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� A rapid and label-free visual assay for
multiple strains of Influenza A Virus.

� The method provides accurate quan-
tification of viral RNA on a
spectrophotometer.

� The assay shows high diagnostic
sensitivity and specificity on clinical
samples.

� Offers new prospects for rapid point-
of-care diagnostics against many
pathogens.
a r t i c l e i n f o

Article history:
Received 21 August 2019
Received in revised form
21 September 2019
Accepted 23 September 2019
Available online xxx

Keywords:
Label-free visual assay
Influenza A viruses
Peptide nucleic acid
Gold nanoparticles
a b s t r a c t

Accurate and rapid diagnosis of Influenza A viruses (IAVs) is challenging because of multiple strains
circulating in humans and animal populations, and the emergence of new strains. In this study, we
demonstrate a simple and rapid strategy for visual detection of multiple strains of IAVs (H1 to H16
subtypes) using peptide nucleic acid (PNA) as a biosensor and unmodified gold nanoparticles (AuNPs) as
a reporter. The design principle of the assay is based on the color change on account of free PNA-induced
aggregation of AuNPs in the presence of non-complementary viral RNA sequence and vice-versa. The
assay could detect IAV RNA with a visual limit of detection of 2.3 ng. The quantification of RNA with a
considerable accuracy on a simple spectrophotometer was achieved on plotting the PNA-induced
colorimetric changes (absorption ratio of A640/A520) in the presence of a varying concentration of
complementary RNA. As a proof-of-concept, the visual assay was validated on 419 avian clinical samples
and receiver operating characteristic (ROC) curve analysis showed a high diagnostic specificity (96.46%,
95% CI¼ 93.8 to 98.2) and sensitivity (82.41%, 95% CI¼ 73.9 to 89.1) when RT-qPCR was used as reference
test. Hence, the simplicity, rapidity, and universality of this strategy make it a potential candidate visual
assay for clinical diagnosis and surveillance of IAVs, especially in the resource-limited settings. The
proposed strategy establishes new avenues for developing a simple and rapid diagnostic system for viral
infections and biomolecules.
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1. Introduction

Influenza A viruses (IAVs) being accountable for several epizo-
otics pose a continuous worldwide threat to the poultry industry
and public health. The avian species within the orders Anseriformes
and Charadriiformes serve as natural reservoirs for IAVs [1]. Based
on the antigenic differences in their surface glycoproteins, IAVs
have been classified into 18 HA (H1eH18) and 11 NA (N1eN11)
subtypes. Some 122 million domestic birds have been wiped out
due to H5N1 outbreaks in the last five years and more than half
(58%) cases were from Asia alone [2]. As of April 2019, 860 cases of
zoonotic human infections with H5N1 have been reported from 16
countries, of which 454were fatal [3]. The diagnosis of IAVs is being
carried out regularly by virus isolation, conventional RTePCR, and
real-time quantitative RTePCR (RTeqPCR). The virus isolation is
time-consuming and prone to false-negative results. Both RTePCR
and RTeqPCR are highly sensitive and specific for detection of IAVs,
however, the requirement of sophisticated instrumentation, skilled
personnel, and poor stability of reagents prohibits their use as a
field diagnostic test. The microfluidics chip-based devices have
therefore been explored to overcome some of these limitations,
however, expensive instrumentation and sophisticated fabrication
protocols limit their use in resource-limited settings [4,5]. Even
though commercial rapid influenza diagnostic tests (RIDTs) can
overcome these limitations, their high cost and frequent inaccur-
acies render them an unsuitable diagnostic candidate for large-
scale adoption [6]. The World Health Organization (WHO) has
developed the ASSURED (Affordable, Sensitive, Specific, User-
friendly, Rapid and robust, Equipment-free and Deliverable to
end-users) criteria to select an appropriate diagnostic test that can
be used in resource-limited settings effectively. Thus, diagnostic
methods that conform to the WHO ASSURED criteria could play a
decisive role not only to control the rapid spread of IAVs during an
outbreak but also for reducing the economic burden on the poultry
industry and mitigating the associated public health risks [7].

The colorimetric assays based on accruement of metallic nano-
particles have received substantial attention in the rapid diagnostic
field due to their cost-effectiveness, high sensitivity, simplicity, and
no requirement of sophisticated instrumentation [8]. Among the
metallic nanoparticles, gold nanoparticles (AuNPs) offer many su-
perior qualities that earn them an ideal and promising candidate in
the development of cost-effective rapid diagnostic assays. These
include ease of synthesis in the laboratory, non-interference with
other labeled biomaterials, high chemical stability and ability to
interact with nucleic acids, aptamers and peptide nucleic acids
(PNAs). The covalent conjugation of the nucleotides or aptamers or
PNA probes onto AuNPs has been used frequently for the detection
of biomolecules or chemicals such as analyte [9], mRNA [10], DNA
[11], RNA [12], microRNA [13] and biomarker [14]. However,
conjugation of probes with AuNPs is time-consuming and involves
tedious procedures. Thus, it would be an ideal strategy to develop
methods that do not require such conjugation procedures.

PNAs offer several advantages over nucleic acid oligomers such
as stable duplex structures with complementary DNA or RNA se-
quences, high thermal stability and resistance to degradation by
nucleases and proteases, and extreme stability in acidic environ-
ments [15,16]. The ability of charge-neutral PNA to induce imme-
diate aggregation of AuNPs can be used for the development of a
label-free visual assay [17,18]. In this paper, we report the devel-
opment of a label-free rapid visual assay for the detection and
quantification of IAV RNA based on the inhibition of free PNA
induced aggregation of AuNPs in the presence of complementary
RNA sequence and vice-versa. The analytical specificity of the visual
assay was determined against diverse IAVs HA subtypes. Further-
more, we evaluated the diagnostic performance of the visual assay
Please cite this article as: N. Kumar et al., Label-free peptide nucleic acid
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on 419 avian clinical samples and the results were compared with
RTeqPCR, which is a standard diagnostic assay for IAVs.

2. Materials and methods

2.1. Reagents and chemicals

The Fmoc-PNA monomers and linker, [2-(2-(Fmoc-amino)
ethoxy)ethoxy]acetic acid (AEEA) were purchased from Panagene
Inc. (South Korea). Rink amide-MBHA resin (100e200 mesh,
0.30mM/g of the resin) was procured from Merck (China) while
pyridine, m-cresol, triisopropyl silane (TIS), especially dried N, N-
dimethylformamide (DMF), dichloromethane (DCM), methanol,
piperidine, diethyl ether, and HPLC-grade water were from Merck
(Germany). The Gold(III) chloride trihydrate (HAuCl4$3H2O), 1-
[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyr-
idinium 3-oxide hexafluorophosphate (HATU) and N,N-
Diisopropylethylamine (DIEA) were procured from SigmaeAldrich
(Germany). Oligonucleotides were custom synthesized, and the
chemicals and reagents were of analytical grade (unless specified
otherwise).

2.2. Instrumentation

The designed PNAwas synthesized on an Aapptec Labmate 4� 6
peptide synthesizing platform. The PNA was desalted and purified
by Reverse-Phase High-Performance Liquid Chromatography (RP-
HPLC) on a Shimadzu LC20 ADHPLC (Japan). The transmission
electron microscopy (TEM) measurements of AuNPs were made on
a TALOS 200 kV S-FEG (FEI, USA) which is a FIST supported TEM
facility at Department of Chemistry, Indian Institute of Science
Education and Research (IISER), Bhopal, India on an accelerating
voltage of 200 kV. The zeta potential measurements of AuNPs were
built on a Beckman Coulter Delsa™ Nano (USA) at Department of
Chemistry, IISER, Bhopal, India. The intact mass analysis of PNAwas
done on aMALDI UltraflexeTOFeTOFmass spectrometer by Sandor
Lifesciences Pvt. Ltd., India. The absorbance spectra were recorded
on a Spectra-Max M5 (Molecular Devices, USA) using quartz cu-
vettes with an optical path length of 1 cm at room temperature.
Real-time PCR experiments were performed on a Light Cycler® 480
II Real-Time PCR (Roche, Germany).

2.3. Sampling of clinical cases

A total of 419 cloacal samples representing avian species from
two distinct geographical locations (n¼ 325) in India, including IAV
confirmed positive (n¼ 50) and negative (n¼ 44) samples received
from the Avian Influenza repository of the National Institute of High
Security Animal Diseases, Bhopal, India were used in this study
(Table S1). The avian species-wise samples distribution is as fol-
lows; Duck (n¼ 10), Goose (n¼ 3), Kite (n¼ 4), Pigeon (n¼ 43),
Quail (n¼ 4), Turkey (n¼ 6), Crane (n¼ 1), SPF Chicken (n¼ 44),
Chicken (n¼ 297), Cockatoo (n¼ 2) and Pheasant (n¼ 5). All the
samples were processed for viral RNA extraction and tested for IAVs
using the PNA visual assay and the RTeqPCR.

2.3.1. RTeqPCR
Viral RNA from the respective clinical samples was extracted

using NucleoSpin RNA Virus, MACHEREY-NAGEL GmbH & Co. KG
(TaKaRa, Japan) as per the recommendations of the manufacturer.
One-step RT-qPCR was carried out in duplicates using GoTaq Probe
1-step RT-qPCR system (Promega, USA) in a total volume of 12.5 mL
containing 6.25 mL 2X buffer, 0.5 mL of 20 pmol each forward (50-
TGATCTTCTTGAAAATTTGCAG-30) and reverse (50-CCGTAG-
MAGGCCCTCTTTTCA-30) primers, 0.25 mL of 10 pmol probe (FAM-
biosensor for visual detection of multiple strains of influenza A virus
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TTGTGGATTCTTGATCG-BHQ-1), 0.25 mL of 50X GoScript™ RT mix,
3.75 mL of nuclease-free water and 1 mL of viral RNA. The thermal
profile was programmed as 30min at 50 �C for reverse transcrip-
tion, 2min at 95 �C for initial denaturation followed by 40 cycles of
a 3 step PCR, including 95 �C for 30 s, 50 �C for 1min and 72 �C for
30 s. No template control and no probe control were included in
each run.

2.4. Designing, synthesis and characterization of PNA

The complete coding nucleotide sequences of matrix (M) gene of
Influenza A viruses (n¼ 42372) were retrieved from the NCBI
database (https://www.ncbi.nlm.nih.gov/genomes/FLU/Database/
nph-select.cgi?go¼database, accessed on November 1, 2016) and
generated HA-subtype specific consensus sequences usingmultiple
sequence alignment by MAFFT version 7.222. The numbers of HA-
subtype specific M gene sequences used to generate consensus
sequences are provided in Table S2. These consensus sequences
were further aligned to design a highly conserved target region
within the M gene that constituted a 16-mer poly-pyrimidine rich
tract for the laboratory synthesis of PNA (Fig. 1A and B). The
nucleotide composition analysis of the designed PNA is given in
Table S3.

The designed PNA was synthesized in the laboratory by solid-
phase peptide synthesis employing Fmoc chemistry on Rink
Amide-MBHA resin [19]. Briefly, a Rink Amide-MBHA resin LL
(20mg, 0.30mM/g) was swelled in DMF overnight followed by
removal of resin-bound Fmoc protecting group by treating with
20% (v/v) piperidine solution in DMF. The first amide coupling was
carried out by mixing 5M equiv (as per the initial loading of the
resin) of AEEA in DMF, HATU (4.5M equiv) in DMF, DIEA (10M
equiv), and Pyridine (2.5M equiv) for 10 min and this solution
mixture was added over the pre-swollen resin. The mixture was
shaken at room temperature (22e25 �C) in a shaker-cum-incubator
for 2 h at 120 rpm and then washed with DMF (3 � 1 min), DCM
(3 � 1 min) and DMF (3 � 1 min). The remaining free amines were
capped by treating with 0.5 mL of acetylating solution (DMF, Acetic
anhydride, and DIEA in the ratio of 89:5:6, v/v) for 10 min with
gentle shaking. Subsequently, the elongation of PNA sequence was
obtained by repeated cycles of Fmoc deprotection by 20% (v/v)
piperidine solution in DMF and coupling reactions as described
above. Every step of deprotection and coupling during the elon-
gation of PNA sequence was monitored by Kaiser (ninhydrin) test.
Once the desired PNA length was achieved, the bound PNA was
cleaved from the resin by treating with 0.5 mL of cleavage mixture
(TFA, Phenol, Thioanisol, Ether and HPLC Water in the ratio of
85:10:2.5:2.5, v/v) for 5 h at room temperature (22e25 �C) with
gentle shaking. The cleaved PNA was then precipitated by chilled
diethyl ether and dissolved in HPLC-grade water. The PNA was
purified and desalted by RP-HPLC (solvent A: HPLC-grade
water þ 0.1% TFA; solvent B: acetonitrile þ 0.1% TFA; from 5 to
70% of solvent B over 40 min, increment rate: 1% acetonitrile/min,
flow rate: 0.8 mL/min). The fraction of interest was manually
collected, vacuum dried, and dissolved in HPLC-grade water. The
molecular weight of PNA was analyzed by MALDI Ultra-
flexeTOFeTOF while the concentration was measured on Eppen-
dorf Bio-spectrophotometer at 260 nm.

2.5. Synthesis and characterization of colloidal gold

All the glassware was treated with freshly prepared aqua-regia
(one part of nitric acid and 3 parts of hydrochloric acid), rinsed
thoroughly with double distilled water and oven-dried before
use. The citrate stabilized gold nanoparticles (AuNPs) were syn-
thesized by reduction of Gold (III) chloride trihydrate
Please cite this article as: N. Kumar et al., Label-free peptide nucleic acid
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(HAuCl4$3H2O) by sodium citrate [20]. Briefly, 100mL of 1mM
HAuCl4$3H2O solution was boiled for 5min with vigorous stirring
on a hot plate magnetic stirrer and then pre-boiled 10mL of
38.8 mM trisodium citrate solution was rapidly added. The solu-
tion was boiled with vigorous stirring for another 10min, during
which time its color changed from pale-yellow to brick red-wine.
The solution was then cooled to room temperature with contin-
uous stirring. The resulting brick red-wine solution was stored at
4 �C until further use. The AuNPs were characterized for their
typical absorbance at 520 nm in a UVevis spectrophotometer.
Furthermore, the shape and size of the AuNPs were analyzed by
TEM and dynamic light scattering (DLS).

2.6. Colorimetric procedure for the visual assay

To develop an optimized protocol for the visual detection of IAV
RNA, the concentration of PNA required for complete aggregation of
0.80mM AuNPs was determined by reacting varying concentra-
tions of PNA to AuNPs and recorded the absorption spectra from
400 to 750 nm wavelength on a Spectra-Max M5 (Molecular De-
vices, USA). Subsequently, absorption spectra of fixed PNA con-
centration reactivity with 2-fold serial dilutions of complementary
oligo were recorded. To detect an IAV specific RNA sequence,
12 pmol of PNAwas mixed with 1 mL RNA sample in the presence of
1 mL of 10mM Phosphate Buffer (pH 7.2) solution containing
0.1mM EDTA and 150mM NaCl and incubated at 37 �C for 10min.
10 mL of 0.80mM AuNPs was then added to a PNA-RNA mixture
solution and kept for 1min at room temperature. To improve the
color discrimination, 1 mL of 10mM Phosphate Buffer was added. A
change in color from red to purple/blue was recorded visually and
also analyzed on a spectrophotometer. The optimized visual assay
was then used to detect and quantify the IAV RNA in the avian
cloacal samples. The specificity of the IAVs RNA detection was
monitored in the presence of the negative and blank controls that
contained RNA extracted from a cloacal sample of an Influenza-free
chicken (specific pathogen-free chicken) and HPLC grade water,
respectively.

2.7. Data analysis

The receiver operating characteristic (ROC) curve analysis was
performed by MedCalc® statistical software version 19 where true
IAV positive and negative samples were assigned the values of 1
and 0, respectively. The area under the ROC curve (AUC) was then
calculated for the samples tested by different diagnostics assays
[21]. Furthermore, inter-rater reliability analysis using the Kappa
(k) statistic to assess the concordance between the diagnostic as-
says was estimated [22]. All the graphs were generated by Graph-
Pad Prism 8 (GraphPad Software, San Diego, California, USA).

3. Results and discussion

3.1. Design principle and development process of visual IAV RNA
detection

3.1.1. Concept
The basic idea of using PNA probe and unmodified AuNPs to

develop a label-free visual assay for the detection of viral RNA is
based on the fact that charge-neutral PNA causes immediate ag-
gregation of the citrate anions-protected AuNPs that leads to
change in color from red to blue/purple. The immediate aggrega-
tion of AuNPs occurs because of the distinct backbone properties of
PNA (neutrality, high rigidity, and peptide composition). The
neutrality allows the PNA to coat and shield negatively charged
citrate anions-protected AuNPs, abolishing charge repulsion among
biosensor for visual detection of multiple strains of influenza A virus
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https://www.ncbi.nlm.nih.gov/genomes/FLU/Database/nph-select.cgi?go=database
https://www.ncbi.nlm.nih.gov/genomes/FLU/Database/nph-select.cgi?go=database
https://www.ncbi.nlm.nih.gov/genomes/FLU/Database/nph-select.cgi?go=database


Fig. 1. (A) Multiple sequence alignment of complete coding sequences of matrix gene of IAVs; (B) A 16-mer poly-pyrimidine rich peptide nucleic acid biosensor sequence designed
for laboratory synthesis; Visual detection limit of the assay for the detection of (C) IAV RNA (2.3 ng) and (D) oligocomp (4 pmol); (E) Reactivity of PNAwith closely (NDV) and distantly
related (EBLV and OvHV-2) viruses, (F) Analytical specificity of the visual assay shows 100% specific reactivity (no change in color) to all IAV H1eH16 subtypes, (G) Avian species-
wise distribution of clinical samples used in this study, (H) The ROC curve analysis shows a high differentiating power of the assay (AUC¼ 0.894, 95% CI¼ 0.861 to 0.922, p< 0.0001)
with a high diagnostic specificity (96.46, 95% CI¼ 93.8 to 98.2) and sensitivity (82.41, 95% CI¼ 73.9 to 89.1). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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AuNPs. The high rigidity of PNA further allows the nucleobases to
shield the citrate anions-protected AuNPs efficiently and finally, the
peptide backbone makes secondary interactions with AuNPs
[23,24].

Nevertheless, PNA in the presence of RNAcomp forms PNA-
RNAcomp complex, and thus colloidal AuNPs remain stable with no
change in color due to non-availability of free PNA (Scheme 1).
While in the presence of RNAnc, there is no hybridization of PNA
with RNAnc, and therefore free PNA molecules induce immediate
aggregation of AuNPs causing a change in color from red to blue/
purple. This concept was utilized to develop a label-free visual
assay for the detection and quantification of IAV RNA. Furthermore,
the pragmatic use of the visual assay for its deployment at the field
conditions was assessed on avian clinical samples.
Please cite this article as: N. Kumar et al., Label-free peptide nucleic acid
suitable for field applications, Analytica Chimica Acta, https://doi.org/10.
3.1.2. Characterization of reagents
The MALDI UltraflexeTOFeTOF analysis of our laboratory syn-

thesized PNA revealed a molecular weight of 4634.3 Da (while the
estimated molecular weight was 4410.24 Da) (Fig. S1A). A slightly
more molecular weight is because of end-capping after each
coupling reaction during laboratory synthesis of PNA. As shown in
Figs. S1B and S1C, the TEM analysis confirmed that AuNPs are of
uniform size of 16 nm, while DLS showed that they are of 21.2 nm.
The dis-concordance AuNPs size measured by TEM and DLS was
expected because of different principles used for the size mea-
surement (DLSmeasures the hydrodynamic diameter in the solvent
environment while TEM do it in dried one) [25]. The zeta potential
of AuNPs was found to be �30.90mV indicating a stable colloidal
solution (Fig. S1D).
biosensor for visual detection of multiple strains of influenza A virus
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Scheme 1. Schematic illustration of the design principle of the visual assay showing agglomerative behavior of AuNPs in the presence and absence of complementary RNA sequence
to PNA.
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3.1.3. Development process of a label-free visual assay
We applied the aforementioned concept to develop a label-free

visual assay by using a 16emer PNA sequence designed to target a
highly conserved stretch within the M gene of IAV. The PNA con-
centration required to cause complete aggregation of a fixed
amount of AuNPs (10 mL of 0.80mM) was determined to be 12 pmol
and respective absorption spectral changes of different solutions
were recorded (Fig. 2A). When an increasing concentration of PNA
was added, the well-dispersed AuNPs (red color with a character-
istic surface plasmon peak at 520 nm) turned into dark purple,
accompanied with a slight shift in the absorption peak to 530 nm
and noticeable increasing absorptions at 630 nm (Fig. 2A). For
apparent visual changes, 12 pmol of PNA was found sufficient to
induce complete aggregation of 10 mL of 0.80mM AuNPs solution
and was used consistently in all other experiments. Similarly, the
varying concentrations of oligocomp (2e10 pmol) and IAV RNA
(18.6e0.6 ng) were incubated with 12 pmol of PNA separately for
10min before the addition of AuNPs solution and respective ab-
sorption spectra were recorded for each solution (Fig. 2B and C).
Please cite this article as: N. Kumar et al., Label-free peptide nucleic acid
suitable for field applications, Analytica Chimica Acta, https://doi.org/10.
The colorimetric changes showed apparent color stability of AuNPs
solution up to 4 pmol oligocomp and 2.3 ng IAV RNA, indicative of
visual detection limits for them (Fig. 1C and D). Thus, the direct IAV
RNA concentration of �2.3 ng is suitable for correct detection
procedure visually (naked eye). However, the spectral detection
limit was found to be 1.2 ng of IAV RNA.

The presence of secondary or tertiary structures in the target
sequence creates a barrier for efficient hybridization with oligo-
nucleotide probes. In particular, these structures of nucleic acid
impose substantial thermodynamic penalties and slower kinetics
to hybridization with oligonucleotide probes as compared to the
denatured or unstructured target sequence. Therefore, the dena-
turation of nucleic acid becomes an essential step to achieve an
efficient and specific hybridization to oligonucleotide probes.
However, the high-affinity oligonucleotide analogues such as PNA
can compensate for the thermodynamic and kinetic barriers to
hybridization with the target sequence [26]. The low-salt condi-
tions could furthermore facilitate PNA-RNA hybridization by
destabilization of target secondary structure significantly [27]. This
biosensor for visual detection of multiple strains of influenza A virus
1016/j.aca.2019.09.060



Fig. 2. The concentration-dependent absorption spectra of (A) AuNPs solution incubated with varying PNA concentrations (2e20 pmol); AuNPs solution after incubation of 12 pmol
PNA with (B) oligocomp (2e10 pmol) and (C) IAV RNA (0.6e18.6 ng). Also, a plot of OD640nm/OD520nm as a function of oligocomp (B) and IAV RNA (C) concentration shows a linear
correlation of R2¼ 0.983 and R2¼ 0.974, respectively for the quantitative assay. 2A0 , B’ & C0 depict the concentration-dependent spectral changes corresponding to 2A, B & C,
respectively in each of the solutions on subtracting the absorption spectrum of the AuNPs solution.

N. Kumar et al. / Analytica Chimica Acta xxx (xxxx) xxx6

Please cite this article as: N. Kumar et al., Label-free peptide nucleic acid biosensor for visual detection of multiple strains of influenza A virus
suitable for field applications, Analytica Chimica Acta, https://doi.org/10.1016/j.aca.2019.09.060



N. Kumar et al. / Analytica Chimica Acta xxx (xxxx) xxx 7
way, the denaturation step was circumvented during the optimi-
zation of PNA visual assay by utilizing the high-affinity property of
PNA and providing a low-ionic environment for hybridization to
target RNA sequence which would otherwise have required a costly
heating instrument.

3.2. Viral RNA quantification and analytical specificity assessment

The concentration-dependent spectral changes in each of the
solutions (corresponding to that described in Fig. 2A, 2B and 2C)
were more substantial on subtracting the absorption spectrum of
the AuNPs solution (Fig. 2A’, 2B0 and 2C0). These spectra facilitated
in the selection of a convenient wavelength maxima (ratio of A640/
A520) for the quantification of IAV RNA. Using this approach, the
visual assay was adapted to quantify IAV RNA. Thus, the absorbance
ratio of A640/A520 was plotted against the varying oligocomp and IAV
RNA concentrations which generated a linear correlation of
R2¼ 0.983 and R2¼ 0.974, respectively (Fig. 2B and 2C). These R2

values were comparable to a linear correlation of R2¼ 0.992 ob-
tained with RT-qPCR experiment using the same viral RNA, and
thus this assay could be used for viral RNA quantification with
considerable accuracy.

Furthermore, the analytical specificity (inclusivity) of the visual
assay was assessed against the OIE reference H1eH16 AIV subtypes.
As shown in Fig. 1F, the assay demonstrated 100% specificity with
no change in color against all the HA subtypes (H1eH16) of IAVs.
Additionally, analytical specificity (exclusivity) of the visual assay
confirmed that the designed PNA is highly specific to IAVs and did
not cross-react with closely-related viral RNA (Newcastle Disease
Virus, NDV), and distantly-related viral RNA (Enzootic Bovine Leu-
kemia Virus, EBLV) and DNA (Ovine Herpesvirus-2, OvHV-2) vi-
ruses (Fig. 1E). Besides, the desalted PNA dissolved in HPLC grade
water caused immediate aggregation of AuNPs while only HPLC
grade water (blank control) could not. This confirmed that the
specificity of aggregation of AuNPs is because of PNA and not
because of other reagents such as cations present in the solution.

In our study, we did not include H17 and H18 IAVs that have
recently been detected in bats as they are highly divergent
compared to other HA subtypes (Fig. 1A). Furthermore, they are
host-restricted (detected only in bats) and have not been associated
with the poultry and public health risks until now.

3.3. Clinical utility of the visual assay

The most promising utility of developing any colorimetric assay
reside on the ‘lab to the field’ concept. To test this, we evaluated the
performance of the visual assay for detection of IAVs on 419 cloacal
samples of avian species and compared the results with RT-qPCR
(Fig. 1G). The visual assay showed a high diagnostic specificity
(96.46%, 95% CI¼ 93.8 to 98.2) and sensitivity (82.41%, 95%
CI¼ 73.9 to 89.1) when RTeqPCR was used as reference test. The
ROC curve analysis showed a very good distinguishing capacity
(that differentiated IAV positive samples from the negative ones) of
the visual assay (AUC¼ 0.894, 95% CI¼ 0.861 to 0.922, p< 0.0001)
(Fig. 1H). Besides, the visual assay did not show any non-specific
reactivity with RNA of many avian species cloacal samples, and
thus the assay is suitable to screen IAVs in the complex fecal
microbiota of many avian species. Furthermore, the strength of
agreement between the visual assay and RTeqPCR results were
calculated using kappa statistics and results showed a good corre-
lation between the two assays (Weighted Kappa¼ 0.808, 95%
CI¼ 0.743 to 0.874). Moreover, during an investigation of POSP
(Post Operation Surveillance Plan) chicken samples received from
farm holdings in Odisha (n¼ 5) and Jharkhand (n¼ 6) states of
India recently in the month of March 2019; the visual assay (9/11)
Please cite this article as: N. Kumar et al., Label-free peptide nucleic acid
suitable for field applications, Analytica Chimica Acta, https://doi.org/10.
showed a very good correlation with RT-qPCR (10/11) for the
detection of IAVs.

Significant advances have been made towards the development
of biosensors for IAVs since the last few years. The biosensors
developed so far allowed detection of IAVs of a specific HA subtype
[28e32] or few HA subtypes [5,33], which restrict their applica-
bility to selective HA subtypes. Other methods that allowed the
detection of many HA subtypes require sophisticated instruments
and are often restricted to the laboratory use [34]. Additionally, the
efforts to utilize the potential of PNA to develop a visual assay for
the detection of H1N1 [35] and amantadine drug-resistant IAV
using fluorescein tagged PNA mediated RTePCR [36] have been
made. But, both of these assays either required costly instrumen-
tation (thermocycler), tedious conjugation process or additional
bio-reagent molecules.

To be more specific, the major limitations of IAVs specific bio-
sensors developed so far are that they are either HA subtype-
specific or require sophisticated instruments or both and most
importantly, they have not been evaluated for their suitability on
clinical samples. Unlike humans, the avian species are known to
harbor H1eH16 subtypes of IAVs, thus, it becomes essential to
develop an assay to detect all those HA subtypes. Hence, the pre-
sent PNA biosensor was developed against the highly conserved M
gene, to detect IAVs of all HA subtypes. The simple, fast, label-free,
coupled with the capacity of visual detection in the absence of
tedious conjugation procedure and expensive equipment, makes
this assay more useful than other developed biosensors. Further-
more, the high diagnostic efficacy together with a very good
concordance with RTeqPCR results on avian clinical samples
proves this assay practical utility for use as a rapid point-of-care
diagnostic for IAVs at field conditions.

4. Conclusions

We have demonstrated that the presence of complementary
RNA sequence prevents the PNA induced unmodified AuNPs ag-
gregation and this concept offers direct visual detection of IAVs RNA
with high diagnostic specificity and sensitivity on avian clinical
samples. The assay had a visual (naked eye) detection limit of 2.3 ng
of direct viral RNA and showed high specificity to IAVs. Besides, the
visual assay showed a very good correlation with RTeqPCR for the
detection of IAVs. Thus, this assay could contribute to
nationalewide surveillance studies, especially at the herd level and
implementing quick control measures at the early stages of an IAV
epidemic. The simplicity and universality of this visual assay could
also be applied to humans IAVs diagnostics.
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