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ARTICLE INFO ABSTRACT

Keywords: Epidemic Salmonellosis contracted through the consumption of contaminated food substances is a global con-
Lipopolysaccharide cern. Thus, simple and effective diagnostic methods are needed. Magnetosome-based biosensors are gaining
Magnetospirillum sp. RJS1 attention because of their promising features. Here, we developed a biosensor employing a magnetosome-anti-
gjir;\etosome Salmonella antibody complex to detect lipopolysaccharide (somatic “O” antigen) and Salmonella typhimurium in

real samples. Magnetosome was extracted from Magnetospirillum sp. RJS1 and characterized by microscopy. The
magnetosome samples (1 and 2 mg/mL) were directly conjugated to anti-Salmonella antibody (0.8-200 pg/mL)
and confirmed by spectroscopy and zeta potential. The concentrations of magnetosome, antibody and lipopo-
lysaccharide were optimized by ELISA. The 2 mg/mL-0.8 pg/mL magnetosome-antibody complex was optimal
for detecting lipopolysaccharide (0.001 pg/mL). Our assay is a cost-effective (60%) and sensitive (50%) method
in detection of lipopolysaccharide. The optimized magnetosome-antibody complex was applied to an electrode
surface and stabilized using an external magnetic field. Increased resistance confirmed the detection of lipo-
polysaccharide (at 0.001-0.1 pg/mL) using impedance spectroscopy. Significantly, the R? value was 0.960.
Then, the developed prototype biosensor was applied to food and water samples. ELISA confirmed the presence
of lipopolysaccharide in homogenized infected samples and cross reactivity assays confirmed the specificity of
the biosensor. Further, the biosensor showed low detection limit (10" CFU/mL) in water and milk sample de-
monstrating its sensitivity. Regression coefficient of 0.974 in water and 0.982 in milk was obtained. The mag-
netosome-antibody complex captured 90% of the S. typhimurium in real samples which was also confirmed in FE-
SEM. Thus, the developed biosensor is selective, specific, rapid and sensitive for detection of S. typhimurium.

Electrochemical impedance spectroscopy
Salmonella typhimurium

1. Introduction [6] and lipid-A which causes the end-stage effects of infection, leading

to death in mice, livestock, and humans [7]. The increasing number of

Salmonella is one of the most prevalent food pathogens worldwide.
Poultry and their eggs, cattle and pigs are infected by Salmonella, which
can be transmitted to humans by consuming contaminated food [1].
Foodborne diseases caused by Salmonella are a major concern in many
countries; the World Health Organization (WHO) has estimated that
600,000 deaths occur annually because of typhoid [2], and there are
1.3 billion cases of acute gastroenteritis/diarrhea due to Salmonella
infection worldwide; leading to 3 million deaths annually [3]. Of these,
an estimated 1.4 million occur in developed countries [4]. Recently, 95
isolates of Salmonella typhi were reported in the Karnataka region of
India [5].

Many of the symptoms of Salmonella infection or Salmonellosis are
caused by their characteristic lipopolysaccharide which consists of a
major O-antigen with side chains of repeating units of sugar residues
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Salmonellosis cases has negatively impacted the food industry. There-
fore, monitoring food products and maintaining zero counts are es-
sential practices.

Biosensors are promising tools for the detection and monitoring of
environmental pollutants and food contaminants that have the unique
ability to detect minute quantities of analytes [8-15]. Antibody-based
biosensors are currently used to detect various pathogenic micro-
organisms such as Escherichia coli, Listeria monocytogenes, Salmonella
typhimurium, Campylobacter sp., Mycobacterium tuberculosis, and avian
influenza virus [16-23]. Most of these sensors consist of stabilized an-
tibodies attached to the surface of electrodes through physical ad-
sorption or cross-linker molecules [24-27]. However, biomolecule
leaching and unwanted analyte crowding on the electrode affect the
sensor leading to fluctuations in overall resistance [28,29]. In contrast,
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nanoparticles provide a large specific surface area for catalyzing reac-
tions [30,31] which improves the performance of the biosensor
[32-37]. However, the varied size range and linkers used to immobilize
nanoparticles on the electrode surface introduces complexity into the
process and affects the binding kinetics [38-42].

To overcome these problems, we propose the use of magnetosome-
based biosensors for the detection of Salmonella. The magnetosome is a
biogenic nanoparticle, 35-120 nm size, which is synthesized in few
genus of Magnetospirillum sp. of magnetotactic bacteria through bio-
mineralization [43,44]. Compared to other nanoparticles, magneto-
some have a narrow, uniform size range, strong ferromagnetic behavior
and regular crystallographic features [45,46]. Magnetosome have a
unique lipid bilayer membrane consisting of phospholipids and phos-
phatidylethanolamine [47,48]. These provide an outward amine group,
which is biocompatible for conjugation with biological entities [49,50].
In previous reports, the electrode surface was often coated with a
chemically synthesized bilayer lipid membrane (BLM), because it acts
as a signal transducer and a bipolar electrode for antibody-antigen re-
actions [18,51]. Since, the magnetosome has a biologically synthesized
lipid bilayer on its surface, it can be directly used in antibody-based
biosensors. Magnetosome have superior dispersion and handling
properties compared to conventional Fe3O, nanoparticle which lacks
lipid bilayer membrane [52-54]. The magnetic nature of the magne-
tosome allows the antibody to be stabilized on the electrode surface by
an external magnet, thereby simplifying the process. Wu et al. [55]
developed magnetosome based immunosensor for detection of en-
terotoxin in milk. The sensor was rapid but the process was costly and
complex due to the use of gold electrodes.

The present study describes the direct conjugation of magnetosome
with anti-Salmonella antibody and the detection of Salmonella lipopo-
lysaccharide using a screen-printed carbon electrode (SPCE). Further,
the biosensor detects S. typhimurium in water and milk samples.

2. Reagents and chemicals

The primary antibody (rabbit polyclonal antibody against
Salmonella [anti-Salmonella antibody]) was purchased from Abcam
(ab35156; India), and the secondary antibody (goat anti-rabbit IgG
conjugated to horseradish peroxidase [HRP]) was purchased from
GeNei™ Products (621140380011730; Merck India, Biosciences).
Lipopolysaccharide from Salmonella enterica serotype typhimurium pur-
ified by trichloroacetic acid extraction was purchased from Sigma
(L7261; India). SPCE (SPCE DRP-110) was purchased from DropSens
(Spain). S. typhimurium (MTCC-98) was purchased from Microbial Type
Culture Collection and Gene Bank (MTCC, India) and maintained in
Nutrient agar. Bovine serum albumin (BSA), potassium ortho phosphate
(KH,PO,4), sodium nitrate (NaNOj3), sodium thioglycolate
(HSCH,COONa), L(+) tartaric acid (extra pure), sodium acetate
(C2H30,Na), sodium chloride, potassium chloride, di-sodium hydrogen
phosphate dehydrate, potassium di hydrogen phosphate, tris, anhy-
drous sodium carbonate, sodium bicarbonate, tween-20, citric acid,
dibasic sodium phosphate, potassium ferrocyanide (K4[Fe(CN)gl), po-
tassium ferrocyanide (K3[Fe(CN)g]) and MacConkey agar were pur-
chased from Himedia Laboratories (India). 2,2-Azino-bis (3-ethylben-
zothiazoline-6-sulfonic acid) diammonium Salt (ABTS [extrapure AR
98.5%]), succinic acid (extra pure), ferric citrate, quinic acid, and 0.1%
resazurin were purchased from Sisco Research Laboratories (India).
Hydrogen peroxide (30% w/v) was purchased from Spectrum Reagents
and Chemicals (India).

2.1. Extraction and characterization of the magnetosome

Magnetospirillum sp. RJS1 [56] was cultured in Magnetospirillum
growth media (MSGM) using the Hungate anaerobic technique [57,58].
Bacterial growth and magnetosome production were monitored at
regular intervals by placing the culture bottle on a magnetic stirrer
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[59]. Magnetosome was lyophilized (Lark, Penguin Classic Plus, India)
and characterized through Field Emission Scanning Electron Micro-
scopy (FESEM) and Transmission Electron Microscopy (TEM) and En-
ergy-dispersive X-ray spectroscopy (EDS). To analyse the morphology,
size range and purity of extracted magnetosome, FESEM (Zeiss EV018,
Germany operating at 10kv) TEM (HR-TEM, JEOL JEM2100, Japan
operating at 200kv) and EDS (BrukerEasy) analysis was performed.
Magnetosome was dispersed in distilled water and drop casted on
slides, incubated for overnight and viewed under FESEM. TEM analysis
was done by directly dropping the dispersed magnetosome on the
copper grid and viewed. Powdered magnetosomes was placed on glass
slide for EDS analysis.

2.2. Functionalization of magnetosome with anti-Salmonella antibody

Magnetosome was bound to anti-Salmonella antibody by using a
modified protocol adapted from Woo et al. [60]. Briefly, two magne-
tosome stocks (1 and 2 mg/mL) were prepared in phosphate buffered
saline (PBS) in tubes. The tubes were placed one by one under the probe
in the sonicator (VCX-130W-220VAC-VIBRA-CELL SYSTEM; Sonics &
Materials, USA) in 35 kHz frequency at 30 W for 5 min. Once the so-
nication was done, dispersed magnetosome solution was collected. For
functionalization, antibody (100 pL of 200 pg/mL) was added to 900 pL
of dispersed magnetosome solution and incubated at 4 °C for 24 h. The
magnetosome-antibody complex was collected with a neodymium
magnet and washed with PBS containing 1% BSA for 10-12 times to
remove unbound antibodies. The absorbance of the magnetosome-an-
tibody complex was measured at 630 nm with a 96- well plate reader
(LIMR96; Lark Innovative Fine Teknowledge, India) and compared with
that of the controls (i.e., magnetosome and antibody separately). Other
concentrations of antibodies (0.8-40 ug/mL) were prepared by diluting
in PBS.

Electrochemical Impendence Spectroscopy (EIS) was used to de-
termine the coupling of magnetosome with anti-Salmonella antibody
[61]. The disposable SPCE consisted of a carbon working electrode,
carbon counter electrode and silver reference electrode. A series of
SPCE's were obtained, and the bare response was measured. Then,
10 pL of anti-Salmonella antibody (0.8 pg/mL) was applied to the
working electrode. A bar magnet was placed beneath the SPCE and
incubated at 37 °C for 30 min. The SPCE was rinsed continuously with
PBS buffer for 30 s and then immersed twice in deionized water. Next,
10 pL of magnetosome (2 mg/mL) was applied to the working electrode
and incubated at 37 °C for 60 min. Finally, the SPCE was immersed in
PBS for 30 s and washed twice with deionized water. EIS measurements
were acquired in an open circuit, with a potential of 0.13 V using an
electrolyte containing 2.5 mM K4[Fe(CN)¢l, 2.5 mM K3[Fe(CN)¢] and
0.1 M KClI prepared in 10 mM PBS (pH 7.4). Nyquist diagrams were
recorded of imaginary impedance vs. real impedance from 0.1 Hz to
100 kHz, with an amplitude of 5 mV. A fitting spectrum was generated
from the data using ZVIEW software. The impedance responses at
various concentrations (0.8-200 pg/mL) of anti-Salmonella antibody
and magnetosome-anti-Salmonella antibody complex were similarly
measured.

Fourier-transform infrared spectroscopy (FTIR) analysis was done to
determine the binding of magnetosome with antibody. The powdered
magnetosome, anti-Salmonella antibody and magnetosome-anti-
Salmonella antibody complex were directly analysed in FTIR spectro-
photometer (Schimadzu, Japan) between 400 cm ™! and 4000 cm™!
wavelength.

Zeta potential (Horiba Scientific SZ-100) analysis was done to de-
termine the electrostatic interaction between magnetosome and anti-
body.
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2.3. Screening of Salmonella typhimurium (ATCC-7823)
lipopolysaccharides

2.3.1. Attachment of lipopolysaccharides to the magnetosome-anti-
Salmonella antibody complex

Carbonate-bicarbonate buffer was prepared according to a standard
protocol as follows: 20 mL of sodium carbonate solution was added to
225 mL of sodium bicarbonate solution and 1000 mL of distilled water.
A lipopolysaccharide stock (0.01 pg/mL) was prepared in the carbo-
nate-bicarbonate buffer (pH 9.2). Then, 100 uL of the lipopoly-
saccharide stock was loaded into 96 well plates and incubated at 4 °C
overnight. The coated wells were washed thrice with PBS-Tween 20
(PBST) and incubated at room temperature for 5 min. The process was
repeated, and 100 pL of the magnetosome (1 or 2 mg/mL)-anti-
Salmonella antibody (0.8-200 pg/mL) complex was loaded into the
washed wells. The plate was incubated at 37 °C for 60 min. The mag-
netosome-antibody-lipopolysaccharide complex was congregated on
the plate using a magnet. Unbound antibodies were removed by
washing thrice with PBST, and the absorbance was measured at
630 nm.

2.3.2. ELISA using the magnetosome-anti-Salmonella antibody complexes
to detect lipopolysaccharide

The magnetosome (1 or 2 mg/mL)-anti-Salmonella antibody com-
plexes were used, along with an HRP-conjugated secondary antibody,
to detect the presence of lipopolysaccharide by ELISA. Wells were
coated with 100 pL of lipopolysaccharide (0.001 pg/mL) as described
above. Next, 100 pL aliquots of various concentrations of magneto-
some-antibody complexes (0.8-200 pg/mL) were added to the wells
and then washed to remove unbound magnetosome-antibody com-
plexes. A control without magnetosome i.e. antibody alone was also
included. Then, a 100 pL aliquot of the HRP-conjugated secondary
antibody (0.2 ug/mL) was added to the wells and incubated at room
temperature for 60 min. The lipopolysaccharide-magnetosome-anti-
Salmonella antibody-secondary antibody complex was collected with an
external magnet and washed with PBST three times to remove unbound
secondary antibody. 100 pL of ABTS substrate was added to the wells
and after a 30 min incubation, the absorbance was measured at 405 nm
with a plate reader.

ELISA using the magnetosome-antibody complex (with 1 or 2 mg/
mL magnetosome) was performed to determine the minimum detect-
able concentration of lipopolysaccharide. The wells of a 96-well plate
were coated with 100 L aliquots of 0.001-5 pg/mL lipopolysaccharide.
Then, a 100 uL sample of magnetosome-antibody complex (4 pg/mL)
and HRP-conjugated secondary antibody (0.2 ug/mL) were loaded into
the lipopolysaccharide-coated wells, and the remaining process was
performed as described above.

2.4. EIS to detect lipopolysaccharide

The interaction of the magnetosome (2 mg/mL)-antibody complex
with lipopolysaccharide was also studied by EIS. A series of magneto-
some-antibody (0.8 pg/mL) complex fabricated SPCE's were used. A
15 puL sample of lipopolysaccharide (0.01 pg/mL) was applied to the
fabricated SPCE's and incubated at 37 °C for 60 min. The electrode was
then rinsed twice with PBS and deionized water. The impedance re-
sponses for lipopolysaccharide were measured using PARSTAT
(Princeton Applied Research) electrochemical workstation. Similarly,
the interactions of magnetosome (2 mg/mL)-antibody (0.8 pg/mL)
complex with other concentrations of lipopolysaccharide (0.1, 0.05,
0.01, 0.005 and 0.001 pg/mL) were also studied.

2.5. Detection of lipopolysaccharide extracted from infected samples and a
cross-reactivity assay

The detection protocol was modified from Varshney et al. [62].
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Briefly, water sample and milk samples were inoculated with S. typhi-
murium in separate tubes and incubated at 37 °C for 24 h in an orbital
shaker at 120 rpm and continuously monitored. Once growth was ob-
served, the samples were transferred to centrifuge tubes. They were
homogenized for 10 min and then centrifuged at 1000 X g for another
10 min to separate the cells from the solid food particles and cell debris.
The homogenized samples were loaded into 96-well plates, which were
coated with buffer and incubated overnight at 4 °C. ELISA was per-
formed using anti-Salmonella antibody (0.8 pg/mL) alone as well as
magnetosome-antibody complex (2 mg/mL-0.8 pg/mL). EIS of the
Salmonella-infected homogenized milk and water samples was also
performed. Homogenized samples were added to the magnetosome-
antibody complex at a ratio of 1:1 and incubated at 37 °C for 30 min. A
bar magnet was attached to the tube, and the tube was washed twice
with distilled water. A 10 pL sample was placed on the SPCE, and the
impedance was measured using a solution containing 2.5 mM Ky[Fe
(CN)6] and, 2.5 mM Kj3[Fe(CN)g]. A cross-reactivity assay was also
performed to check the sensitivity and specificity of the magnetosome-
antibody (2 mg/mL-0.8 pg/mL) complex with respect to other patho-
gens. In this test, milk samples were inoculated with four different
pathogens: S. typhimurium (MTCC 98), E. coli (MTCC 1687), L. mono-
cytogenes (MTCC 657), and S. aureus (MTCC 1144) in separate tubes.
Homogenized samples for each pathogen were obtained and EIS was
conducted using the magnetosome-antibody complex.

2.6. Sensitivity and capture efficiency assays

The protocol used for this experiment was a modification of
Varshney and Li [63]; Setterington and Alocilja [64], and Sheikhzadeh
et al. [65]. The overnight culture (S. typhimurium) was taken and cen-
trifuged at 1000 x g for 5 min. The bacterial pellet was washed con-
tinuously and resuspended in PBS buffer. The initial concentration of
bacteria was calculated and further diluted to maintain 10’ CFU/mL.
Water and milk samples (900 pL) were placed in separate tubes and a
100 L aliquot of 10”7 CFU/mL was added to both tubes. Serial dilutions
(10*-107 CFU/mL) of the water and milk samples were prepared using
a standard protocol. A 100 pL sample of magnetosome-antibody com-
plex (2 mg/mL-0.8 ug/mL) was added to 100 pL of the cells (serially
diluted in water or milk). Then, the tubes were incubated at 37 °C for
30 min in an orbital shaker. A bar magnet was attached to the tube, and
the content was washed twice with distilled water. The magnetosome-
antibody-S. typhimurium complex (water/milk sample) (10 pL) was
placed on the SPCE, and impedance was measured. A set of controls
(milk/water samples without S. typhimurium) was mixed with the
magnetosome-antibody complex, and impedance was measured. The
FE-SEM analysis was carried out to confirm the interaction of magne-
tosome-antibody complex with S. typhimurium in milk sample. Briefly,
magnetosome-antibody-S. typhimurium complex was collected from test
sample (milk, 10* CFU/mL). The complex was then placed on clean
silicon sheet. After 30 min, 0.25% of glutaraldehyde was added over the
dried complex and incubated at 4 °C for 12 h. The sheet was collected
after the incubation, and the complex was continuously dehydrated at
room temperature using various concentrations (70, 80, 90 and 100%)
of ethanol. The sheet containing the complex was then viewed under
the electron microscope. A capture efficiency assay was performed to
determine the number of S. typhimurium captured from the water and
milk samples by the magnetosome-antibody complex. The magneto-
some-antibody complex conjugated with Salmonella (10', 102 103, 10°,
and 107 CFU/mL) was plated on MacConkey agar. Controls (10%, 10%,
103, 10°, and 107 CFU/mL) containing pure culture in water or milk
sample were also platted (Scheme 1).

Capture efficiency

Number of viable cell: tured,
= humber ol viable cells capture /Number of viable cells in an original dilution X 100 (])
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Scheme 1. Schematic illustration of lipopolysaccharide and Salmonella typhimurium detection using magnetosome-anti-Salmonella antibody complex.

3. Results
3.1. Extraction and characterization of the magnetosomes

Magnetosome was extracted from Magnetospirillum sp. RJS-1 which
yielded 4-6 mg of magnetosome per 1 L of culture. FE-SEM confirmed
that magnetosome was in the nano-size range (Fig. 1A) and uniform
size distribution. TEM demonstrated the cubo-octahedral shape of
magnetosome (Fig. 1B). The EDS analysis showed that magnetosome
contain iron in it, which represents, they belong to magnetite (Fig. 1C).

3.2. ELISA for detecting lipopolysaccharide without magnetosomes

An ELISA was performed to detect lipopolysaccharide using dif-
ferent concentrations of lipopolysaccharide (0.01-5 pg/mL), anti-
Salmonella antibody (0.08-200 pg/mL) and HRP-conjugated secondary
antibody (0.1-1 pg/mL). For lipopolysaccharide, 0.01 pg/mL was se-
lected as the standard concentration. The concentrations of anti-
Salmonella antibody and HRP-conjugated secondary antibodies were
optimized and determined to be 4 and 0.2 ug/ml, respectively (Fig. S1).

3.3. Binding of magnetosome to anti-Salmonella antibodies

Conjugation of the anti-Salmonella antibody with magnetosome was
confirmed by the absorbance spectra. For 1 mg/mL magnetosome, the
average absorbance of the magnetosome-antibody complex (0.214) was
higher than that of magnetosome (0.171) or antibody alone 0.104 (Fig.

S2A). Similarly, at 2 mg/mL magnetosome, the average absorbance of
the magnetosome-antibody complex (0.248) was higher than magne-
tosome (0.191) or antibody alone (0.104; Fig. S2B). The difference in
the absorbance of the complex compared to the components alone
confirmed magnetosome antibody binding.

EIS was performed with the 2 mg/mL stock of magnetosome be-
cause the conjugate showed higher absorbance. The bare carbon elec-
trode exhibited an Rey value of 285 Q, whereas the antibody (0.8 pg/
mL)-coated electrode showed a two-fold increase (Rer = 564 Q;
Fig. 2A, Table S1). The Ry value of the magnetosome was 978 Q, and
that of the magnetosome-antibody (0.8 pg/mL) complex was 1202 Q.
As the Rcr value of the magnetosome-antibody complex was higher
than the magnetosome only and two-fold higher than the antibody
only, this indicated that the magnetosome effectively coupled with the
antibody (Fig. 2A, Table S1).

EIS was performed at different concentrations of anti-Salmonella
antibody (0.8-200 pug/mL) and magnetosome-anti-Salmonella antibody
(0.8-200 pg/mL) complex. The highest concentration of antibody
(200 pg/mL) showed a Ry value of 2064 Q, which was higher than the
Rer values at the lower concentrations, which were 1468, 996, 852, and
591 Q at 40, 4, 1.6, and 0.8 pg/mL, respectively (Fig. 2B, Table S2),
demonstrating a decrease in Rcr value with decreasing antibody con-
centration. The magnetosome-antibody complex at 200 pg/mL ex-
hibited a high Rt value of 4154 Q, whereas the values at 40 and 4 pg/
mL were 3295 and 2082 Q, respectively (Fig. 2C, Table S3) and the
values at 1.6 and 0.8 pug/mL were 1492 and 1184 Q, respectively. The
calibration graphs (Fig. 2B and C) clearly show a linear relationship
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Fig. 1. (A): FE-SEM image showed the uniform morphology of magnetosomes at 100 nm scale bar. (B) TEM image showed the cubo-octahedral shape of magne-
tosomes at 5 nm scale bar. (C) EDS analysis of magnetosomes confirms the presence of iron.

between concentration and Rcy value, with a regression coefficients of
0.984 and 0.991. Thus, the higher the concentration of antibody, the
higher the resistance was obtained.

FTIR analysis of antibody showed two stretches at 3221.12 cm ™! for
O—H bond and 1649.14 cm ™! for N—H bond representing the o helix
structure of the protein. A dominant peak at 1062.78 cm ™' represents
the C—N bond of amide I in proteins and 981.77 cm™?! for amide IV.
The peak at 852.54 cm ™! shows hydrogen bonding while the peak at
611.43 cm ™! represents amide IV with O=C-N deformation. The peak
at 518.85 cm ™! shows amide VI bonds (Fig. 2D).

FTIR analysis of magnetosome showed stretches at 3273.20 cm ™
for O—H bond, 3076.45 cm ™! and 3028.24 cm ™! representing C—H
bond for unsaturated fatty acids. Stretches at 2924.09 cm™?,
2852.72 cm ™! and 1462 cm™' for C—H bond, 1629.80 cm~' and
528.50 cm~! for Fe—O bond, 1047.35 cm ™! for C=0 bond and
2852.72 cm ™! representing methylene group in membrane lipids were
also observed in FTIR spectrum of magnetosome (Fig. 2D). Fe—O bond

1

represents the magnetic nature of the magnetosome. Amide vibration
was evident in 1525.69 cm ™~ ' wavelength. Stretches at 1402.26 cm ™!
showed the presence of C=0-lipids while 864.11 cm ™' showed C=0
and C—C vibration.

The successful binding of antibody on the surface of magnetosome
can be confirmed by FTIR analysis. There was a shift in stretching vi-
bration from 3273.20 cm ™! to 3278.99 cm ™! in magnetosome-anti-
body complex depicting the formation of amide A bonds. The additional
peak at 2958.80 cm ™! showing the C—H vibration was also observed.
The prominent stretches at 1643.36 cm~! (C=0 stretch) and
1535.34 cm ™! (N—H bend with C—N stretch) representing amide I and
amide II respectively were present in addition to 1242.16 cm™?,
1076.28 cm ™' and 987.55 cm ™. This might be due to the covalent
attachment of magnetosome to the amine-terminated surface of anti-
body. Upon attachment of antibody on the surface of magnetosome, few
additional peaks 1454.33 cm ™! representing CH, and 1398.39 cm ™!
representing carbonyl groups were observed.
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Fig. 2. (A): Nyquist plot obtained for the interaction of anti-Salmonella antibody (0.8 pg/mL) with magnetosome (2 mg/mL).
(B): Nyquist plot obtained for various concentrations of anti-Salmonella antibody (0.8-200 ug/mL) with a calibration plot of AR with log (Cantibody)-
(C): Nyquist plot obtained for various concentrations of magnetosome-anti-Salmonella antibody complex (0.8-200 pg/mL) with a calibration plot of AR, with log

(Cpag-Antibody)-
(D): FTIR analysis of antibody, magnetosome and magnetosome-antibody complex.

Zeta potential of magnetosome was negative (—14.4 mV) due to the
negative groups present in the lipid bilayer membrane. The antibody,
on the other hand, showed similar zeta potential (—14.6 mV) con-
firming its stable nature. However, the coupling of magnetosome to
antibody increased the zeta potential value (—17.3 mV). The increase
in zeta potential value proved magnetosome-antibody complex to be
more stable than the unconjugated ones.

3.4. Screening of lipopolysaccharides with magnetosome-antibody complex

3.4.1. Attachment of lipopolysaccharides
Salmonella antibody complexes

The interaction of magnetosome (1 or 2 mg/mL)-anti-Salmonella
antibody complexes with lipopolysaccharide was evaluated. The ab-
sorbance of the magnetosome (1 mg/mL)-antibody (200 pg/mL) with
lipopolysaccharide (0.294) was higher than the absorbance of the
magnetosome-antibody (200 pg/mL) complex alone (0.264) and

with  magnetosome-anti-
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Fig. 2. (continued)

0.01 pg/mL lipopolysaccharide alone (0.055; Fig. S3A). The absorbance
of the magnetosome (2 mg/mL) - antibody (200 pg/mL) complex with
lipopolysaccharide (0.324) was higher than the absorbance of the an-
tibody complex alone (0.296) and 0.01 pg/mL lipopolysaccharide alone
(0.055; Fig. S3B). This absorbance difference indicated that lipopoly-
saccharide interacts with the magnetosome-antibody complex. A si-
milar interaction was also observed at other concentrations of magne-
tosome-antibody complexes (0.8-40 pg/mL) and lipopolysaccharides.

3.4.2. ELISA based detection of lipopolysaccharides using magnetosome-
anti-Salmonella antibody complexes

Magnetosome (1 or 2 mg/mL) conjugated to anti-Salmonella anti-
body (0.8-200 pg/mL) were used in this assay, along with un-
conjugated anti-Salmonella antibody (0.8-200 pg/mL). A magnetosome
(2 mg/mL)-antibody (4 pg/mL) complex showed good absorbance
(1.791). Lower concentrations of anti-Salmonella antibody (1.6, 2 and
2.6 ug/mL) conjugated to 2 mg/mL magnetosome also showed good
absorbance at ~0.632. In comparison, magnetosome at 1 mg/mL con-
jugated to anti-Salmonella antibody at 0.8-200 pg/mlL showed lower
absorbance values. The lower concentrations of magnetosome (at 1 mg/
mL)-antibody (at 1.6, 2, 2.6, and 4 pg/mL) complex also showed very
low absorbance (0.137). The lower concentrations of uncoupled anti-
body (1.6, 2, 2.6 and 4 ng/mL) also showed low absorbance (0.234).
This illustrates that magnetosome-antibody complex with 2 mg/mL
magnetosome and 0.8-200 pg/mL antibody detected lipopoly-
saccharide more efficiently than the complex with 1 mg/mL magneto-
some or antibody alone (0.8-200 pg/mL; Fig. S4A). The lowest con-
centration of lipopolysaccharide (0.001 pg/mL) could be detected by
using the complex of 2 mg/mL magnetosome and 1.6 pg/mL antibody
in ELISA. Further, a marked difference in absorbance (0.447) was ob-
served between this magnetosome-antibody (2 mg/mL/1.6 ug/mL)
complex and the uncoupled antibody at 1.6 pg/mL. In the ELISA, there
was an approximately 60% decrease in anti-Salmonella antibody usage
when magnetosome was included. The graph in Fig. 3A shows the ab-
sorbance values at various antibody concentrations (0.8-200 pg/mL)
without or with magnetosome (1 and 2 mg/mL), which showed a linear
relationship with antibody concentration, with regression coefficients
of 0.951, 0.976, and 0.963, respectively.

An ELISA was also performed using magnetosome-anti-Salmonella
antibody complexes to detect lipopolysaccharide at different con-
centrations (0.001-5 pg/mL). Lipopolysaccharide at 0.001 pg/mL was
detected with magnetosome (2 mg/mL)-antibody (4 pg/mL) complex
which showed higher absorbance (0.534) than 4 pg/mL antibody alone
(0.345). Further, the magnetosome-antibody complex could detect
0.001 pg/mL lipopolysaccharide, whereas the antibody alone could
only detect 0.005 pg/mL lipopolysaccharide. Thus, the complex showed
higher sensitivity than the antibody alone (Fig. S4B). The graph in
Fig. 3B shows the absorbance values at various concentrations of li-
popolysaccharide detected by 4 ug/mL antibody alone or in complexed
with magnetosome (1 and 2 mg/mL), which showed a linear relation-
ship, with regression coefficients of 0.967, 0.981, and 0.992, respec-
tively.

3.5. Electrochemical impedance (EIS) measurement to detect
lipopolysaccharide

The bare electrode showed small semi-circle in the high-frequency
range, and a straight line in the lower frequency range, with a Warburg
impedance (Fig. 4A). The Warburg resistance confirms the transfer of
electrons on the electrode, indicating diffusion. The Rcr value of the
anti-Salmonella antibody (0.8 pg/mL) was 509 2, whereas in the pre-
sence of lipopolysaccharide (0.01 pg/mL) the value increased two-fold
to 1208 Q (Fig. 4A; Table S4). The transfer of electrons on the electrode
surface after the addition of lipopolysaccharide occurred through
charge transfer rather than diffusion (Fig. 4C and D). Interaction be-
tween lipopolysaccharide (0.01 pg/mL) and the magnetosome-antibody
complex (at 2 mg/mL and 0.8 pug/mL, respectively) led to a two-fold
higher Rcr value (2040 Q) than the magnetosome-antibody complex
alone (1312 Q; Fig. 4A, Table S4).

The interaction of magnetosome-anti-Salmonella antibody (2 mg/
mL-0.8 pug/mL) complex with various concentrations of lipopoly-
saccharide (0.001-0.1 pg/mL) was studied. The highest concentration
of lipopolysaccharide (0.1 pg/mL) showed very high resistance, with an
Rcr value of 3254 Q. The other concentrations of lipopolysaccharides
showed concurrent decrease in R¢r value with decreased concentration
(0.05 pg/mL - 2820 €, 0.01 pg/mL - 2057 Q, 0.005 ug/mL - 1483 Q,
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Fig. 2. (continued)

and 0.001 pg/mL - 1226 Q) (Fig. 4B; Table S5). The calibration graph
(Fig. 4B) at varying concentrations of lipopolysaccharide shows a linear
relationship, with a regression coefficient of 0.960. The circuit diagram
shows that the electron transfer that occurred on the surface of the
electrode after lipopolysaccharide modification was due to charge
transfer (Fig. 4D). These results confirmed the detection of lipopoly-
saccharide using the magnetosome-antibody complex.

3.6. Detection of lipopolysaccharide from contaminated samples using
ELISA

The magnetosome-anti-Salmonella antibody (2 mg/mL-0.8 pg/mL)
complex was more sensitive than the antibody alone (0.8 ug/mL) for
detecting the lipopolysaccharide extracted from S. typhimurium-infected
sample (Fig. 5A). The absorbance of the magnetosome-antibody com-
plex (1.246) was comparatively higher than that of the antibody alone
(1.112) in a S. typhimurium-infected water sample. Similarly, the

magnetosome-antibody complex (1.249) showed higher absorbance
than antibody alone (0.547) in a S. typhimurium-infected milk sample.
Uninfected water and milk samples showed a minimum reaction with
the antibody and magnetosome-antibody complex. Lipopolysaccharide
extracted from S. typhimurium-infected sample was successfully de-
tected on an SPCE using the magnetosome-antibody (2 mg/mL-0.8 pg/
mL) complex as S. typhimurium-infected milk and water samples showed
a two-fold increase in resistance with Rcr values of 2846 Q (water) and
3290 Q (milk), compared to that of the corresponding controls
(Rer = 1648 Q for water and 1954 Q for milk; Fig. 5B, Table S6).

The cross-reactivity of the magnetosome-antibody complex using
proteins from three other pathogens verified the specificity of the
sensor. Among the four tested pathogens, the magnetosome-antibody
complex showed maximum reactivity in the S. typhimurium-infected
homogenized milk sample with ARc/Rcr of 1 Q (Fig. 5C). The results
also indicated insignificant interaction of magnetosome-antibody
complex with proteins from other pathogens.
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Fig. 3. (A): Inset: variation of absorbance with log (Cantibody)- All the concentrations ranging from 0.8-200 ug/mL with 2 mg/mL concentrations of magnetosome

efficiently detected the lipopolysaccharide compared to others.

(B): Inset: variation of absorbance with log (Ciipopolysaccharide)- All the concentrations of lipopolysaccharide (0.001-5 pg/mL) was efficiently detected in 2 mg/mL

concentration of magnetosome with antibody (0.8 pg/mL) compared to others.

3.7. EIS to detect Salmonella typhimurium in food samples and a capture
efficiency assay

The magnetosome-antibody (2 mg/mL-0.8 pg/mL) complex could

detect S. typhimurium in both water and milk. The sensitivity of the
technique was high, as it could detect 10' CFU/mL in water and milk.
The Rcr values in water increased with increasing concentration of cells
(1975, 2254, 2322, 2402, 2589, 2854, and 3017 Q at 10-fold dilutions
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Fig. 4. (A): Nyquist plot for the interaction of anti-Salmonella antibody (0.8 pg/mL) and magnetosome (2 mg/mL)-anti-Salmonella antibody (0.8 pug/mL) complex

with lipopolysaccharide (0.01 pg/mL).

(B): Nyquist plot for the interaction of magnetosome (2 mg/mL)-anti-Salmonella antibody complex (0.8 pg/mL) with various concentration of lipopolysaccharide

(0.001-0.1 ug/mL) and calibration of AR, with log (Ciipopolysaccharide)-

(C): A circuit model of electrode representing bare, (D) modification with magnetosome-anti-Salmonella antibody complex and lipopolysaccharide.

from 10" to 10”7 CFU/mL, respectively; Fig. 6A, Table S7). Similarly, the
Rcr values in milk were directly proportional to the increasing con-
centration (at 1453, 1757, 1994, 2143, 2244, 2562, and 2845 Q, re-
spectively; Fig. 6B, Table S8). The calibration graphs show a linear
relationship between concentration and Rcr value, with regression
coefficients of 0.974 and 0.982 for water and milk respectively. The
controls for water and milk both showed low resistance.

The FE-SEM analysis revealed that the magnetosome-antibody

10

complexes were imbedded over rod shaped S. typhimurium (Fig. 6C).
This confirms the positive interaction of magnetosome-antibody com-
plex with S. typhimurium. The capture efficiency of the magnetosome-
antibody complex in the milk and water samples was greater in samples
with high cell counts. In milk, the capture efficiency was > 90% at all
tested concentrations, whereas in water, the capture efficiency was
moderate (Table S9).
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milk sample

Magnetosomes have gained the much interest among the re-
searchers in the field of biotechnology [66]. The lipid bilayer of the
magnetosome imparts a unique ability to directly bind to biomolecules
[67]. However, commercial applications of magnetosome are yet to be
exploited. Here, we present the development of a magnetosome-based
biosensor and for the detection S. typhimurium lipopolysaccharide.
Previous studies exploring the biotechnological application of magne-
tosome focused on the reported strains MSR-1, AMB-1, MS-1 and MV-1
[68-71]. In contrast, our study focused on the use of magnetosome
extracted from the novel strain Magnetospirillum sp. RJS-1 [56].

Although nanoparticles provide a specific surface for biomolecule
reactions, they have several drawbacks [72,73] mainly the instability of
biomolecule attachment [74]. Thus, wide ranges of linker molecules
have been implemented; however, this complicates the process and
affects the biomolecule binding reactions [75-77]. In our study, we
directly conjugated magnetosome to Salmonella-specific polyclonal an-
tibodies which was confirmed by spectroscopy and impedimetric ana-
lysis. Direct coupling of the antibody to the magnetosome simplifies the
reaction and eliminates the use of linker molecules, which significantly
reduces cost and time. The magnetosome antibody conjugates were
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Fig. 5. Detection of Salmonella typhimurium from homogenized water and milk sample using magnetosome (2 mg/mL)-antibody (0.8 pg/mL) complex in (A) ELISA

(B) EIS. (C) Cross-reactivity assay.
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Fig. 6. (A): Nyquist diagrams for the interaction of magnetosome (2 mg/mL)-antibody (0.8 pg/mL) complex with various concentrations of Salmonella typhimurium in

the water sample.

(B): Nyquist diagrams for the interaction of magnetosome (2 mg/mL)-antibody (0.8 pg/mL) complex with various concentrations of Salmonella typhimurium in the

milk sample.

(C): FE-SEM image of Salmonella typhimurium interacting with the magnetosome-antibody complex in milk sample at 200 nm scale bar.
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Fig. 6. (continued)

relatively stable due to negative zeta potential value [78]. Our process
is a simple method that uses minimal buffer and can be completed
within 24 h.

In our study, lipopolysaccharide bound to the magnetosome-anti-
Salmonella antibody complex, which was confirmed by spectroscopy
analysis. ELISA was also performed to detect lipopolysaccharide by
using the magnetosome-antibody complex. The concentration of mag-
netosome-antibody complex required to detect lipopolysaccharide in
the ELISA was reduced to 60% of the concentration of antibody re-
quired. Previous studies used higher concentrations of anti-Salmonella
antibodies (500 pg/mL) conjugated to magnetic nanoparticles [79].
However, in the present study, magnetosome-bound anti-Salmonella
antibody at 1.6 pg/mL was sufficient to detect lipopolysaccharide.
Therefore, ours is a more cost-effective approach because the antibody
concentration was considerably reduced. In addition, a lower con-
centration of lipopolysaccharide (0.001 pg/mL) could be detected when
the magnetosome-antibody complex was employed; thereby, elevating
the sensitivity of the ELISA by 50%. Lee et al. [80] developed a 1-day
ELISA to detect Salmonella; however, the minimum concentration for
detection was 1 pg/mL. The modified ELISA presented in our study is
easy to perform with some alterations, and the samples can be stored
for a long time without affecting the assay, offering a better alternative
to the traditional assay.

Despite the demonstrated increased sensitivity of the ELISA, such
magnetosome applications are restricted to the laboratory scale.
Therefore, the present research focused on the development of a mag-
netosome-based biosensor. Biosensors are well suited for the detection
of lipopolysaccharide in food samples [81,82]. To develop a magneto-
some-based biosensor, a magnetosome-anti-Salmonella antibody com-
plex was applied to an SPCE to detect lipopolysaccharide by EIS. In
previous studies, a tedious process was required for antibody im-
mobilization on the electrode surface, which involved the use of various
chemicals and reagents [84]. In our approach, the use of magnetosome
stabilizes the antibody on the surface of the working electrode by using
an external magnetic field. In addition, the SPCEs are easy to handle
and the need for sophisticated instrumentation is eliminated [83,85].
The antigen-antibody reaction is also well monitored on the surface of
the carbon electrode [19].

The interaction of the magnetosome-antibody complex with lipo-
polysaccharide was verified by EIS. The increase in resistance during
binding demonstrated interaction between the antibody and lipopoly-
saccharide in the presence of magnetosome. Further, the transfer of
electrons on the surface of the modified electrode was shown to occur
through charge transfer rather than diffusion. The charge transfer of
electrons indicates interaction between lipopolysaccharide and the
magnetosome-antibody complex. The detection of lipopolysaccharide
by EIS is a rapid process that only took 4 h, unlike ELISA, which usually
takes 24 h [86]. In addition, EIS requires a minimum number of re-
agents, with a maximum volume of 15 pL, whereas the minimum
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volume of antigen and antibody required for ELISA is 100 pL [87]. The
graphs of the interaction of the magnetosome-antibody complex with
various concentrations of lipopolysaccharide (0.001-5 pg/mL) by
ELISA (0.992) and EIS (0.960) showed linearity. The minimum time
required for EIS and the minimal amount of reagents used demon-
strated that it is a rapid and cost-effective approach. The minimal
concentration of antigen could be easily measured as an increase in
resistance, which demonstrates the sensitivity of the approach.

The prospective magnetosome-based biosensor for detecting S. ty-
phimurium was further tested by using food and water samples. The
infected samples were homogenized, and the presence of lipopoly-
saccharide was confirmed by ELISA. The magnetosome (2 mg/mL)
conjugated to a minimum concentration of anti-Salmonella antibody
(0.8 pg/mL) was able to detect the extracted lipopolysaccharides. Cho
and Irudayaraj [88] immobilized gold particles with a high con-
centration of antibody (15 pg/mL) to detect lipopolysaccharides via
ELISA. Although, positive results were obtained in ELISA, the EIS de-
tected the presence of extracted lipopolysaccharides in both water and
milk within 30 min. However, the water and milk samples contained
other proteins, and thus, the specificity of the magnetosome-antibody
complex for infected samples were confirmed in a cross-reactivity assay.
Gold nanoparticles based biosensors are costly and lagging behind in
functioning than magnetic nanoparticle based biosensors [89]. Mag-
netosome with magnetic nature in it, proves advantageous in our study.

The developed biosensor was further used to detect S. typhimurium
in real water and milk samples. A wide range of Salmonella cells
(10*-107 CFU/mL) were directly detected in infected water and milk
within 30 min. Previous studies showed similar results, with a detection
range of 10! to 10® CFU/mL [63,90]; however, the magnetosome-based
biosensor used in our study was most rapid and simple. The FE-SEM
analysis also confirmed the interaction of magnetosome-antibody
complex with S. typhimurium in milk sample. Moreover, our magneto-
some-antibody complex detection method could capture 90% of the
cells from water and milk samples which validated results of our study.
In future studies, this rapid, cost-effective, sensitive, and specific
magnetosome-based biosensor could be further enhanced by devel-
oping miniature portable, user- friendly devices. These devices could be
easily implemented on a commercial scale to directly detect pathogens
in food, water, and other sources.

5. Conclusions

The magnetosome (2 mg/mL)-anti-Salmonella antibody (0.8 ug/mL)
complex designed in our study was effective for lipopolysaccharide
detection. The modified ELISA was more cost efficient (60%), sensitive
(50%), and rapid than traditional assays. The interaction of the mag-
netosome-antibody complex with lipopolysaccharide was studied on a
SPCE by EIS, and the minimum concentration of lipopolysaccharide
detected was 0.001 pg/mL. This magnetosome-based biosensor could
rapidly detect extracted lipopolysaccharide and directly detect S. ty-
phimurium in water and milk within 30 min. The prototype model is
rapid, cost—effective, sensitive, and specific for the detection of S. ty-
phimurium. In future research, the model could be further applied on a
commercial scale for the rapid detection of pathogens.
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