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ABSTRACT: Infectious pancreatic necrosis virus (IPNV) has been identified as a viral pathogen for many fish diseases that
have become a huge hurdle for the growing fishing industry. Thus, in this work, we report a label-free impedance biosensor to
quantify IPNV in real fish samples at point-of-care (POC) level. High specificity IPNV sensor with a detection limit of 2.69
TCID50/mL was achieved by conjugating IPNV antibodies to portable Au disk electrode chips using human heavy chain
apoferritin (H-AFN) nanoprobes as a binding agent. H-AFN probes were bioengineered through PCR by incorporating pET-
28b(+) resulting in 24 subunits of 6 × his-tag and protein-G units on its outer surface to increase the sensitivity of the IPNV
detection. The biosensor surface modifications were characterized by differential pulse voltammetry (DPV) and EIS methods
for each modification step. The proposed nanoprobe based sensor showed three-fold enhancement in charge transfer resistance
toward IPNV detection in comparison with the traditional linker approach when measured in a group of similar virus molecules.
The portable sensor exhibited a linear range of 100−10000 TCID50/mL and sensitivity of 5.40 × 10−4 TCID50/mL in real-fish
samples. The performance of the proposed IPNV sensor was fully validated using an enzyme-linked immunosorbent assay
(ELISA) technique with a sensitivity of 3.02 × 10−4 TCID50/mL. Results from H-AFN nanoprobe based IPNV sensor indicated
high selectivity, sensitivity, and stability could be a promising platform for the detection of similar fish viruses and other
biological molecules of interest.

Infectious pancreatic necrosis virus (IPNV), a nonenveloped,
double-stranded RNA virus that is an etiological agent of an

acute contagious disease of several species of freshwater and
marine fish and belongs to the genus Aquabirnavirus within the
family Birnaviridae.1 IPNV affects Atlantic salmon at all stages,
especially in young salmonid, causing mortality as high as
70%.2,3 IPNV causes contagious fish diseases and also
responsible for huge economic loses of fishing industry,
which is widespread in salmonid hatcheries from the Americas
to Europe, Asia, and Australia. IPNV infection becomes
persistently infected and is a carrier of the virus for a long
period, consequently infecting other susceptible fish.4,5 The
infection of IPNV can cause high mortality in first-feeding and
postsmolts, with a mortality range 10%−90% and most
influence on young salmon fish.6,7 The universal antiserum
neutralizes IPNV infective dose is 102 TCID50/mL.8 Present
detection methods involve virus isolation in cell cultures and
ELISA based techniques. Thus, a rapid and low-cost detection
system is necessary for highly selective determination of IPNV

in fish for the advancement of aquaculture and fishing industry.
Thus, the present study involves the development of a simple,
low-cost, impedance sensor for the rapid detection of IPNV in
fish samples.
Therefore, it is essential to develop a simple, sensitive, and

economically feasible IPNV testing system for pisciculture.
Enzyme-linked immunosorbent assay (ELISA) is a standard
diagnostic tool for the detection and identification of a variety
of analytes of interest. Various types of ELISA kits are available
for the detection of human IgG, IgA, and IgM antibodies to
bacterial, viral, and fungal antigens and have potential
advantages of being able to provide accurate results with
high sensitivity. However, this method has limitations in assay
time, sample volume, and difficulty in interpretation between
serotypes since low levels of antibody are often undetectable.9
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On the other hand, electrochemical-based methods are
becoming promising candidates for the development of label-
free biosensors for biomarkers and virus detections. Especially,
electrochemical impedance spectroscopy (EIS) offers advan-
tages being mostly destructive and highly sensitive to minute
quantities of analytes of interest. The main advantage of the
EIS systems relies on their relatively simplistic, having high
sensitivity, good selectivity, no limitations on the type of the
analyte samples, and simple device configurations, which make
them as a potential candidate for determining the concen-
tration of an analyte within a complex sample at the point-of-
care (POC) testing for disease diagnostics.10

Therefore, POC, miniaturized and highly efficient ways of
EIS based detection sensors with more specific ways to
quantify the IPNV markers are highly crucial to control and
prevention of cancer. Electroanalytical methods such as
differential pulse voltammetry (DPV) methods11 are also
promising to obtain increasing sensitivity and selectivity with
the detection of biomarkers with tiny sample volumes.12,13

Recently various biosensing methods for the detection of
IPNV were reported; however, direct detection of IPNV in real
fish samples by using combined EIS and DPV methods was not
reported yet.
Human heavy chain-Apoferritin (H-AFN) composed of

hollow cage-like spherical shell structure possess an outer
diameter of 12 nm and inner cavity diameter of 8 nm.14 It is
one of the most common bionanomaterials widely used in drug
delivery as a probe molecule due to its high stability, integrated
structure, and excellent biocompatibility.15 Further, the outer
surface of the protein can easy chemically modulated to bind
various enzymes/antibody or metal ions.16 H-AFN has a
unique cavity structure, with efficient binding capabilities for

utilizing as a nanoprobe molecule in nanomedicine or
biosensor devices.17 Furthermore, the surface 24 subunits
can uniformly be modulated with recombinant technology
having excellent biocompatibility and environment for direct
binding of enzymes/antibodies with less utilization of chemical
linkers enables many potential applications.18 Each subunit in
the H-AFN expressed with protein-G (a cell-surface protein)
and 6 × his-tag, which interact with the Fc region of the
antibodies and Nickel-nitrilotriacetic acid (Ni-NTA). The
presence of protein-G provides directionality to the targeting
moiety because protein-G binds with the Fc region of an
antibody, which provides proper orientation of antibody in an
outward direction and thus rendering the Fab region sterically
accessible.19,20 H-AFN has been adopted for various
applications in nanomedicine, drug delivery, and many
bioelectronics applications;21 however, there has been little
research that has explored by using this protein for antibody
bindings toward IPNV detection in real fish samples.
Thus, herein, we present a portable, low-cost, fast and

efficient POC biosensor for IPNV detection in real fish
samples. In the present approach, we developed Au disk
electrodes on a printed circuit board (PCB) as a sensor chip
that integrates with the microSD card readout circuit board
utilizing tiny amount of analyte samples. Sensing electrodes
were incubated with H-AFN nanoprobes to conjugate IPNV
antibodies and further the sensitivity toward IPNV in both
phosphate buffer saline (PBS) and salmon fish samples with
EIS and DPV monitoring. For both EIS and DPV assays, the
IPNV specific antibodies were coupled to H-AFN, and the
probe was immobilized on a gold surface via the affinity of its 6
× his-tag to a nickel-chelating nitrilotriacetic acid (Ni-NTA)
surface, and for surface blocking casein was adopted. Sensor

Figure 1. (a) Schematic diagram shows the bacterial transformation, expression, and purification of H-apoferritin and its application toward IPNV
detection sensor; (b) optical image of the electrode sensor fabricated on printed circuit board used in a proposed method for EIS and DPV
measurements. Magnified view shows Au the three-electrode configuration for working, reference and counter electrodes, respectively.
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output parameters such as a limit of detection, sensitivity,
linear range, and relative standard deviation were evaluated and
further compared with the ELISA method.

2. EXPERIMENTAL SECTION
2.1. Chemical and Reagent. The H-apoferritin gene

(FTH1: NM_002032) and cloned pET-28b(+) vector
purchased from Gene Script (Hong Kong). The BL21(DE3)
competent cells were received from Biolabs (UK). The
isopropyl β-D-1-thiogalactopyranoside (IPTG), amino-nitrilo-
triacetic acid (ANTA), dithiolbis(succinimidyl propionate)
(DTSP), EDC/NHS, and Nickel(II)sulfate were from Sigma-
Aldrich. Ni-NTA buffer kit, Ni-NTA column, and Ni-NTA
HRP-conjugated antibody were purchased from Qiagen
(USA). The Dynabeads M-270 were from Thermofisher.
SDS-PAGE kit was obtained from Biorad (USA). The anti-6 ×
his-tag antibody was purchased from Invitrogen (Rockford,
USA). The kanamycin sulfate, Ni-NTA His·Bind resin was
obtained Merck and Goat antimouse antibody HRP-con-
jugated acquired from ABClon. The monoclonal capture and
detection anti-IPNV-1A#82 (4.43 mg/mL) antibodies and
IPNV (8.08 × 104 TCID50/mL) were obtained from Bionote
(South Korea).
2.2. Apoferritin Purification. The primary material for

the purification of human apoferritin heavy chain subunit was
genetically cloned into pET-28b(+) vector by standard
polymerase chain reaction (PCR) method (see Figure S2,
Support ing Information) us ing primer Forward:
GGCCCCAAGGGGTTATGCTAGT and Reverse:
GATCCCGCGAAATTAATACG (GenScript, Hong Kong).
The pET-28b(+) vector enclosed with H-AFN gene (FTH1,
NM_002032), Protein-G and 6 × his-tag were serially inserted
by 5′ NdeI (CATATG) to XhoI (CTCGAG) 3′ restriction
sites with a start to stop codon. Briefly, H-Apoferritin gene
inserted between NdeI to BamHI restriction site, protein-G,
and 6 × his-tag were inserted between BamHI to XhoI
restriction site of C-terminus position. The digested pET-
28b(+) vector was heat shock transformed into BL21(DE3)
Escherichia coli competent cell, on LB agar plate containing
kanamycin resistance, then transformed colony was analysis by
DNA sequencing (Bioneer, South Korea). The vector
expression and induction grew in 50 mL of LB media
including 30 mg/mL Kanamycin, incubated at 30 °C to OD600
reaching 0.6−1.0. The cells ware induced addition of 0.4 mM
isopropyl-β-D-1-thiogalactopyranoside (IPTG) from 100 mM
stock solution. After induced cells were harvested and tip
sonicated into lysis buffer, the lysate was centrifuged at 10 000
× g at 4 °C for 30 min for separate cell debris; clear lysate was
collected and excess cell debris discarded. Finally, H-AFN was
purified using Ni-NTA His-Bind Resin column from the lysate
(Figure 1a) and analyzed by gene sequencing (Bioneer, South
Korea), DLS, SDS-PAGE, and TEM image.
2.3. Apparatus and Characterization. First, the purified

H-apoferritin nanoparticle absorbance at 280 nm was
measured, and the concentration was estimated by BCA
assay. The outer surface diameter measured by dynamic light
scattering (DLS) zeta sizer (UK). The morphological structure
analysis by the TEM image (Zeiss LEO 912 AB) with an
operating voltage applied CM-200 kV. The 10 μL H-AFN
directly placed on the copper grid for 30-s deposition, and 2%
uranyl acetate used for negative staining. Next, we analyzed the
molecular size of purified H-AFN on SDS-PAGE electro-
phoresis under native condition. The 25 μL purified sample

was mixed with loading buffer that contained 20 mM Tris-HCl,
pH 6.8, 20% glycerol, 0.01% bromophenol blue and heated 95
°C for 5 min; it was then loaded into the gel for 45 min (200
V). Later, the gel was incubated for Coomassie dye staining for
30 min and washed with DPBS until unstained. Protein
separated band was visible onto the gel along with size marker.
In Western blotting analysis, gel immediately transferred onto
the nitrocellulose membrane and was performed applying 4−
20% Tris-glycine buffer along with marker; unbound nitro-
cellulose membrane was blocked with 3% BSA in TBST for 1
h, incubated at room temperature, and then membrane was
three times washed with TBST. For H-AFN protein subunits
surface expressed for certain protein-G and 6 × his-tag, first
antibody as anti-6 × his-tag (1:5000) for 90 min and second
antibody as antimouse HRP-conjugated (1:5000) at 60 min
were applied, respectively. Then the blot was washed with
TBST and processed for super signal west pico chemilumi-
nescent substrate visualized by the ECL detection system.
All electrochemical measurements were carried out using

IVIUM CompactStat potentiostat (Eindhoven, Netherlands)
on Au-disk electrodes, which were used as a working electrode
and the two half-circle ring electrodes acted at the counter and
pseudoreference electrodes, respectively (Figure 1b and Figure
S6). The EIS performed on Au-disk electrodes in 0.1 M
[Fe(CN)6]

3−/4− redox probe with 0.1 M KCl as a supporting
electrolyte. Impedance spectra were recorded by applying an
AC voltage of 10 mV, with the frequency range of 1 Hz−1
MHz at open circuit potential (equilibrium potential) without
any biasing. The obtained impedance spectra were fitted with
an appropriate equivalent circuit using commercially available
ZView software (Scribner Associates Inc., NC, USA). Differ-
ential pulse voltammetry (DPV) was performed at a scan rate
of 50 mV/s, having 10 mV pulse amplitude, and 10 ms pulse
width in 0.4 to −0.3 V potential window. All potential were
referenced with a pseudo Au electrode fabricated on the
electrode chip.

2.4. Immunoassay Development. The capture antibody
(anti-IPNV) was conjugated to H-AFN via protein-G receptors
expressed on the H-AFN surface and subsequently immobi-
lized on the Au-electrode surface via Ni-NTA conjugation
reactions between His groups on the surface H-AFN and with
the DSP linker present on the Au-electrode.22 Briefly, Au
surface was exposed with 1 mg/mL dithiobis(succinimidyl
propionate) (DTSP) in DMSO, which forms a monolayer with
Au surface through covalent linkage to the sulfur group.
Subsequently, after monolayer formations, the electrodes were
rinsed with DMSO and dried under N2 stream. Next, the
electrodes were immersed in 150 mM amino-nitrilotriacetic
acid (ANTA) in 0.5 M K2CO3 buffer (pH 9.8), which results
in amino group reaction with DTSP to form a carboxamide
linkage, and excess ANTA was washed out with DI water.
Finally, the NTA terminated surface was incubated with 10
mM NiSO4 to ligate the Ni

2+ ion via the three carboxylates and
the tertiary amine of NTA. After rinsing the electrode, the H-
AFN having protein-G conjugated with IPNV antibodies in
PBS buffer were added onto the electrodes and incubated for 1
h; H-AFN with 6 × his-tag adsorbs to the Ni-NTA moiety via
the coordination of the nitrogen of the two of imidazole side
chains of the 6 × his-tag. After formations, excess solutions
were removed by washing with buffer. For nonspecific
bindings, the anti-IPNV functionalized electrodes were
immersed in casein 5 ng/mL for 1 h. All steps to construct
the IPNV detection surface were characterized by its respective
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changes in EIS and DPV measurements. The detailed method
for forming the sensor recognition layers on the Au-disk
electrode was represented in (Figure 1b).
2.5. Comparison with ELISA. The comparison of ELISA

method was performed similarly as the common nanoparticle-
based sandwich ELISA.23 In this test, we used two monoclonal
IPNV antibody of which one was anticapture IPNV and
antidetection IPNV. First, anticapture IPNV is functionalized
surface of the magnetic bead COOH group activated with 40
mM EDC/NHS in 100 mM MES buffer (pH5.0) and second
antidetection IPNV conjugated onto the H-AFN nanoprobe
surface via protein-G. Then 100 μL of IPNV was added with
respective concentration (104 to 10° TCID50/mL) into the
magnetic bead solution mixture after 1 h, incubation at room
temperature. The unbounded virus mixture separated using the
magnetic bar and three times washed with DPBS. H-AFN
Nanoprobe was added into the IPNV conjugated magnetic
bead solution mixture for 1 h, starting incubation, and then the
virus conjugated to nanoprobe solution was separated similarly
suing magnet. Next, again conjugated solution was three times
washed with DPBS. Finally, the washed solution was
transferred to 96-well plates with respective concentration,
and we added the Ni-NTA HRP conjugated antibody, which
was bound to H-AFN nanoprobe surface expressed via 6 × his-
tag residue. Finally, 100 μL of TMB substrate solution A and B
was added to each well and plate was incubated 30 min. Then
the plate was analyses under microplate reader absorbance at
450 nm.
2.6. Real Salmon Fish Study. The salmon fish was

obtained from the local fish market (Seoul, South Korea) and
cleaned with deionized water; 10 g of the fish slices was

prepared in the laboratory using a surgical knife and crushed in
mortar grander for 15 min. From the crushed slice, we
extracted fish oil by centrifugation at 10 000 rpm for 30 min;
then the supernatant oil suspension was collected. The fish oil
sample prepared into the 100 mM Tris-buffer (pH 8) because
the tris-buffer maintained stability and solubility of extracted
fish oil. After on 100 μL, corresponding concentrations of
IPNV (8 × 104 to 8 × 10° TCID50/mL) were spiked in the
100 μL real fish oil, and solution mixture was incubated for
overnight, at 4 °C. Finally, the sample was tested on the Au
surface for developing IPNV electrochemical sensor.

3. RESULTS AND DISCUSSION

3.1. Characterization of Apoferritin Probes. H-AFN
nanoprobes were synthesized for the identification of biological
and clinical pathogenic analyst in vivo effects of various
biological living organism or cells. The H-AFN have composed
24 subunits, which are heavy and light chain subunits. The H
subunits are genetically modified with two adapters unites
expressed on protein surface of C terminal site, which interacts
with antibody and Ni-NTA.20 The protein-G commonly binds
with target Fc region of antibodies as well as 6 × his-tag and
strongly interact with Ni-NTA functionalized derivatives, and
the gene sequencing analysis of H-AFN production was
presented in Figure S1 (Supporting Information). Here we
developed a genetically expressed H-AFN nanoprobe to utilize
and for the detection of the highly sensitive salmon fish virus.
The constricted pET-28b(+) vector transformation, expres-
sion, and induction in E. coli bacteria were purified self-
assembled H-AFN nanoprobe using Ni-NTA column with the
surface expressed protein-G and 6 × his-tag shown in Figure

Figure 2. Construction and characterization of H-apoferritin. (a) pET-28b(+) vector genetically constructed by Human-Apoferritin Heavy chain,
protein-G, and 6 × his-tag gene. (b) Each H-AFN 24 subunit of heavy chain surface expression with the fusion protein, the main purpose of this
expression are protein-G and 6 × his-tag interaction with antibody and Ni-NTA functionalization, respectively. (c, d) TEM Image of purified H-
AFN with a spherical shape. (e) DLS analysis, surface size measurement of H-AFN with diameter ∼13 nm. (f) Purified H-AFN SDS-PAGE analysis
separated on their sequence having a molecular weight of 86 kDa. (g) Western blotting result of purified H-AFN first antibody anti-6 × his
antibody used for surface expressed 6 × his-tag and antimouse antibody used for Protein-G.
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2a,b. The purified protein analyses successfully matched with
gene sequencing data; outer surface size of 12−13 nm
measured by dynamic light scattering and TEM (transmission
electron microscopy) image indicated the spherical shape
(Figure 2c,d,e). The H-AFN purification single band separated
was observed on SDS-PAGE gel electrophoresis on their
molecular sequence; 86 kDa size was analyzed with the
standard marker. Elution lines 2 and 3 optimized large
amounts of protein (Figure 2f). Finally, we confirm the
purified H-AFN by Western blot, reported the H-AFN surface
successfully expressed protein-G and 6 × his-tag using specific
antibodies such as antimouse and anti-6 × his-tag antibody,
respectively (Figure 2g).
3.2. DPV Characterization for IPNV Bindings on Au-

Disk Electrodes. Differential pulse voltammetry (DPV) as an
analytical tool offers advantages over other electrochemical
techniques as being sensitive to the relatively short pulse time
(increases the measured current) and its differential nature
(minimizes the charging current), allowing direct analysis at
the parts per billion, and is thus preferred for the precise
measurement of analyte signals at high sensitivity.24 The
currents were recorded for each modification step performed
on the electrode to observe the overall conductivity of the
electrode. In Figure 3, the DPV measurements revealed
maximum peak current (−5.26 μA) for bare Au electrode;
incubation with Ni-NTA on Au resulted in a current of −2.5
μA and subsequent immobilization with H-AFN further
reduced to −0.98 μA. Likewise, there is a substantial decrease
in current generated upon each modification with SAM
formations and gradual decrement with subsequent IPNV
antibody−antigen binding interactions. The reduction in the

peak currents from DPV clearly indicates inhibition of ions
move toward the SAM layers and antigen, which was captured
on the electrode surface that quenches the [Fe(CN6)]

3‑/4‑

redox transformation reaction.
3.3. Impedance-Based IPNV Sensor Characterization

and Quantification. Electrochemical impedance spectrosco-
py (EIS) enables the understanding of the electrode−
electrolyte kinetics of multiple electrochemical processes as
well as information on the capacitance of the system.25

Therefore, the Nyquist and Bode plots were recorded to
examine surface modification for the detection of IPNV in PBS
(Figure 4a,b) and in salmon fish samples (Figure 4c,d),
respectively. The inset Figure 4a shows an equivalent circuit
model used for fitting the experimental results. The bare Au-
electrode displayed typical characteristics, where at high
frequencies (106 to 105 Hz), the total impedance is governed
by the ohmic resistance of the electrolytic solution (Rs), and
thus the phase is close to 0°, and in the mid (105 Hz to 103

Hz), and the lower frequency region (103 to 1 Hz) a
combination of capacitive characteristics in parallel with charge
transfer resistance (Rct), and diffusion impedance (Zw) were
observed. The capacitive interfacial electrode impedance can
be modeled as a constant phase element (CPE) impedance 1/
[CPE-T. (iω)n] (where i is the imaginary unit, and ω is angular
frequency).26 Similarly, the Ni-NTA coated electrodes showed
higher values in impedance, where Rs was dominant from 106

to 105 Hz and in midfrequency region 105 to 103 displayed
CPE characteristics along with Rct and diffusion in the low-
frequency region. The overall increase in impedance
magnitude (|Z|) is due to the insulating characteristics of the
SAM-coated surface. Similarly, subsequent treatment with H-

Figure 3. Differential pulse voltammetry recorded during the SAM formation of Ni-NTA (10 mM); H-AFN (1 mg/mL); anti-IPNV (10 mg/mL);
casein (5 ng/mL); and different IPNV virus concentrations on Au-electrode sensor. The marked graph in the inset shows a magnified view of the
DPV curve.
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AFN inhibited the movement of [Fe(CN)6]
3−/4− ions toward

the electrode; thus, |Z| further increased, and only the CPE and
Rct appeared. Similarly, the bindings of anti-IPNV, blocking
with casein, and bindings of virus (IPNV) further behave an
insulating layer and thus prevent the movement of [Fe-
(CN)6]

3−/4− ions toward the electrode. This process of virus
bindings dramatically enhances an increment in Rct in the
spectra. The observed Nyquist plots in both PBS and fish
samples for IPNV detection were fitted with modified Randle’s
equivalent circuit27 (inset of Figure 4a), which are well in
agreement with the model, and the extrapolated circuit
elements were presented in Tables 1 and 2 (Supporting
Information), respectively. Both tables clearly showed
increased values in Rct, however no significant changes in
CPE and Rs.
Scan potential window was 0.3 to −0.3 V and observed in 10

mM [Fe(CN)6]
3−/4− and 0.1 M KCl as supporting electrolyte,

the inset shows the magnified view of the DPV curves from H-
AFN to 8 × 104 TCID50/mL.
The detection of various concentrations of IPNV ranging

from 8 × 10° to 8 × 104 TCID50/mL was evaluated by
observing the changes in the impedance magnitude with the
anti-IPNV/Casein/Au-disk electrodes. The normalized impe-
dance magnitude (ΔZ) was evaluated as follows;

Δ = | | − | | | |‐ ‐Z Z Z Z( )/IPNV virus anti IPNV anti IPNV (1)

The measured change in impedance (ΔZ) spectra were
recorded and found to increase with increasing IPNV
concentration in PBS and fish samples, as shown in (Figure

5a,b), respectively. The response clearly showed that in the
low-frequency region (1−100 Hz) a significant change in ΔZ
was observed, which was due to the interaction of IPNV.
Change in impedance magnitude at 5 Hz (ΔZ at 5 Hz) was
chosen as an analytical parameter and variation at 5 Hz
recorded for each addition of IPNV. For determining the
sensitivity and detection limit of the developed sensor, a
calibration curve method was utilized for the change in
impedance magnitude for various concentrations of IPNV in
PBS, and fish samples were presented in Figure 5c. The
calibration curve was fitted using a standard four-parameter
logistic equation according to the following formula,26 and its
standard form is known as B/B0:

28

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
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ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑ
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+ ( )
y A
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b2

1 2
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=
+ ( )

B
B

1

1 x
b

0
EC50 (3)

Here, y is impedance magnitude (|Z|), x is a concentration of
IPNV in TCID50/mL, A1 and A2 are the minima and maximum
analytical response, b represents the slope of inflection point,
and EC50 is the concentration leading to 50% of the maximum
signal, dy = (A1 − A2) dB/B0 respectively. The best fit values of
the experimental data measured in PBS were y = 0.001 +
(0.50967−0.001)/(1 + (x/2285)0.7), with a correlation

Figure 4. Nyquist plot representing variations in Z′ versus −Z′′ observed from the sensor surface modification and for different concentrations of
IPNV ranging from 8⊆10° to 8⊆104 TCID50/mL in (a) 10 mM PBS (pH 7.0) and (c) salmon fish samples; (b, d) corresponding Bode plots
observed for the same Nyquist representations. Panel a inset shows the modified Randle’s circuit used for fitting the experimental data obtained for
both PBS and real fish samples.
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coefficient of R2 = 0.998, EC50 of 2285 TCID50/mL, and a limit
of detection (LOD) of 2.69 TCID50/mL. Similarly, the best fit
values for the experimental data measured in fish samples were
y = 0.001 + (1.11367−0.001)/(1 + (x/680.30)0.73) with a
correlation coefficient of R2 = 0.998, EC50 of 680.30
TCID50/mL, and having detection limit of 3.07 TCID50/mL.

The following formula calculated the LOD = −Sd / (A A )
0.13

1 2 ,

where Sd is the standard deviation of the response.28 The
detection limit was lower than the previous reported IPNV
sensors developed by different methods for IPNV detection as
shown in Table 3 (Supporting Information). Further, the
developed sensor showed a linear range of 100−10000
TCID50/mL in both PBS and real fish samples. Also, the
repeatability of the IPNV biosensor was tested using four inter-
and intraday replicate measurements of a 1000 TCID50/mL
solution in fish samples wherein the relative standard
deviations obtained were 5% and 7%. Thus, assay results
indicate that sensor possess acceptable precision for biological
assay.29

3.4. Selectivity, Stability, and Reproducibility of
Developed IPNV Sensor. The capability of the biosensor
in discriminating members of IPNV family was evaluated by
analyzing similar fish VHS virus compared with analogous
concentrations of IPNV (8 × 10° to 8 × 104 TCID50/mL). No
significant changes were observed when VHSV samples were
applied to the sensing system (see in Figure S4, Supporting

Information). However, substantial changes in ΔZ at 5 Hz were
observed for IPNV samples as shown in Figure 5d. Thus, the
analyte does not interfere with the sensor’s ability to detect
IPNV selectively. The findings indicated that the developed
sensor is selective in the IPNV in a manner that is not affected
by the presence of another virus of similar molecular weight.
Further, by performing a parallel experiment, we compared the
sensitivity of the developed sensor using H-AFN nanoprobes
with the traditional method of antibody bindings Au-electrodes
through chemical linker by measuring EIS data. Same
concentrations of anti-IPNV (10 μg/mL) and virus (8 × 102

TCID50/mL) were adopted in both methods. The Nyquist and
Bode plots show more significant value in Rct for H-AFN
nanoprobes as compared with anti-IPNV bound on bare Au-
electrode; this is obvious due to many binding sites available
on H-AFN surface modified Au-electrodes (Figure 6a,b). The
relative change in the enhancement (RR%) for both binding
mechanisms such as an antibody with a chemical linker and H-
AFN nanoprobe was calculated using eq 4:

i
k
jjjjj

y
{
zzzzz=

‐
×RR

R R
R

% 100virus ab

ab (4)

Where Rvirus is the Rct value of the given concentration of the
IPNV virus, and Rab is Rct of antibody. It is found that RR%
after the binding of the virus was observed to be 23% and 8%
for H-AFN nanoprobe and linker, respectively (represents 3-

Figure 5. Normalized impedance spectra (ΔZ) obtained for different concentrations of IPNV virus in (a) PBS and (b) fish samples for various
concentrations ranging from 8⊆10° to 8⊆104 TCID50/mL presented over a frequency range of 1 Hz to 1 kHz. (c) Calibration curve for IPNV
sensor in both PBS and fish samples at ΔZ at 5 Hz; data points are expressed as mean ± SD of four replicated measurements, and the fitted curve
represents the logistic four-parameter regression. (d) Change in impedance observed at 5 Hz with different concentration of the analyte (VHSV
and IPNV) on the sensing electrodes.
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fold enhancement in sensitivity for same concentration), which
indicated the utilization of H-AFN nanoprobe enhanced the
sensitivity of overall sensor performance. The EIS spectra in
both methods were fitted to the equivalent circuit, and the
extrapolated circuit elements were presented in Table 4
(Supporting Information). Also, operational stability being the
primary factors for evaluating the performance of the
developed sensor for practical application and thus analyzed
anti-IPNV (4.43 mg/mL) coated on disk electrode for 10 days
(see in Figure S5, Supporting Information), the sensor still
kept in third, sixth, and 10th days in 4 °C after each of its
testing show 98.7%, 93.26%, and 81.77%, respectively, no
significant change in charge transfer resistant as displayed in
Figure 6d.
Apart from high sensitivity and selectivity, the detection of

IPNV in the complex biological matrix is an essential factor for
the practical feasibility of the developed sensor. Impedance
experiments on various concentrations of fish samples on the
proposed sensor were performed and compared with standard
method ELISA under same concentrations (Figure 6c). The
response from ELISA was found to be increasing with
increased concentration and the response was fitted with
logistic equation as y = 0.1 + (0.714−0.1)/(1 + (x/1976.1)0.8)
with a correlation coefficient of R2 = 0.984, and EC50 of 1976
TCID50/mL. The two-sample t-test for both null and
alternative hypothesis at 0.05 level, at equal variance, does
not show any significant difference, and therefore, EIS results
showed good correlation with ELISA. Thus, it is expected to
utilize the proposed sensor for practical applications. The
sensor retained its impedance response for a storage period of
10 days kept at 4 °C. The results indicated that no apparent

denaturation occurred and that the Ni-NTA conjugated H-
AFN bound surface, which provided an adequate biocompat-
ible environment to preserve the activity of the attached
antibodies. Each biosensor was used once for measuring each
IPNV concentration, aimed at single-use disposable in vitro
applications. The main advantages of the developed
impedance-based IPNV sensor over other methods are that
it is label-free and inexpensive and requires minimal sample
preparation for sensitive detection of the analyte signal.

4. CONCLUSION
In summary, we report on the development of H-AFN
nanoprobes as an efficient binding agent of IPNV antibody
with enhanced sensitivity toward the detection of IPNV virus.
The proposed strategy can be extended to other detection
techniques to devise an ultrasensitive and straightforward label-
free biosensor. The results demonstrated that H-AFN probe
was found to be 12−13 nm from TEM and DLS analysis and
provided excellent binding capabilities to IPNV antibodies for
the detection of the virus using DPV and EIS methods. To the
best of our knowledge, genetically modified H-AFN was used
for the first time for the detection of IPNV in salmon fish
samples. The sensor exhibited a LOD of 2.69 TCID50/mL and
possessed a linear range of 100−10000 TCID50/mL in both
PBS and real fish sample. Furthermore, the sensor also
displayed excellent selectivity and sensitivity toward IPNV
detection in comparison with traditional linker based EIS
methods, which showed three-fold enhancement in RR% for
the same concentration of the analyte. Also, if the H-AFN
subunits expressed with another type of proteins on its surface
along with protein-G for binding antibodies, that enabled the

Figure 6. (a) Nyquist and (b) Bode plots representing the sensitivity of the proposed sensor shows the variations in impedance upon binding
antibody with H-AFN nanoprobe and antibody on chemical linker for virus bindings; (c) comparison studies of proposed sensor with traditional
method (ELISA) show the impedance change and absorbance obtained by ELISA versus different concentrations of IPNV. (d) Change in Rct
observation of H-AFN nanoprobe conjugated anti-IPNV sensor to estimate the operational stability of the developed sensor.
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development of multiplexed detection system. The proposed
H-AFN based electrochemical biosensor provides a simple,
inexpensive, and rapid analytical strategy for the identification
and validation of IPNV in a fish sample with minimal
quantities of analyte volume and preparation. Thus, the
proposed biosensor is an attractive candidate for the
development of robust bioengineered HAFN expressed
platform for the point-of-care and can be widely adopted for
the development of EIS biosensors.
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