products in biological samples. The targetavirus amplification product could be easily
detected by observing the test zone formation,ltreguin an intense, red colored signélnder
optimal conditions, 270 pg of initial total RNA wedetectable with the naked eye within 20 min.
Alternatively, the biosensor scanning with a simplesktop scanner or a smart phone allowed
detection of 135 pg of initial total RNA. The todsay starting from RNA extraction, performing RT-
PCR and detecting the products with the proposdgi\w&s completed in less than 4 h.

Compared to traditional methods (i.e. gel electophis), the proposed method offers a simple,
fast, selective and sensitive approach to detedavimis PCR products without expensive
instrumentation. Detection of the PCR products esoaplished by target-probe hybridization
providing sequence confirmation; as opposed totrelglsoresis which give results based only on the
size of the amplified fragments. The analysis/deiactime with the proposed LFB is 20 min,
compared to approximately 2 h when the agarosenggthodology is employed (gel preparation,
sample loading and running). The pre-hybridized@aman be applied directly on the biosensor and a
small amount of developing solution is needed, caduthus the wastes amount. Also, as mentioned
above, the proposed biosensor is as sensitiveeasatitional detection method (figure 4c). Finally
the proposed LFB utilizes a small amount of goleshaparticles for PCR products visualization,
eliminating the need for highly toxic/ mutagenibidtum bromide, which is routinely used in agarose
gel electrophoresis.

Even though lateral flow biosensors based on imrolrmmatography have been introduced for
several fish pathogens analysis [33], nucleic &€iBs are on high demand today. To our knowledge,

there has been only one other published effort pplyaa generic lateral flow dipstick for
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Macrobrachium rosenbergii nodavirus detection [34]. In that process, genkR® strips (Mileni&
GenLine HybriDetect, Milenia Biotec GmbH, Germamygre used to detect biotin labeled amplicons
hybridized with an FITC-labeled DNA probe linked,turn, to a gold-labeled anti-FITC antibody. The
same generic LFD strips has been appliedamwa syndrome virus [35], hepatopancreatic parvovirus
[36], infectious myonecrosis virus [37], infectiohgpodermal and hematopoietic necrosis virus [38],
yellow head virus [39]Laem-Singh virus [40], Penaeus monodon nucleopolyhedrovirus or monodon
baculovirus [41] and white spot syndrome virus [4@] shrimp viruses detection; as well as fish
infectious spleen and kidney necrosis virus detacf#3] and cyprinid herpes virus-3 or koi herpes
virus [44]. In all cases, loop mediated isotheramiplification (LAMP) has been utilized for nucleic
acid amplification, instead of traditional PCR, walhiis used in the proposed method. It has been
reported that the RT-LAMP method, used for NNV dat, is more sensitive than the RT-PCR
method [22] and, even though, a direct comparisbrsemsitivity for the applied methodologies
wouldn’t be accurate, it should be noted that tteppsed method is, also, capable to detect picagram
of initial total RNA.

Several techniques for fish nodavirus detectiorenaeen developed. The assay time (RT reaction,
amplification step and detection) and the sensjtifor each method are summarized in table I. The
assay time for the proposed methodli8h while 135 pg of total RNA (per 20 pL reactiargn be
detected, by using a standard PCR machine andothecdst LFB. The most common approach
consists of conventional PCR [7,9,17,45-48] or esPCR [17,45,46,49] with agarose gel
electrophoresis detection. Real-time PCR [18,43(3+83] is less time consuming but requires more
expensive instrumentation and/or reaction reageh®MP amplification methods with gel
electrophoresis detection [19,45,46] or real tir28][format have also been applied on nodavirus
detection. Real time nucleic acid sequence baseqdifaration (NASBA) [54], RT-PCR combined
with dot-plot detection [7], a LAMP-based microffic devise [22], a RT-PCR microfluidic devise
with capillary electrophoresis detection (CE) [28)d a microfluidic device based on molecular

beacons and magnetic separation [24] have, also, ldized for nodavirus analysis. Based on tdble
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we can assume that the proposed methodology isilessonsuming than most of the aforementioned
techniques, except the real-time based methodaagie the microfluidic devises, which, however,
have higher costs and/ or require sophisticatedumentation. In our opinion the methods’ sendiivi
comparison cannot be accurate since the metho@sldgi sensitivity determination are quite variable
amongst the published results, arising from vari@search groups. In most cases the sensitivity is
determined with virus-containing cell cultures supaants. In an effort to be more realistic, we
studied the LFBs’ sensitivity in a more complex géamtype, consisting of total RNA isolated from
infected tissue. The research groups that folloev $ame approach express the sensitivity with a
dilution factor, making thus direct correlationsfidult. Empirically, the proposed methods’ detecti
limit, which is at the pg level of initial total RN is considered sufficient for routine analysi$fos

on improving sensitivity are ongoing for the propd4.FB.

The proposed LFB is based on nucleic acids for galdoparticles conjugation as well as control
zone fabrication, eliminating the need for use mtiteodies. Therefore it has higher stability and no
need for special storage. The cost of the asségrins of reagents and the biosensor is less th&an 3
The biosensor allows visual detection of nodavaowlification products within minutes without the

need of any instruments:

amplified-fragments. The performance of the prodddeB was assessed by analyzing nodavirus PCR
products but it can be applied to other fish patimsganalysis, by designing appropriate primers and
probes and using the same biosensor. In our opithenproposed assay is extremely useful to small
scale research labs and aquatic industries quaittrol facilities.

Ongoing studies include the development of an eotlal method for nodavirus nucleic acids
amplification, which combined with the proposeddansor will allow easiest nodavirus detection on
the site of fish culture by fish farmers, and imgrments in the sensitivity of the LFB by using gold

nanoparticles dual labels and other LFB signal eoé@aent systems.
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Figure Captions

Figure 1. Principle of the nanoparticle-based lateral flaaskensor for nucleic acid detectian.
Side view of the lateral flow biosensor. IP: immenspad; CP: conjugation pad; M: diagnostic
membrane; AP: absorbent pad. A test zone (streptatA) and a control zone (poly(dA)) have
been immobilized on the biosensors’ diagnostic nramdb. The sample (S) contains the target
analyte (PCR product) hybridized with a poly(dAilg¢d oligonucleotide probe and biotin (B)
moieties and is applied on the conjugation pad rextoy poly(dT) functionalized gold
nanoparticles (Au)c. The biosensor is dipped on the developing buttee, sample and the
nanoparticles are captured on the test zone angddsiive signal is visualized, as a red zone.
The excess nanoparticles bind to poly(dA) at thetrob zone of the biosensor. The assay

components are not in scale.

Figure 2. a. Effect of the Au NPs amount loaded on the congigstd, on the LFB test zone
signal intensityb. Effect of the developing solution composition ¢ tLFB test zone signal

intensity. G: Glycerol; S: SDS; T: Tween-20.

Figure 3. a. Effect of the target PCR product and specifigatucleotide probe hybridization
temperature on the LFB test zone signal intenbit¥ffect of the oligonucleotide probe amount,

in the hybridization mixture, on the LFB test zaignal intensity.

Figure 4. a. Typical images of the LFBs after applying difiere@mounts of nodavirus initial
total RNA. b. Graph of the intensities of the LFBs test zonesws the nodavirus initial total
RNA amounts.c. Agarose gel (2%) electrophoresis of the aboveetafgNA followed by
ethidium bromide staining. Lane MpX174 DNA Haelll digest DNA molecular weight marker;
Lane N: PCR negative control; Lanes 1, 2, 3 andmitain 135, 270, 500 and 1000 pg per lane of

nodavirus initial total RNA, respectively.
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Figure 5. Reproducibility study ob. LFB test zone with reference oligonucleotide Byg§lAs
target (CV: 11.1%, n = 5p. LFB control zone with reference oligonucleotidal B, as target
(CV: 5.1%, n = 5)c. LFB test zone with nodavirus PCR product as tafG¥: 4%, n = 5).d.

LFB control zone with nodavirus PCR product aseafgV: 7%, n = 5).

Figure 6. Visual detection of nodavirus amplification protsin infected and non-infectdal.
labrax samples with lateral flow biosensors. NC: Negatweetrol; PC: Positive control; N1-4:

Non infected samples; S5-10: Infected samples.

Tablel. Comparison of fish nodavirus detection methoda@sgi



Tablel. Comparison of fish nodavirus detection method@sgi
Sensitivity
Assay Time* Reference
Cultured virus Infected tissue
C45h 2.58 x 16 TCIDso/ mL [45]
C4h 1-10 TCIDy, / mL (7]
C4h 107 dilution total RNA | [46]
RT-PCR/ Electrophoresis £54h 4.9 fg RNA/ pL [47]
C4h 10"* TCIDso/ mL [48]
C4h 10* dilution [17]
C4dh 10 fg/ viral RNA [9]
RT-PCR/ dot-plot C 1d 10"-1 TCIDs, / mL (7]
RT-PCR Microfluidic/ CE C2h 3 copies/ mL total RNA [23]
RT-PCR/LFB C3h 135 pg total RNA Present study
[55h 2.58 TCIDy, / mL [45]
. C4h 10° dilution total RNA | [46]
Nested PCR / Electrophoresis C55h 10 -100 TCIBy/ mL [49]
C5h 10* dilution [17]
C3h 2.58 x 10 TCIDsy/ mL [45]
LAM P amplification/ Electr ophor esis C2-4h 107 dilution total RNA | [19]
C3h 10° dilution total RNA | [46]
LAMP Microfluidic/ Electrophoresis C45h 10-100 fg total RNA [22]
C2h 10°® dilution total RNA | [50]
C2h 1.9x1Gcopies (CDNA) [18]
30 min 30 TCIRy/ mL [51]
Real-time PCR C3h 10 TCIDso/ mL [52]
Clh 0.04-0.4 TCIR,/ mL [53]
C2h 19.5 fg RNA/ uL [47]
40 min 10€ TCIDg / mL [48]
Real-time NASBA C2h 1.0 - 0.1 TCIR,/ mL [54]
Real-time LAMP C2h 4x10™ copies/uL plasmic [20]
Molecular beacon/ M agnetic/ Microfluidic | C30 min 20ng/mL plasmid [24]
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