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Abstract
White spot syndrome virus (WSSV) is a significant threat to the aquaculture sector, causing mortality among crabs and 
shrimps. Currently available diagnostic tests for WSSV are not rapid or cost-effective, and a new detection method is therefore 
needed. This study demonstrates the development of a biosensor by functionalization of magnetosomes with VP28-specific 
antibodies to detect WSSV in seafood. The magnetosomes (1 and 2 mg/ml) were conjugated with VP28 antibody (0.025–10 
ng/µl), as confirmed by spectroscopy. The magnetosome-antibody conjugate was used to detect the VP28 antigen. The binding 
of antigen to the magnetosome-antibody complex resulted in a change in absorbance. The magnetosome-antibody-antigen 
complex was then concentrated and brought near a screen-printed carbon electrode by applying an external magnetic field, 
and the antigen concentration was determined using impedance measurements. The VP28 antigen (0.025 ng/µl) bound more 
efficiently to the magnetosome-VP28 antibody complex (0.025 ng/µl) than to the VP28 antibody (0.1 ng/µl) alone. The same 
assay was repeated to detect the VP28 antigen (0.01 ng/µl) in WSSV-infected seafood samples using the magnetosome-VP28 
antibody complex (0.025 ng/µl). The WSSV in the seafood sample was also drawn toward the electrode due to the action 
of magnetosomes controlled by the external magnetic field and detected using impedance measurement. The presence of 
WSSV in seafood samples was verified by Western blot and RT-PCR. Cross-reactivity assays with other viruses confirmed 
the specificity of the magnetosome-based biosensor. The results indicate that the use of the magnetosome-based biosensor 
is a sensitive, specific, and rapid way to detect WSSV in seafood samples.

Introduction

White spot syndrome virus (WSSV) poses a significant 
threat to the aquaculture industry globally. WSSV is a large 
DNA virus (210–420 nm × 70–167 nm) that contains 35 
different envelope proteins [1, 2]. It infects all of the life 
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stages of Penaeus monodon and Marsupenaeus japonicas 
shrimp and other crustaceans, causing mortality within 3–10 
days [3–8]. VP28 plays a significant role in the initial steps 
of systemic WSSV infection as an envelope protein and as 
an attachment protein by binding the virus to shrimp cells, 
thereby helping the virus to enter the cytoplasm [9, 10]. This 
virus mainly infects the stomach, gills, and cuticular epider-
mis of shrimps and suppresses their ability to eliminate the 
free radicals present in the cell, resulting in oxidative stress 
and death [11]. The Indian seafood export market is strongly 
affected by WSSV [12, 13].

Several techniques, including plaque assay, protein assay, 
quantitative polymerase chain reaction (qPCR), RT-PCR, 
ELISA, and far-Western blotting, have been used for the 
detection of WSSV [14–19]. However, these techniques can 
only be performed in a laboratory by professionals, and they 
are laborious [20].

Biosensors involve simple methodology and can provide 
high specificity and sensitivity in diagnosis. Enzymatic 
biosensors or immune sensors are used for the detection of 
microorganisms such as Escherichia coli, Salmonella, and 
Staphylococcus aureus, as well as pesticides and herbicides 
[21, 22]. However, the major drawbacks are a lack of sta-
bility and improper immobilization of the enzyme on the 
surface of the sensor. Nanoparticle-based biosensors are 
gaining attention due to their large specific surface area, 
ability to immobilize biomolecules, catalyze electrochemi-
cal reactions, and increase the transfer of electrons between 
electrode surfaces and proteins [23, 24]. However, the vari-
able size range and toxicity of nanoparticles are major draw-
backs of this technique [25]. Furthermore, the use of linker 
molecules for the attachment of biomolecules has increased 
the complexity of the nanoparticle technique [26].

To further improve the efficiency and simplicity of 
biosensors, biogenic nanoparticles can be used instead of 
chemically synthesized nanoparticles. Magnetosomes are 
magnetic iron mineral particles with a diameter of 35-120 
nm that are synthesized by magnetotactic bacteria. They 
are Fe3+ [Fe2+, Fe3+] O4 particles that are formed through 
genetically controlled biomineralization in all magnetotac-
tic bacteria [27, 28]. Magnetosomes have a lipid bilayer, 
58-65% of which is composed of phospholipids and 50% 
of which is composed of phosphatidylethanolamine, which 
provides an outward-facing amine group [29, 30]. Magne-
tosomes have a number of useful properties, including a 
narrow grain size distribution, chemical purity of magnet-
ite crystals, the perfection in the crystal lattice and particle 
arrangement in chains, cubo-octahedral shape, high stability, 
and non-toxicity [31]. They have the advantage that their 
membrane provides better dispersion and handling proper-
ties than magnetic particle conjugates [32]. These properties 
have allowed the development of highly sensitive chemi-
luminescence enzyme immunoassays through the chemical 

coupling of antibodies to the magnetosome surface [33]. In 
this study, magnetosomes were conjugated with VP28 anti-
body without any linker molecules and used to detect the 
VP28 antigen of WSSV in infected seafood samples.

Materials and methods

Chemicals and reagents

The chemicals used in this study were obtained from HiMe-
dia Laboratories, India. The primary antibody (VP28-spe-
cific IgG) and secondary antibody (goat anti-rabbit IgG) 
labeled with horseradish peroxidase (HRP) were purchased 
from GeNei Products from Merck India, Bioscience. 2, 2’ 
azino-(di-3-ethybenzthiozoline sulfonic acid (ABTS) was 
purchased from SRL Limited, India.

Instrumentation

Magnetosomes were ultrasonicated using an Ultrasonic 
Cleaner EN30VS, (Life Care, India). Quantitation of anti-
body binding to magnetosomes and ELISA were carried out 
using a 96-well plate reader (LIMR96, Lark Innovative Fine 
Tecknowledge, India). The UV-vis spectrophotometer was 
obtained from ELICO, India. SDS-PAGE was performed 
using an apparatus purchased from MEDOX SDS, India. 
Membrane transfer was performed using a semi-dry blot 
apparatus (Benchtop, India). A one-step reverse transcriptase 
kit from Invitrogen (USA) was used for PCR amplification 
in an Eppendorf thermal cycler (Belgium). Impedance 
responses were measured using a PARSTAT electrochemical 
workstation (Princeton Applied Research) at room tempera-
ture in Fe (CN)6

3-/4-electrolyte with an RRPE1002C screen-
printed carbon electrode (SPCE), which acted as a working 
electrode, a counter electrode, and a reference electrode 
(Pine Research Instrumentation, Durham, USA).

Extraction and immobilization of magnetosomes

Magnetosomes were extracted from Magnetospirillum 
sp. RJS1 [34] and examined by electron microscopy [35]. 
The magnetosome-VP28 antibody complex was prepared 
as described previously, with modifications [35]. Briefly, 
1-2 mg of magnetosomes was ultra-sonicated at 20 kHz for 
10 min in phosphate-buffered saline (PBS). For the bind-
ing reaction, 100 μl of VP28 antibody (0.01–10 ng/µl) was 
added to 900 μl of magnetosome solution. After incubation 
at 4°C for 24 hours, the tubes containing magnetosome-anti-
body complex were attached to a neodymium magnet and 
washed 10-12 times in PBS with 1% bovine serum albumin 
(BSA). The absorbance was measured at 630 nm.
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Sample collection and VP28 antigen extraction

Freshwater crabs (Paratelphusa hydrodomous) were col-
lected from a rice field in Vellore, India, and maintained 
in the laboratory at room temperature (27–30 °C) for seven 
days. The crabs were then checked for signs of WSSV infec-
tion, and six different sets of healthy crabs were divided 
into two separate groups: control (healthy) and test (WSSV-
infected). The experiments were carried out in triplicate. 
Crabs in the test group were injected with WSSV [36, 37], 
and the first set of crabs were sacrificed after seven days, 
and antigen was collected from infected gill tissue samples 
[38]. Briefly, the tissues were homogenized in NaCl-Tris-
EDTA (NTE) buffer (0.2 M NaCl, 0.02 M Tris-HCl, and 
0.02 EDTA, pH 7.4) and then centrifuged at 3000 × g for 20 
min at 4°C. The supernatant was collected and centrifuged 
again (8000 × g, 30 min, 4°C). The final supernatant was 
separated and then passed through a 0.4-μm filter. The total 
protein content in the filtrate was determined [39], and the 
sample was stored at –20°C.

Preparation of magnetosome‑VP28 antibody‑VP28 
antigen complexes

The protocol of Sannigrahi et al. was followed [35]. In sum-
mary, purified VP 28 antigen (0.1 ng/μl) was coated (100 
µl) onto a 96-well plate, which was incubated overnight at 4 
°C. The wells were then washed six times with PBS-Tween 
20 (PBST), and magnetosome-VP28 antibody complexes 
(0.01-10 ng/µl), 100 μl of each concentration, were added 
to the washed wells, and the plate was incubated at room 
temperature for 1 h. After incubation, the magnetosome-
VP28 antibody-VP28 antigen complex was concentrated in 
the plate using a magnet, followed by washing three times 
with PBST to remove unbound anti-VP28 antibody. The 
absorbance of the magnetosome-VP28 antibody complex 
with antigen was then measured at 630 nm and compared 
with the absorbance of the magnetosomes without VP28 
antibody and VP28 antigen.

Enzyme‑linked immunosorbent assay (ELISA)

ELISA to screen VP28 antigen

Magnetosome-based ELISA was performed as described 
by Sannigrahi et al. [35]. A magnetosome-VP28 antibody 
complex was used in the assay. The VP28 antigen (0.1 ng/
μl) was coated on the wells. Next, different concentrations of 
magnetosome-VP28 antibody complexes (0.025–10 ng/µl) 
were added to the VP28 antigen-coated wells. After washing 
with PBS, 100 µl of secondary antibody-HRP (50 ng/ml) 
was added to the wells, and the plate was incubated for 1 h at 
room temperature. Then, VP28 antigen-magnetosome-VP28 

antibody-secondary antibody complex was concentrated 
in the wells using a bar magnet. ABTS substrate (100 μl) 
was added to the complex, and absorbance at 405 nm was 
recorded.

In order to determine the lowest measurable concentration 
of VP28 antigen, various concentrations of VP28 antigen 
(0.025–10 ng/µl) were prepared in carbonate-bicarbonate 
buffer, and 100 µl of each concentration was coated onto 
the wells in triplicate. Next, 100 µl of (1 or 2 mg/ml) mag-
netosome-VP28 antibody complex (0.05 ng/µl) and second-
ary antibody-HRP (50 ng/ml) were added simultaneously to 
the VP28 antigen-coated wells as described above. Finally, 
ABTS was added, and absorbance was recorded at 405 nm.

Screening of VP28 antigen from an infected tissue sample

This protocol was modified from earlier publications [38, 
40]. The second set of crabs were sacrificed after seven days, 
and infected tissues were collected. One gram of infected 
crab gill tissue sample was suspended in 10 ml of NaCl-
Tris EDTA buffer and ground manually. The homogenized 
sample was frozen and thawed three times and stored for 
further use. The prepared tissue suspension was mixed with 
different concentrations of magnetosome-VP28 antibody 
complex (0.025–10 ng/µl) in a 1:1 ratio and incubated for 
48 h at 4 °C. The magnetosome-VP28 antibody-VP28 anti-
gen complex was concentrated in the 96-well plate using a 
bar magnet and incubated overnight at 4 °C. Then, 100 µl of 
1% BSA was added to the wells, and the plate was washed 
9-10 times. ELISA was performed using HRP-conjugated 
secondary antibody (50 ng/ml). ABTS substrate was added, 
and the absorbance was measured at 405 nm.

Impedance‑based electrochemical studies

Impedance‑based spectroscopy for magnetosome‑VP28 
antibody coupling

To examine the binding of magnetosomes with VP28 anti-
bodies, impedance-based studies with SPCEs were per-
formed as described by Sannigrahi et al., with modifications 
[35]. To activate the surface of the SPCEs, they were treated 
with 0.1 M Na2CO3 at 1.2 V. The treated SPCEs were loaded 
with 10 μl of VP28 antibody (1 ng/µl). The measurements 
were carried out in electrolyte (1 mM of K4[Fe (CN)6] and 
K3[Fe (CN)6] in 0.1 M KNO3 prepared using 10 mM PBS). 
The open-circuit potential was implemented for impedance 
response recorded against imaginary vs. real components 
(0.1 Hz-100 kHz) with 10 mV amplitude. The data were 
then processed using ZVIEW software. The impedance 
measurements for the VP28 antibody (0.025–0.1 ng/µl) and 
magnetosome-VP28 antibody complex were carried out in 
the same manner.
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Detection of magnetosome‑VP28 antibody‑VP28 antigen 
complexes

To detect the binding of VP28 antigen with magnetosome 
(2 mg/ml)-VP28 antibody complexes, impedance measure-
ments were taken using a PARSTAT electrochemical work-
station (Princeton Applied Research). The magnetosome (2 
mg/ml)-VP28 antibody complexes (0.025 ng/µl) were coated 
on SPCEs and concentrated on the working electrode using 
a bar magnet. Then, 10 µl of VP28 antigen (0.01-1 ng/µl) 
was added to the concentrated magnetosome-VP28 antibody 
complex. The SPCEs were incubated at 37 °C for 60 min, 
followed by washing with PBS and deionized water.

Detection of WSSV in electrochemical impedance 
spectroscopy (EIS)

WSSV was also detected in serum samples of crabs. The 
third set of crabs (control and test) were sacrificed after 
seven days, and tissues were suspended in 10 ml of NaCl-
Tris EDTA buffer and ground manually with a mortar and 
pestle. Homogenized tissues from both groups were fro-
zen and thawed three times and stored for further use. The 
infected sample was diluted 10-1- to 10-7-fold in serum dilu-
tion. Then, 100 µl of magnetosome-VP28 antibody com-
plex was added to 100 µl of WSSV for each dilution. An 
uninfected control group was also included. The mixtures 
were incubated at room temperature for 30 min, and a bar 
magnet was attached to magnetically wash the complexes. 
The complexes were attached to the SPCEs, and impedance 
was measured for each dilution and control to confirm the 
positive detection.

SDS‑PAGE and Western blot analysis

The presence of WSSV was also detected by SDS-PAGE 
and Western blot [41]. The fourth and fifth sets of crabs were 
sacrificed on the first and seventh day, respectively. Healthy 
and infected tissues from gills and heads were collected from 
both sets. Protein was extracted from the infected tissue sam-
ples using lysis buffer. The total protein concentration was 
measured using a spectrophotometer. The protein was then 
denatured in SDS-containing buffer for SDS-PAGE. Stack-
ing and separating gels were prepared, and SDS-PAGE was 
performed. For Western blot analysis, the proteins separated 
by SDS-PAGE were transferred onto a nitrocellulose mem-
brane using a dry blotter. Membranes were blocked with 

1% BSA for 2 h and then washed with PBS. Immunode-
tection was performed by incubating the membrane with 
VP28 antibody (0.1 µg/µl) overnight at room temperature. 
Subsequently, HRP-conjugated secondary antibody (0.1 µg/
µl) was added to the membrane for 2-3 h, and detection was 
performed with 5-bromo 4-chloro 3-indol phosphate (BCIP) 
and nitro blue tetrazolium (NBT).

Reverse transcription polymerase chain reaction 
(RT‑PCR)

The protocol was modified from Reddy et al. [42]. The sixth 
set of both healthy and WSSV-infected crabs were sacrificed 
after the seventh day, and tissues from gills and heads were 
collected. The total RNA was extracted from healthy and 
infected tissues. Complementary DNA was synthesized from 
1 μg of total RNA using a one-step reverse transcriptase 
kit as per the instructions in the user manual and used as a 
template for analysis of expression of the VP28 gene. The 
cycling conditions included initial denaturation at 95 °C for 
5 min, followed by 35 cycles of denaturation at 95 °C for 
30 s, annealing at 50 °C for 30 s, and extension at 72 °C 
for 30 s, and a final extension step at 72 °C for 10 min. 
The PCR product was subjected to electrophoresis in a 1.0% 
agarose gel and viewed using an ultraviolet transilluminator 
(Table 1).

Cross‑reactivity of VP28 antibody

VP28 antigen along with four other non-VP28 antigens: 
Lactococcus garvieae (LC), Enterocytozoon hepatopenaei 
(EHP), Edwardsiella tarda (ET), and infectious hypodermal 
and hematopoietic necrosis virus (IHHNV) were tested with 
VP28 antibody in ELISA. VP28 antigen (1 ng/µl) and non-
VP28 antigen (1 ng/µl) were coated onto the plate. VP28 
antibody (1 ng/µl) and HRP-conjugated secondary antibody 
(50 ng/ml) were used in this assay.

The cross-reactivity of the magnetosome-VP28 antibody 
complex with WSSV and other seafood pathogens (LC, 
EHP, ET, and IHHNV) was also confirmed by EIS. Five 
different sets of crabs were infected in triplicate with five 
different pathogens. The crabs were sacrificed and infected 
tissues were collected. Each set of tissue samples was sus-
pended in 10 ml of NaCl-Tris EDTA buffer and ground man-
ually. The homogenized sample sets were frozen and thawed 
three times and stored for further use. A control sample set 
(healthy crab without infection) was also homogenized. 

Table 1   Oligonucleotide 
primers used for RT-PCR

Primer name Sequence (5’- 3’) Annealing temperature Product size

VP28 RT-F CCA AGA CCA TCG AAA CCC AC 60ºC 200 bp
VP28 RT-R TGC GGA TCT TGA TTT TGC CC
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The prepared tissue suspension (100 µl) from each seafood 
pathogen and control was incubated at room temperature 
for 30 min with 100 µl of the magnetosome-VP28 antibody 
complex. A bar magnet was attached to magnetically wash 
the complexes, and EIS was performed after concentrating 
the complexes on the SPCEs.

Results

Conjugation of magnetosomes with VP28 
antibodies

The binding of VP28 antibodies directly to the surface of 
the magnetosomes was confirmed using absorbance spec-
troscopy. The magnetosomes (1 mg/ml) coupled with VP28 
antibody (0.2 ng/µl) had higher absorbance (0.166) than that 
of magnetosomes (0.089) or VP28 antibodies (0.032) alone 
(Fig. 1a). Likewise, magnetosomes (2 mg/ml) coupled with 
VP28 antibodies (0.2 ng/µl) also showed higher absorbance 
(0.180) than that of magnetosomes (0.096) or VP28 anti-
bodies (0.032) alone (Fig. 1b). This indicates that the VP28 
antibodies were bound to the magnetosomes.

Detection of VP 28 antigen without magnetosomes

The VP 28 antigen concentration (0.1–100 ng/µl) was 
determined by ELISA in the absence of magnetosomes. 
The VP28 antibody (0.01–10 ng/µl) and HRP-conjugated 
secondary antibody (0.01–10 ng/µl) were implemented in 
the assay. The optimal concentrations of VP28 antigen (0.1 
ng/µl, Fig. 2a), VP28 antibody (0.1 ng/µl, Fig. 2b), and sec-
ondary antibody-HRP (0.025 ng/µl, Fig. 2c) were used in 
subsequent experiments.

Coupling of VP28 antigen with magnetosome‑VP28 
antibody complex

The average absorbance of VP28 antigen coupled with 
magnetosome (1 mg/ml)-VP28 antibody (0.2 ng/µl) com-
plex (0.185) was higher than that of magnetosome (1 mg/
ml)-VP28 antibody (0.2 ng/µl) complex (0.166) or VP28 
antigen (0.045) alone (Fig. 3a). Likewise, VP28 antigen 
coupled with magnetosome (2 mg/ml)-VP28 antibody (0.2 
ng/µl) complex (0.214) had higher absorbance than that of 
the components alone (magnetosome [2 mg/ml]-VP28 anti-
body [0.2 ng/µl] complex [0.180] or VP28 antigen [0.045]) 
(Fig. 3b).

Fig. 1   a Absorption measurements to detect the coupling of VP28 antibody (0.01–10 ng/µl) with magnetosomes at 1 mg/ml. b Absorption meas-
urements to detect the coupling of VP28 antibody (0.01–10 ng/µl) with magnetosome at 2 mg/ml
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ELISA using the magnetosome‑VP28 antibody 
complex

Detection of VP28 antigen using magnetosome‑VP28 
antibody complex

Magnetosomes at two different concentrations, 1 mg/ml and 
2 mg/ml, were used in the assay. The VP28 antigen (0.1 ng/
µl) was effectively detected using (2 mg/ml)-VP28 antibody 
complex (0.025–1 ng/µl), (1 mg/ml)-VP28 antibody com-
plex (0.025–1 ng/µl), and VP28 antibody (0.025–1 ng/µl) 
alone (Fig. 4a). However, an absorbance difference (0.802) 
was observed between the magnetosome (2 mg/ml)-VP28 
antibody complex and VP28 antibody alone at 0.025 ng/µl 
concentration. This indicated that magnetosomes coupled 
with a lower concentration of VP28 antibody (0.025 ng/µl) 
could detect the VP28 antigen (0.1 ng/µl) more efficiently 
than the antibody (0.1 ng/µl) alone at high concentration.

(1)

%Cost effectivity =
Conc. of control − Conc. of test

Conc. of control
× 100

The magnetosome-based ELISA produces a 75% cost-
effective approach compared to the conventional assay to 
detect the VP28 antigen. Furthermore, at a concentration 
of 1 mg/ml, the magnetosome complex containing 0.05 ng 
VP28 antibody per µl also showed higher absorbance (1.413) 
than VP28 antibody alone at a concentration of 0.05 ng/µl 
(1.03).

VP28 antigen at various concentrations (0.025–10 ng/
µl) was also detected in the magnetosome-based ELISA 
(Fig. 4b). The VP28 antigen at a concentration of 0.1 ng/
µl was more efficiently detected using the magnetosome (2 
mg/ml)-VP28 antibody (0.05 ng/µl) complex (absorbance, 
1.1775) than with VP28 antibody (0.05 ng/µl) alone (absorb-
ance, 0.91). The 1 mg/ml concentration of magnetosome 
coupled with VP28 antibody (0.05 ng/µl) also detected 
(absorbance, 0.931) the VP28 antigen (0.1 ng/µl). Fur-
ther, the magnetosome (2 mg/ml)-VP28 antibody complex 

%Cost effectivity =
0.1 − 0.025

0.1
× 100

%Cost effectivity = 75

Fig. 2   a Colorimetric assay to optimize the VP28 antigen concen-
tration (0.1-100 ng/µl). b Colorimetric assay to optimize the VP28 
antibody concentration (0.01-10 ng/µl). VP28 antibody (0.1 ng/µl) 

was used to detect VP28 antigen (0.1 ng/µl). c Colorimetric assay to 
optimize the secondary antibody concentration (0.01-10 ng/µl) using 
VP28 antibody (0.1 ng/µl and 0.02 ng/µl).
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detected VP28 antigen (0.025 ng/µl) with an absorbance 
value of 0.666.

ELISA to detect VP28 antigen extracted from the tissue 
samples

Magnetosomes at two different concentrations (1 and 2 mg/
ml) coupled with the various concentrations of VP28 anti-
body (0.025–10 ng/µl) effectively detected the VP28 antigen 
extracted from the tissue samples (Fig. 5). Magnetosomes 
(2 mg/ml) conjugated with VP28 antibody (0.025 ng/µl) 
showed sufficient absorbance (0.325) for detecting the VP28 
antigen in a tissue sample. Similarly, magnetosomes (1 mg/
ml) conjugated with VP28 antibody (0.025 ng/µl) show suf-
ficient absorbance (0.321) for detecting the VP28 antigen.

EIS using magnetosome‑VP28 antibody complex

Binding of VP28 antibody to magnetosomes

The bare response of SPCE was 278 Ω charge transfer resist-
ance (RCT), while it was 505 Ω RCT when VP28 antibody 

(0.025 ng/µl) was used for coating (Fig. 6a, Table 2). It was 
further noted that the resistance on the electrode surface 
kept increasing with increasing VP28 antibody concentra-
tion (0.03 ng/µl, 782 Ω; 0.05 ng/µl, 996 Ω; 0.1 ng/µl, 1068 
Ω; 1 ng/µl, 1164 Ω). Similarly, when the magnetosome-
VP28 antibody (0.025 ng/µl) complex (702 Ω) was coated 
onto the bare SPCE (257 Ω), a difference in resistance was 
evident (Fig. 6b, Table 3). Moreover, the electrode resistance 
increased with the concentration of magnetosome-VP28 
antibody complex (0.03 ng/μl, 860 Ω; 0.05 ng/μl, 1035 Ω; 
0.1 ng/μl, 1224 Ω; 1 ng/μl, 1640 Ω).

Rs, Solution resistance; Cdl, double-layer capacitance; 
RCT, charge transfer resistance; Q, constant phase element; 
W, Warburg resistance; RSD, relative standard deviation

VP28 antigen interaction with magnetosome‑VP28 
antibody complex

The interaction of VP28 antigen with VP28 antibody as 
well as magnetosome-VP28 antibody complex was studied 
using impedance measurements (Fig. 6a and b). The imped-
ance of the bare SPCE and VP28 antibody (0.025 ng/µl) 

Fig. 3   a Absorption measurements at 630 nm for immunoassay to 
detect the coupling of VP28 antigen (0.1 ng/µl) with magnetosome 
(1 mg/ml)–VP28 antibody (0.01–10 ng/µl) complex. b Absorption 

measurements at 630 nm for immunoassay to detect the coupling of 
VP28 antigen (0.1 ng/µl) with magnetosome (2 mg/ml)–VP28 anti-
body (0.01–10 ng/µl) complex
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was recorded as 337 Ω and 624 Ω, respectively. The imped-
ance for VP28 antigen (0.01 ng/µl) was higher (846 Ω) when 
it interacted with the VP28 antibody. Furthermore, when 
increasing concentrations of VP28 antigen interacted with 
the VP28 antibody, an increase in resistance was observed 
(0.03 ng/µl, 981 Ω; 0.05 ng/µl, 1029 Ω; 0.1 ng/µl, 1194 Ω; 
1 ng/µl, 1480 Ω; Table 4).

The interaction of magnetosome-VP28 antibody com-
plex with VP28 antigen also showed a similar response. 
The combined resistance of magnetosome-VP28 anti-
body (0.025 ng/µl) complex with VP28 antigen at 0.01 
ng/µl (926 Ω) was higher than magnetosome-VP28 anti-
body (0.025 ng/µl) alone (794 Ω). The other concentra-
tion of VP28 antigen (0.03-1 ng/µl) also interacted with 

Fig. 4   a Colorimetric immunoassay to detect VP28 antigen (0.1 ng/
µl) using magnetosome (2 mg/ml)–VP28 antibody complex, mag-
netosome (1 mg/ml)–VP28 antibody complex, and VP28 antibody 
(0.025-1 ng/µl). b Colorimetric immunoassay to detect VP28 antigen 

in various concentrations (0.025-10 ng/µl) using magnetosome (2 mg/
ml)–VP28 antibody (0.05 ng/µl) complex, magnetosome (1 mg/ml)–
VP28 antibody (0.05 ng/µl) complex, and VP28 antibody (0.05 ng/µl)

Fig. 5   Colorimetric immunoassay to detect VP28 antigen extracted from the tissue samples
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Fig. 6   a Impedance-based measurements for the various concentrations of VP28 antibody (0.025-1 ng/µl). b Impedance-based measurements for 
the various concentrations of magnetosome-VP28 antibody (0.025-1 ng/µl) complex

Table 2   Impedance response 
at various VP28 antibody 
concentrations (0.025-1 ng/µl)

Concentration of Ab RS (Ω) Cdl (µF) RCT (Ω) Q W (Ω) RSD%

Bare 114 1.04 278 0.56 1.04 × 10-5 1.64
0.025 ng/μl 108 1.25 505 0.89 3.66 × 10-5 1.32
0.03 ng/μl 112 1.56 782 0.71 2.81 × 10-5 2.20
0.05 ng/μl 109 1.79 996 0.92 3.05 × 10-5 2.62
0.1 ng/μl 104 1.92 1068 0.86 2.91 × 10-5 2.45
1 ng/μl 115 2.08 1164 0.67 3.81 × 10-5 2.08

Table 3   Impedance response 
of various magnetosome-VP28 
antibody concentrations 
(0.025-1 ng/µl)

Concentration of 
MagAb

RS (Ω) Cdl (µF) RCT (Ω) Q W (Ω) RSD%

Bare 220 2.12 257 0.45 1.28 × 10-5 1.24
0.025 ng/μl 225 2.54 702 0.62 2.05 × 10-5 1.62
0.03 ng/μl 243 2.68 860 0.84 2.61 × 10-5 1.49
0.05 ng/μl 220 2.73 1035 0.76 2.45 × 10-5 2.03
0.1 ng/μl 214 2.96 1224 0.82 2.86 × 10-5 2.24
1 ng/μl 245 3.05 1640 0.54 3.04 × 10-5 2.98

Table 4   Impedance response 
of VP28 antigen (0.01-1 ng/
µl) with VP28 antibody (0.025 
ng/µl)

Concentration of Ab-Ag RS (Ω) Cdl (µF) RCT (Ω) Q W (Ω) RSD%

Bare 160 2.28 337 0.36 1.08 × 10-5 1.04
Ab 0.025 ng/μl 175 2.08 624 0.52 1.24 × 10-5 1.43
Ab-Ag 0.01 ng/μl 185 2.64 846 0.89 1.54 × 10-5 1.26
Ab-Ag 0.03 ng/μl 203 2.87 981 0.54 1.76 × 10-5 1.78
Ab-Ag 0.05 ng/μl 190 2.52 1029 0.86 1.89 × 10-5 1.89
Ab-Ag 0.1 ng/μl 194 2.86 1194 0.91 2.04 × 10-5 1.92
Ab-Ag 1 ng/μl 185 2.94 1480 0.72 2.26 × 10-5 2.09
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magnetosome-VP28 antibody (0.025 ng/µl) complex in a 
similar way (0.03 ng/µl, 1071; 0.03 ng/µl, 1214; 0.03 ng/
µl, 1694; 0.03 ng/µl, 1986; Table 5). The linear correlation 
for both VP28 antibody and magnetosome-VP28 antibody 
interacting with VP28 antigen was found to be statistically 
significant (Fig. 7). 

Detection of WSSV

It can be seen from Fig. 8 that the bare SPCE exhibited a 
low RCT of 396 Ω. On modifying the electrode with magne-
tosome-VP28 antibody (0.025 ng/µl) complex with serum, 
a small semicircle was observed with RCT of 850 Ω. Then, 

Table 5   Impedance response 
of VP28 antigen (0.01-1 ng/
µl) with magnetosome-VP28 
antibody complex (0.025 ng/µl)

Concentration of MagAb-Ag RS (Ω) Cdl (µF) RCT (Ω) Q W (Ω) RSD%

Bare 270 1.96 340 0.48 0.97 × 10-5 2.64
MagAb 0.025 ng/μl 285 2.43 794 0.67 1.56 × 10-5 1.98
MagAb-Ag 0.01 ng/μl 287 2.57 926 0.82 1.89 × 10-5 2.54
MagAb-Ag 0.03 ng/μl 273 2.87 1071 0.74 2.06 ×10-5 2.06
MagAb-Ag 0.05 ng/μl 260 2.64 1214 0.48 2.98 × 10-5 1.78
MagAb-Ag 0.1 ng/μl 284 2.73 1694 0.87 3.04 × 10-5 2.67
MagAb-Ag 1 ng/μl 275 2.58 1986 0.98 3.46 × 10-5 2.98

Fig. 7   (a) Impedance-based measurements for various concentrations 
of VP28 antigen (0.01-1 ng/µl) with VP28 antibody (0.025 ng/µl). (b) 
Impedance-based measurements for various concentrations of VP28 
antigen (0.01-1 ng/µl) with magnetosome-VP28 antibody (0.025 ng/

µl) complex. (c) Linear plot for the VP28 antibody-antigen interac-
tion. (d) Linear plot for the magnetosome-VP28 antibody-antigen 
interaction
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an increase in the RCT value was observed as the SPCE was 
modified with various dilutions of WSSV (10-7 to 10-1) inter-
acting with magnetosome-VP28 antibody complex (10-7, 982 
Ω; 10-6, 1126 Ω; 10-5, 1321 Ω; 10-4, 1596 Ω; 10-3, 1768 Ω; 
10-2, 1949 Ω; 10-1, 2157 Ω). This indicates that the magne-
tosome-VP28 antibody complex interacted with WSSV. The 
linear fit had an R2 value of 0.0995. The values obtained 
for the different modifications of the equivalent circuit are 
shown in Table 5.

Western blot and RT‑PCR analysis

Western blotting was done to confirm the presence of VP28 
antigen in infected samples. The western blot showed sharp 
VP28 bands on the first and seventh days postinfection, indi-
cating the presence of VP28 antigen in the infected samples 
(Fig. 9a).

VP28-specific primers (VP28-Rt–PCR) were used for 
reverse transcription (RT-PCR), and an amplicon of the 
expected size was produced, indicating the presence of 
WSSV in the infected crabs (Fig. 9b).

Cross‑reactivity assay

A cross-reactivity assay was performed to examine the reac-
tivity of the VP28 antibody with non-VP28 antigens. The 
VP28 antibody bound efficiently with VP28 antigen (0.862), 
while non-VP28 antigens, namely LC and EHP, exhibited 
negligible reactivity (0.005). IHNVV exhibited minimum 
reactivity (0.08), while ET exhibited no reactivity with VP28 
antibody (Fig. 10a). This confirms that the VP28 antibody is 
specific for the VP28 antigen.

The magnetosome-VP28 antibody showed negligible to 
low resistance with control and other seafood pathogens (ET, 

Fig. 8   a Detection of WSSV using magnetosome-VP28 antibody (0.025 ng/µl) complex, b Linear plot for WSSV detection

Fig. 9   a Western blot of WSSV-infected samples. In comparison with 
the positive control, the amount of viral protein was higher 7 days 
postinfection than 1 day postinfection. b RT-PCR amplification of the 

VP28 gene from samples obtained from the head and gills, indicating 
the presence of WSSV in the infected crabs



	 S. Sannigrahi et al.

1 3

LC, EHP, IHNVV) when compared with the positive sam-
ples of WSSV (Fig. 10b). This indicates the specificity of 
the magnetosome-VP28 antibody-based biosensor (Table 6).

Discussion

Magnetosomes, with their numerous applications in nano-
biotechnology and drug delivery, could bring new advances 
in nanoscience, and new challenges in biotechnology have 
allowed us to exploit their potential. In the current study, we 
have investigated the commercial aspect of magnetosomes 
and their role in the development of biosensors to detect 
WSSV in a cost-effective, sensitive, and rapid manner. The 
magnetosomes were extracted from Magnetospirillum sp. 

RJS-1 [34], a novel strain that is capable of producing more 
magnetosomes than the previously reported strains [43].

Magnetosomes are widely known to have advantages over 
other types of nanoparticles [43, 44]. Moreover, the mag-
netic entity in magnetosomes plays a key role in therapeutics 
and diagnostics [45, 46]. Advances in nanobiotechnology 
have facilitated innumerable applications based on unique 
biomolecular interactions [47, 48]. However, nanoparticles 
are restricted by their chemical composition, requiring the 
use of linkers such as biotin, streptavidin, and glutaraldehyde 
[49–51]. In 2015, an immunomagnetic reduction assay was 
developed in which chemically synthesized magnetic nano-
particles were conjugated to antibodies via linkers for the 
detection of WSSV [52]. Our study differs from the previous 
report by Liu et al. [52], as we have implemented the use of 

Fig. 10   a Colorimetric-based 
cross-reactivity. b Impedance-
based cross-reactivity

Table 6   Impedance response 
for various dilution of 
WSSV interacting with 
magnetosome-VP28 antibody 
complex

Concentration of MagAb-WSSV RS (Ω) Cdl (µF) RCT (Ω) Q W (Ω) RSD%

Bare 205 1.84 396 0.81 1.08 × 10-5 2.64
MagAb negative control 196 2.03 850 0.98 1.24 × 10-5 1.98
MagAb-WSSV 10-7 dilution 178 2.25 982 0.73 2.35 × 10-5 2.54
MagAb-WSSV 10-6 dilution 193 2.43 1126 0.86 2.54 × 10-5 2.06
MagAb-WSSV 10-5 dilution 205 2.69 1321 0.62 2.79 × 10-5 1.78
MagAb-WSSV 10-4 dilution 198 2.86 1596 0.75 2.92 × 10-5 2.67
MagAb-WSSV 10-3 dilution 204 2.99 1768 0.89 3.09 × 10-5 2.98
MagAb-WSSV 10-2 dilution 206 3.14 1949 0.84 3.21 × 10-5 3.11
MagAb-WSSV 10-1 dilution 196 3.28 2157 0.96 3.34 × 10-5 3.29
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magnetosomes containing biological membranes that bind 
directly to antibodies without any linkers. Moreover, their 
genetically controlled biological synthesis allows magneto-
somes to have various unique properties, including linear 
chains, dipole moment, biocompatibility, better dispersity in 
solution, and thermal stability, that give them an advantage 
over magnetic nanoparticles [53].

The magnetosomes were bound directly to the VP28 anti-
body, as indicated by the higher absorbance of the magne-
tosome-VP28 antibody complex detected by spectroscopy. 
Arakaki et al. [54] also hypothesized the direct binding of 
magnetosomes to antibodies, as it could strengthen the bind-
ing kinetics and affinity of both biomolecules. The binding 
of VP28 antigen with the magnetosome-VP28 complex was 
also confirmed by absorbance measurements.

Antibody-antigen interactions were analyzed by ELISA. 
Various concentrations of magnetosome-VP28 antibody 
complex, VP28 antibody, and VP28 antigen were tested 
to optimize the assay. VP28 antibody conjugated to mag-
netosomes had 75% higher reactivity in ELISA than VP28 
antibody alone. Lakshmipriya et al. [55] reported signal 
enhancement in ELISA when gold nanoparticles were used. 
Similarly, enzymes such as glucose oxidase have been shown 
to give 40-fold higher reactivity when bound to artificial 
magnetite [56]. It has also been reported that the antibod-
ies have stronger reactivity when immobilized on magneto-
somes, [57]. In our study, the activity of VP28 antibody was 
enhanced in the presence of magnetosomes for the detection 
of VP28 antigen. Yi et al. [10] used a 0.05 ng/µL concentra-
tion of VP28 antibody in ELISA, which was 50% higher 
than the concentration of VP28 antibody used in our study. 
Other studies have used a very high concentration of VP28 
antibody (25 µg/mL) for conjugation with nanoparticles, but 
we have optimized the concentration of VP28 antibody to 
a minimum concentration (0.025 ng/µl), which reduces the 
cost of the assay [58].

The lowest concentration of VP28 antigen detected in 
ELISA was 0.025 ng/µl. However, the detection limit of 
VP28 antigen in ELISA with magnetosomes was 75% lower 
than in the traditional ELISA. Past reports have shown a high 
detection limit of VP28 antigen (100 µg/ml and 100 ng/ml) 
in ELISA [10, 58].

The easy storage of the magnetosome-VP28 antibody 
conjugates and simple modification of classical makes 
the magnetosome-based assay a practical alternative. An 
ELISA using magnetosomes was used to test infected tis-
sue samples, showing that the magnetosome-VP28 antibody 
complex can directly detect VP28 antigen in tissue samples 
within 24 h.

We have further simplified the assay so that it can be 
easily performed by non-professionals by using a sensor. 
Electrochemical impedance spectroscopy (EIS) is a pow-
erful technique to analyze interfacial electron transfer 

characteristics and to determine kinetic parameters such 
as RCT and association-disassociation kinetics of biologi-
cal complexes at the modified electrode surface. A previous 
study showed the development of a biosensor using gold 
electrodes that focused on antibody-antigen interaction for 
the rapid detection of WSSV [59]. Although the method 
used in that study allows rapid detection of WSSV, the high 
cost of gold electrodes is a disadvantage [60]. The recent 
development of disposable SPCEs has allowed them to 
replace traditional electrodes for various applications [61]. 
They can be used in disposable devices due to their low cost 
while also providing sensitive and selective analysis [62]. 
Moreover, SPCEs require low sample volume, which allows 
different types of samples to be tested.

Since magnetosomes were found to enhance the reactiv-
ity of the VP28 antibody, further electrochemical analysis 
based on SPCEs was performed with magnetosome-VP28 
antibody complexes to detect the VP28 antigen and WSSV. 
The magnetosome-VP28 antibody complex was easily con-
centrated on the SPCE using an external magnetic field and 
various concentrations of VP28 antigen (0.01-1 ng/µl) were 
measured. The SPCE provides a platform for convenient 
separation of the virus through magnetic-based separation 
[62]. The magnetosome-VP28 antibody complex-based 
sensor was able to detect WSSV (10-1 to 10-7 dilution) in 
homogenized crab sample.

In certain cases, antibodies show cross-reactivity with 
nonspecific antigens, resulting in false-positive results [63, 
64]. Therefore, the specificity of the biosensor was verified 
using non-VP28 antigens. The impedimetric-based magne-
tosome-coupled biosensor is the first of its kind in which 
user-friendly screen-printed carbon electrodes were used to 
detect small amounts of VP 28 antigen and WSSV.

The biosensor was effective in detecting the VP28 antigen 
and WSSV. The small volume and concentration of magne-
tosome-VP28 antibody complex needed for electrochemistry 
make this technique more efficient than western blot and 
PCR. Although PCR has been extensively used for the detec-
tion of WSSV in tissue samples, it is very time-consuming, 
and the wide range of primers used during the process make 
it an expensive procedure [65]. The real-time PCR analysis 
of WSSV-infected sample allows 1.37 × 107 copies/μl in a 
50 mg of tissue sample to be detected [66]. However, in our 
study, the tissue sample could be diluted further (10-7) to 
detect the presence of WSSV within 30 min using a magne-
tosome-antibody-based biosensor with a working volume of 
15 µl. The sensor demonstrated a consistent decrease in the 
charge transfer resistance with increasing dilution. A linear 
plot with R2 = 0.099 for WSSV detection verified the con-
sistency of the data.

The magnetosome-based biosensor described here is effec-
tive for detecting the VP28 antigen as well as WSSV in sea-
food samples. It provides a simple and rapid assay that can 
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be performed easily within 30 min, in contrast to the estab-
lished methods, which take 24-48 hours. Moreover, owing to 
the benefits of SPCEs, the magnetosome-antibody complex-
immobilized SPCEs could be easily available for 200-300 INR 
for a WSSV test, compared to the current established methods, 
e.g., WSSV detection kit (Genei) for 15,050-34,548 INR [67]. 
The ability to use a small volume of sample (15 µl) and con-
centration of the magnetosome-antibody complex also reduces 
the cost of the overall process. SPCEs are easily produced 
in bulk quantity and are compatible with a large number of 
devices and instruments [62]. The established model could 
be further implemented using various other seafood samples 
for future applications. Further development of this biosensor 
could provide us with portable devices that could be handled 
easily by individuals.

Conclusions

The implementation of magnetosomes in ELISA produced a 
75% cost-effective and sensitive method to detect the VP28 
antigen. The magnetosome-coupled VP28 antibody was effi-
cient in detecting a low concentration of VP28 antigen in 
WSSV-infected seafood samples. The magnetosome-VP28 
antibody complex was easily immobilized on SPCEs. The 
sensitive, rapid, and specific detection of VP28 antigen and 
WSSV was demonstrated in electrochemical studies. The pres-
ence of VP28 antigen in infected samples was also confirmed 
by western blotting and RT-PCR.
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