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ased magneto-electrochemical
sensors/biosensors for ensuring food safety: recent
progress and challenges in environmental
protection
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Mohammad-Ali Hoseinpourefeizia and Farzad Seidi d

Foodborne diseases have arisen due to the globalization of industry and the increase in urban population,

which has led to increased demand for food and has ultimately endangered the quality of food. Foodborne

diseases have caused some of the most common public health problems and led to significant social and

economic issues worldwide. Food quality and safety are affected by microbial contaminants, growth-

promoting feed additives (b-agonists and antibiotics), food allergens, and toxins in different stages from

harvesting to storage and marketing of products. Electrochemical biosensors, due to their reduced size

and portability, low cost, and low consumption of reagents and samples, can quickly provide valuable

quantitative and qualitative information about food contamination. In this regard, using nanomaterials can

increase the sensitivity of the assessment. Magnetic nanoparticle (MNP)-based biosensors, especially, are

receiving significant attention due to their low-cost production, physicochemical stability, biocompatibility,

and eco-friendly catalytic characteristics, along with magnetic, biological, chemical and electronic sensing

features. Here, we provide a review on the application of iron-based magnetic nanoparticles in the

electrochemical sensing of food contamination. The types of nanomaterials used in order to improve the

methods and increase the sensitivity of the methods have been discussed. Then, we stated the advantages

and limitations of each method and tried to state the research gaps for each platform/method. Finally, the

role of microfluidic and smartphone-based methods in the rapid detection of food contamination is

stated. Then, various techniques like label-free and labelled regimes for the sensitive monitoring of food

contamination were surveyed. Next, the critical role of antibody, aptamer, peptide, enzyme, DNA, cells and

so on for the construction of specific bioreceptors for individual and simultaneous recognition by

electrochemical methods for food contamination were discussed. Finally, integration of novel technologies

such as microfluidic and smartphones for the identification of food contaminations were investigated. It is

important to point out that, in the last part of each sub-section, attained results of different reports for

each strategy were compared and advantages/limitations were mentioned.
1. Introduction

As the world's population grows, food safety is identied as one
of the most vital human preferences. The industrialization of
food and agriculture is a strategy that guarantees sustained
access to food.1 However, food quality and safety are affected by
microbial pollutants (such as bacterial pathogens, fungal, and
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viral contaminants), chemical contaminants (such as pesti-
cides, veterinary drugs including antimicrobials, hormones,
and growth-promoting), physical contaminants (such as pieces
of plastic, metal, hair, stone, or plant stalks), growth promoting
feed additives (b-agonists and antibiotics), food allergens, and
toxins2,3 in different stages from harvesting to storage and
marketing of products. On the other hand, proteers are always
trying to endanger the health of society because they are looking
for different strategies to make more prot by reducing
production costs through fraud. Foodborne diseases have
arisen due to the globalization of industry and the increase in
urban population, which has led to increased demand for food
and has ultimately endangered the quality of food. Foodborne
diseases have caused some of the most common public health
problems and led to signicant social and economic issues
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http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra07415j&domain=pdf&date_stamp=2023-04-24
http://orcid.org/0000-0003-4918-1239
http://orcid.org/0000-0001-5510-9554
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07415j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013019


T
ab

le
1

T
h
e
ty
p
e
s
o
f
fo
o
d
co

n
ta
m
in
at
io
n
s
st
u
d
ie
d
u
si
n
g
th
e
e
le
ct
ro
ch

e
m
ic
al

se
n
so

rs
b
as
e
d
o
n
ir
o
n
m
ag

n
e
ti
c
b
e
ad

s

T
yp

e
of

co
n
ta
m
in
at
io
n

R
ea
l
sa
m
pl
e

A
n
al
yt
e

N
an

om
at
er
ia
l

R
an

ge
of

co
n
ce
n
tr
at
io
n

Li
m
it
of

de
te
ct
io
n

R
ef
.

M
ic
ro
bi
al

W
at
er

an
d
ap

pl
e

ju
ic
e

Es
ch
er
ic
hi
a
co
li
(E
.
co
li
),

St
ap

hy
lo
co
cc
us

au
re
us

(S
.
au

re
us
)

an
d
Sa

lm
on

el
la

ty
ph

im
ur
iu
m

(S
.

ty
ph

i)

m
ag

n
et
it
e
n
an

op
ar
ti
cl
es

an
d

an
ti
m
ic
ro
bi
al

pe
pt
id
e
m
el
it
ti
n

(M
LT

)

1
C
FU

m
L−

1
in

po
ta
bl
e
w
at
er

an
d

3.
5
C
FU

m
L−

1
in

ap
pl
e
ju
ic
e

50

M
il
k

Sa
lm

on
el
la

ty
ph

im
ur
iu
m

m
ag

n
et
ic
-g
ol
d
co
re
/s
h
el
l

n
an

op
ar
ti
cl
es

(F
e@

A
u)

an
d
C
dS

N
C
s

0.
1
to

50
0
ce
lls

pe
r
m
L

13
ce
lls

pe
r
m
L

51

—
G
ra
m
-n
eg
at
iv
e
ba

ct
er
ia
l
qu

or
um

si
gn

al
in
g
m
ol
ec
ul
es

Fe
3
O
4
@
Si
O
2

2.
5
×

10
−9

m
ol

L−
1
to

1.
0
×

10
−7

m
ol

L−
1

8
×

10
−1

0
m
ol

L−
1

52

—
Es
ch
er
ic
hi
a
co
li
O
15

7:
H
7
an

d
Sa

lm
on

el
la

ty
ph

im
ur
iu
m

M
ag

n
et
it
e
be

ad
10

2–
10

6
cf
u
m
L−

1
2.
05

×
10

3
C
FU

g−
1
an

d
1.
04

×
10

3

cf
u
m
L−

1
fo
r
E.

co
li
O
15

7:
H
7
an

d
S.

ty
ph

im
ur
iu
m

62

Fo
od

/w
at
er

E.
co
li
O
15

7:
H
7

M
ag

n
et
it
e
n
an

op
ar
ti
cl
e

10
1
to

10
6
C
FU

m
L

—
63

Li
st
er
ia

M
ag

n
et
ic

n
an

op
ar
ti
cl
es

(M
N
Ps

)
go

ld
n
an

op
ar
ti
cl
es

(A
uN

Ps
)

1.
6
×

10
2
C
FU

m
L−

1
1.
6
×

10
2
C
FU

m
L−

1
65

Se
af
oo

d
V
ib
ri
o
pa

ra
h
ae
m
ol
yt
ic
us

M
oS

2
n
an

os
h
ee
ts

10
–1
06

C
FU

m
L−

1
5.
74

C
FU

m
L−

1
66

Es
ch
er
ic
hi
a
co
li
O
15

7:
H
7
an

d
St
ap

hy
lo
co
cc
us

au
re
us

A
lu
m
in
a
n
an

op
or
ou

s
—

10
2
C
FU

m
L−

1
67

A
lle

rg
en

O
va
lb
um

in
M
ag

n
et
ic

pa
rt
ic
le
s
fu
n
ct
io
n
al
iz
ed

w
it
h
sp

ec
i
c
an

ti
-o
va
lb
um

in
im

m
un

og
lo
bu

li
n
G

11
to

22
2
n
M

5
n
M

75

Fo
od

st
u
ff
s

Sh
ri
m
p
an

d

sh

Fe
3
O
4
–S
iO

2-

uo

re
sc
ei
n

is
ot
h
io
cy
an

at
e
(F
IT
C
)-
li
pi
do

so
m
e

n
an

op
ar
ti
cl
es

1.
6
×

10
3
to

1.
6
×

10
1
0

ce
lls

pe
r
m
L

0.
03

m
g
m
L−

1
(f
or

sh
ri
m
p)

an
d

0.
16

n
g
m
L−

1
(f
or


sh

)
63

Po
ta
to
es

A
cr
yl
am

id
e

Ir
on

m
ag

n
et
ic
-c
h
it
os
an

-
h
em

og
lo
bi
n
n
an

op
ar
ti
cl
es

10
to

17
1
n
m
ol

L−
1

0.
06

n
m
ol

L−
1

76

W
in
e
sa
m
pl
e

E
gg

al
le
rg
en

ov
al
bu

m
in

Po
ly
(d
ia
lly

ld
im

et
h
yl
am

m
on

iu
m

ch
lo
ri
de

),
G
O
,m

ag
n
et
ic

be
ad

s
0.
01

to
10

pg
m
L−

1
0.
2
fg

m
L−

1
78

Pe
st
ic
id
e

—
M
es
ot
ri
on

e
Y
tt
ri
um

ir
on

ga
rn
et

(Y
3F

e 5
O
1
2
;

Y
IG

)
an

d
gr
ap

h
it
ic

ca
rb
on

n
it
ri
de

(G
C
N
)
n
an

op
ar
ti
cl
es

—
95

0
pM

83

Su
d
an

I
M
ag

n
et
ic

Fe
3
O
4
n
an

op
ar
ti
cl
es

0.
01

to
1
m
M

an
d
1
to

20
m
M

0.
00

1
m
M

84

Fo
od

sa
m
pl
e

D
ic
h
lo
ro
di
ph

en
yl
tr
ic
h
lo
ro
et
h
an

e
(D

D
T
)

M
ag

n
et
ic

Fe
3
O
4
an

d
po

ly
do

pa
m
in
e

1
×

10
−1

1
to

1
×

10
−3

m
ol

L−
1

6
×

10
−1

2
m
ol

L−
1

85

V
eg
et
ab

le
sa
m
pl
e

A
ce
ph

at
e,

tr
ic
h
lo
rf
on

Fe
3
O
4
@
ca
rb
ox
yl
-f
un

ct
io
n
al
iz
ed

m
ul
ti
w
al
le
d
ca
rb
on

n
an

ot
ub

es
/

ch
it
os
an

n
an

oc
om

po
si
te

1.
0
×

10
−4

to
1.
0
×

10
−1

0
,1

.0
×

10
−5

to
1.
0

×
10

−1
1
M

6.
81

×
10

−1
1
M

fo
r
ac
ep

h
at
e
an

d
8.
94

×
10

−1
2
M

fo
r
tr
ic
h
lo
rf
on

86

M
et
h
yl

pa
ra
th
io
n

(S
iO

2
N
Ps

)
an

d
C
N
T
s

0.
3–
20

.0
m
M

an
d
20

.0
–

15
0.
0
m
M

0.
09

2
m
M

99

G
en

et
ic
al
ly

m
od

i
ed

or
ga

n
is
m
s

(G
M
O
)

—
So

yb
ea
n
ge
n
e

C
or
e–
sh

el
l
Fe

3
O
4
@
A
u
m
ag

n
et
ic

n
an

op
ar
ti
cl
es

0.
1
to

10
.0

n
M

0.
02

n
M

10
5

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 12760–12780 | 12761

Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

1/
30

/2
02

5 
5:

18
:5

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07415j


T
ab

le
1

(C
o
n
td
.)

T
yp

e
of

co
n
ta
m
in
at
io
n

R
ea
l
sa
m
pl
e

A
n
al
yt
e

N
an

om
at
er
ia
l

R
an

ge
of

co
n
ce
n
tr
at
io
n

Li
m
it
of

de
te
ct
io
n

R
ef
.

G
M
O

M
O
N
81

0
m
ai
ze

—
M
ag

n
et
ic

co
re
–s
h
el
l
Fe

3O
4
@
A
u

0.
25

–2
.5

n
M

0.
15

n
M

10
6

G
M
O

T
om

at
o

C
au

li

ow

er
m
os
ai
c
vi
ru
s
35

S
(C
aM

V
35

S)
ge
n
e

cM
W
C
N
T
s
an

d
A
u@

A
g–
Fe

3
O
4

1
×

10
−1

6
M

to
1
×

10
−1

0
M

1.
26

×
10

−1
7
M

10
7

G
M
O

M
ai
ze

M
ai
ze

ta
xo
n
-s
pe

ci

c
(H

M
G
A
ge
n
e)

Fe
3
O
4
@
A
u

0.
5
to

5
n
M

90
pM

10
8

G
ro
w
th

pr
om

ot
in
g
fe
ed

ad
d
it
iv
es

(b
-

ag
on

is
ts
)

—
R
ac
to
pa

m
in
e
(a

b
-a
dr
en

er
gi
c

ag
on

is
t)

Ir
on

ox
id
e
m
ag

n
et
ic

n
an

op
ar
ti
cl
es
/g
ra
ph

en
e
ox
id
e

(F
e 3
O
4
/r
G
O
)

0.
05

–1
0
an

d
10

–1
00

m
M

13
n
M

92

A
n
ti
bi
ot
ic

—
St
re
pt
om

yc
in

G
ra
ph

en
e
co
m
po

si
te
–F

e 3
O
4
–

A
uN

Ps
-p

or
ou

s
ca
rb
on

n
an

or
od

s
(P
C
N
R
)

0.
05

–2
00

n
g
m
L−

1
0.
02

8
n
g
m
L−

1
13

9

—
St
re
pt
om

yc
in

A
u@

M
W
C
N
T
s–
Fe

3
O
4
/N

P-
Pt
T
i

0.
05

to
10

0
n
g.

m
L−

1
7.
8
pg

.m
L−

1
13

8
—

Pe
n
ic
il
li
n

N
P-
Pt
T
i/
G
R
-F
e 3
O
4
/M

W
C
N
T
-F
e 3
O
4

0.
05

to
10

0
n
g
m
L−

1
25

.3
pg

m
L−

1
13

7
M
il
k

O
xy
te
tr
ac
yc
li
n
e

Fe
3
O
4
@
m
es
op

or
ou

s
ca
rb
on

fo
e

0.
00

5
to

1.
0
n
g
m
L−

1
0.
02

7
pg

m
L−

1
13

6
—

C
h
lo
ra
m
ph

en
ic
ol

M
ag

n
et
it
e
Fe

3O
4
n
an

op
ar
ti
cl
es

0.
09

–4
7
m
M

0.
09

m
M

12
9

M
il
k

T
et
ra
cy
cl
in
e

C
ar
bo

xy
l-F

e 3
O
4
n
an

op
ar
ti
cl
e

(M
N
Ps

)
an

d
ch

it
os
an

(C
S)

as
li
n
ke

r

0.
08

to
1
n
g
m
L−

1
0.
03

21
n
g
m
L−

1
13

0

—
T
et
ra
cy
cl
in
e

M
ag

n
et
ic

n
an

op
ar
ti
cl
es

m
od

i
ed

w
it
h
te
tr
ae
th
yl
or
th
os
il
ic
at
e
an

d
tr
im

et
h
ox
ys
il
yl

pr
op

yl
m
et
h
ac
ry
la
te

—
—

13
1

—
K
an

am
yc
in

A
g@

Fe
3O

4
N
Ps

0.
05

0
to

16
n
g
m
L−

1
15

pg
m
L−

1
13

2
C
h
lo
ra
m
ph

en
ic
ol

Fe
3
O
4
m
ag

n
et
ic

n
an

op
ar
ti
cl
es

0.
09

to
47

m
M

0.
09

m
M

13
3

In
dr
ug

,m
il
k,

h
on

ey
an

d
bl
oo

d
se
ru
m

sa
m
pl
e

T
et
ra
cy
cl
in
e

Fe
3
O
4
m
ag

n
et
ic
n
an

op
ar
ti
cl
es

an
d

ol
ei
c
ac
id

1.
0
×

10
−1

2
–1
.0

×
10

−7
M

an
d
3.
0
×

10
−1

3

M

2.
9
×

10
−1

1
M

13
4

—
K
an

am
yc
in

Fe
3
O
4
n
an

op
ar
ti
cl
es
,m

ul
ti
-w
al
le
d

ca
rb
on

n
an

ot
ub

es
(M

W
C
N
T
s)

1.
0
×

10
−1

0
m
ol

L−
1
to

1.
0
×

10
−6

m
ol

L−
1

2.
3
×

10
−1

1
m
ol

L−
1

13
5

Fo
od

T
et
ra
cy
cl
in
e
an

d
st
re
pt
og

ra
m
in

9.
22

an
d
6.
33

n
g
m
L−

1
14

1
T
ox
in

Fo
od

sa
m
pl
e

T
et
ro
do

to
xi
n

Fe
3
O
4
–A

u
m
od

i
ed

by
po

ly
-

(e
th
yl
en

im
in
e)

(B
PE

I)
fu
n
ct
io
n
al
iz
ed

gr
ap

h
en

e
n
an

os
h
ee
ts

0.
01

–1
00

n
g
m
L

—
14

2

C
or
n
sa
m
pl
e

A

at
ox
in

B
1

C
dS

–F
e 3
O
4
n
an

oc
om

po
si
te
s

0.
01

n
g
m
L−

1
to

80
n
g

m
L−

1
5.
0
pg

m
L−

1
−1

14
7

C
er
ea
l
sa
m
pl
e

A

at
ox
in

B
1

A
u–

Fe
3O

4
0.
05

to
5
n
g
m
L−

1
0.
07

n
g
m
L−

1
14

8
Fi
sh

Sc
om

br
ot
ox
in

(h
is
ta
m
in
e)

H
is
ta
m
in
e
m
ag

n
et
ic
-M

IP
,2

-v
in
yl

py
ri
di
n
e

—
1.
6
×

10
−6

m
g
L−

1
10

0

C
ow

m
il
k

A

at
ox
in

M
1

Fe
3
O
4
/P
A
N
i

6–
60

n
g
L−

1
1.
98

n
g
L−

1
14

9
M
il
k

St
ap

h
yl
oc
oc
ca
l
en

te
ro
to
xi
n
B

Po
ly
an

il
in
e
n
an

o-
go

ld
co
m
po

si
te

an
d
1,
2-
di
m
et
h
yl
-3
-

bu
ty
li
m
id
az
ol
iu
m

h
ex
a

uo
ro
ph

os
ph

at
e
io
n
ic

li
qu

id
,

m
ag

n
et
os
om

es
(F
e 3
O
4
)

0.
05

to
5
n
g
m
L−

1
0.
01

7
n
g
m
L−

1
15

0

12762 | RSC Adv., 2023, 13, 12760–12780 © 2023 The Author(s). Published by the Royal Society of Chemistry

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

1/
30

/2
02

5 
5:

18
:5

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07415j


T
ab

le
1

(C
o
n
td
.)

T
yp

e
of

co
n
ta
m
in
at
io
n

R
ea
l
sa
m
pl
e

A
n
al
yt
e

N
an

om
at
er
ia
l

R
an

ge
of

co
n
ce
n
tr
at
io
n

Li
m
it
of

de
te
ct
io
n

R
ef
.

N
uc

le
ot
id
e


sh

m
ea
t,
te
a

an
d
so

d
ri
n
ks

X
an

th
in
e
an

d
th
eo

ph
yl
li
n
e

Fe
3
O
4
/S
W
C
N
T
s

4.
0
n
M
–3

00
.0

m
M

an
d

0.
1–
30

0.
0
m
M

fo
r

X
an

th
in
e
an

d
T
h
eo

ph
yl
li
n
e

—
16

9

H
ea
vy

m
et
al

—
C
d(

II
)
an

d
Pb

(II
)

C
ar
bo

xy
l
ir
on

ox
id
e
n
an

op
ar
ti
cl
e

10
−1

00
pp

b
0.
90

an
d
0.
60

pp
b

17
2

Lo
ca
l
ta
p
w
at
er

Zn
( II
),
C
d(

II
),
an

d
Pb

(II
)

B
is
m
ut
h
pl
at
in
g
an

d
ir
on

ox
id
e

n
an

op
ar
ti
cl
e/
gr
ap

h
en

e
1–
10

0
m
g
L−

1
0.
11

,0
.0
8,

an
d
0.
07

pp
b

17
3

E
n
vi
ro
n
m
en

ta
l

w
at
er

C
d(

II
)
an

d
Pb

(II
)

Po
ly
am

id
oa

m
in
e
de

n
dr
im

er
,i
ro
n

ox
id
e
n
an

op
ar
ti
cl
e

0.
5
to

80
n
g
m
L−

1
0.
21

an
d
0.
17

pp
b

17
4

R
iv
er

w
at
er

an
d

so
yb

ea
n

C
d(

II
),
Pb

(II
),
C
u(

II
),
an

d
H
g(

II
)

Fl
uo

ri
n
at
ed

m
ul
ti
w
al
le
d
ca
rb
on

n
an

ot
ub

e
(M

W
C
N
T
),
ir
on

ox
id
e

n
an

op
ar
ti
cl
e

0.
5–
30

.0
,0

.5
–3
0.
0,

0.
5–

30
.0
,a

n
d
0.
5–
20

.0
m
M

fo
r
C
d2

+ ,
Pb

2
+
,C

u2
+ ,

an
d
H
g2

+ ,
re
sp

ec
ti
ve
ly

0.
05

,0
.0
8,

0.
02

,a
n
d
0.
05

n
M

17
5

© 2023 The Author(s). Published by the Royal Society of Chemistry

Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

1/
30

/2
02

5 
5:

18
:5

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
worldwide.4,5 Unfortunately, millions of people die from
unhealthy foods every year.1 Due to the increase in the quantity
and variety of food contaminants, the demand for rapid analysis
of food samples has increased.

Current methods for assessing food safety, such as cell
culture, microbiological techniques, and chemical assays, are
time consuming and require sample pretreatment steps.6–8 Also;
these methods are expensive and insensitive and require
considerable scientic expertise.9,10 Powerful analysis tech-
niques such as high-performance liquid chromatography and
gas chromatography combined with mass spectrometry detec-
tion are also time-consuming and require accurate and expen-
sive tools.11–14 Thus, the growing demand for easy and simple
analytical methods that can quickly provide valuable quantita-
tive and qualitative information increases the interest of
scientists in using electrochemical biosensors due to their
reduced size and portability, low cost and low consumption of
reagents and samples.15–19

Biosensing is performed based on an immobilized biological
recognition element on the surface of a signal transducer for
monitoring of target analytes. Considering the important role of
biomolecule immobilization in biosensing evaluation,
substrate materials such as the surface of electrodes should be
modied with materials with suitable functional groups that
effectively attach to target molecules with high binding
strength, excellent long-term stability, biocompatibility, and
high activity.20 In this context, using nanomaterials lead to
increase the surface-to-volume ratio and detection sensitivity.21

In this context, magnetic nanoparticles (MNPs)-based biosen-
sors are receiving signicant attention due to their low-cost
production, physicochemical stability, biocompatibility, and
eco-friendly characteristics,22 catalytic, magnetic, biological,
chemical, and electronic sensing features.23–26

MNPs may show many benets like low toxicity, controllable
size, and shape, coating or modication routes, larger surface
areas to the volume ratio, capability of promoting quicker elec-
tron transfer kinetic between the electrodes and higher catalytic
efficiencies.27 Iron oxide nanoparticles of size between 1 nm and
100 nm are mostly used. The most common iron oxide nano-
particles include magnetite (Fe3O4) and maghemite (g-Fe2O3)
nanoparticles. Among these iron oxide nanoparticles, magnetite
nanoparticles (MNPs) are extensively studied due to their unique
properties.28 Iron-based magnetic nanoparticles by increasing
the surface area to immobilize biomolecules, lead to a decrease
in the detection limit and play an important role in the moni-
toring analytes, especially in complex matrices. They eliminate
the need for sample pretreatment using centrifuge or chroma-
tography, thus reducing the reaction time, which may indicate
poor mass transfer to the biosensor or physical blockage of the
biosensor surface by non-specic adsorption.29 Most of iron-
based magnetic materials (MNPs), especially iron oxides, are
biocompatible and non-genotoxic; so, they can be applied widely
in biosensing devices for simple adsorption of biomolecules,
functionalized or encapsulated in polymers, metal or silica NPs,
carbon-based materials to enhance the biocompatibility and
increase the functionalities.30 They can be easily functionalized
with different surface functionalities including hydroxyl,
RSC Adv., 2023, 13, 12760–12780 | 12763
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aldehyde, carboxyl, amine, thiol or tosyl, and further biomolecule
modication (such as antibodies, oligonucleotides, proteins).
These features make them a valuable case for the recognizing
a variety of targets with high specicity.31

Various types of electrochemical tests can be used to evaluate
these targets, such as cyclic voltammetry (CV), differential pulse
voltammetry (DPV), square wave voltammetry (SWV), chro-
noamperometry (CA), electrochemical impedance spectroscopy
(EIS), linear sweep voltammetry (LSV). Also, different types of
electrodes can be used such as glassy carbon electrode (GCE),
screen-printed carbon electrode (SPCE), indium tin oxide elec-
trode (ITO), magnetic glassy carbon electrode (MGCE), strep-
tavidin modied screen printed electrode (STE), gold electrode
(GE), screen-printed gold electrode (SPCAu), and etc.32

Different types of chemical bonds such as hydrogen, van der
Waals, covalent, electrostatic, and dipole ion bonds can be
formed between different nanomaterials, as well as between
nanomaterials with the electrode surface on one side and target
molecules on the other side.33–49

In this review article, application of magnetic biosensors for
the electrochemical recognition of different types of food
contamination, such as microbial contamination, allergen,
pesticide, genetically modied organisms, growth-promoting
feed additives (b-agonists and antibiotics), toxin, other contam-
inants (estradiol, melamine, bisphenol, heavy metal, and etc.)
have been investigated. Then, the role of various technique like
label-free and labelled regime for the sensitive monitoring of
food contamination were surveyed. Next, the critical role of
antibody, aptamer, peptide, enzyme, DNA, cell and so on for the
construction of specic bioreceptors for the individual and
simultaneous recognition by electrochemical method of food
contamination were discussed. Finally, integration of novel
technologies such as microuidic and smartphones for the
identication of food contaminations were investigated. It is
important to point out that, on the last pant of each sub-section
attained results of different report for each strategy were
compared and advantage and limitation were mentioned.

Table 1 ref. 50–175 summarizes the types of food contami-
nation studied using the electrochemical sensors based on iron
magnetic beads.
2. Iron and iron-oxide magnetic
nanoparticle-based electrochemical
biosensors for the detection of
microbial contamination in food
sample

Foodborne illnesses caused by microbial pathogens represent
serious health problems and even death. Therefore, for early
diagnosis and effective treatment, it is critical the detection of
a specic bacteria strain, especially at very low concentrations
(fM or zM).34 The statistics and food poisoning caused by ve
species of bacteria in 2000 in the United States and the resulting
adult medical costs ($6.9 billion) and decrease in productivity
12764 | RSC Adv., 2023, 13, 12760–12780
and premature child death incidents can show the actual facts
and dimensions of the food health challenge.35

The most reported cases of gastrointestinal disease in the
United States in 2013 were associated with Campylobacter spp.,
with mortality rate of 15.6%.36 In 2012, the largest report of
foodborne illness in the EU was related to the outbreak of
norovirus, which affected 10 950 people.37 The most susceptible
populations to food-borne diseases include the very young, the
elderly, the immune-compromised,38 solid organ transplant
patients,39 and patients with immunodeciency or undergoing
immunosuppressive therapy.40 The other prominent pathogens
responsible for food outbreaks include viral pathogens such as
the avian inuenza viruses and SARS coronavirus, and parasites
such as numerous protozoa and parasitic worms.41 Thus, the
detection of pathogenic bacteria is crucial.40

Common methods used as the gold standard for detecting
bacterial contaminants in foods are including cell culture with
analysis of colony-forming units,42 enzyme-linked immunosor-
bent assays (ELISA),43,44 polymerase chain reaction (PCR),45 and
immune-chromatographic lateral ow assays (strip test).46

These methods are usually time-consuming, complex, and
expensive.47,48 Therefore, they do not fulll many industrial
requirements of food processing, efficient quality control and
shelf-life evaluation.49 Therefore, substantial efforts have been
made to develop new technologies that can meet such stringent
requirements, and electrochemical biosensors could possibly
overcome the limitations of these methods. In this subsection
application of various type of magneto-electrochemical sensors
and biosensor for the recognition of microbial food contami-
nations was investigated. Also, the role of detection method/
technique and magnetic nanoparticle or nanocomposite for
the enhance of sensors performance were discussed. Finally,
advances and limitation of different strategies were surveyed.

For example, Wilson and coworkers50 proposed a novel
electrochemical method based on magnetite nanoparticles,
antimicrobial peptide melittin (MLT) and using silver screen-
printed interdigitated electrodes for the detection of Staphylo-
coccus aureus (S. aureus), Escherichia coli (E. coli), and Salmonella
Typhimurium in water and apple juice. In this method, MLT as
a biorecognition element was immobilized on the surface of
MNPs-carboxylated particles, MLT-MNPs-carboxylated particles
(Fig. 1A). Aer the capture of bacteria by MLT-MNPs and
magnetic separation, measurements were performed by elec-
trochemical impedance spectroscopy (EIS). This approach can
detect E. coli with LOD of 1 CFU mL−1 in potable water and 3.5
CFU mL−1 in apple juice, within 25 min. Also, Freitas et al.51

reported a labeled electrochemical sandwich immunosensor for
detecting Salmonella typhimurium in milk using magnetic-gold
core/shell nanoparticles (Fe@Au) and CdS NCs. In this
method, aer the synthesis of magnetic-gold core/shell nano-
particles (Fe@Au) and functionalization with 2-mercaptoetha-
nol and 12-mercaptododecanoic acid (ME:MDDA) monolayer,
anti-Salmonella Typhimurium antibody was immobilized on the
surface of Fe@Au/ME:MDDA. Aer capture of Salmonella
Typhimurium by Fe@Au/ME:MDDA/Ab1, CdS-Ab2 conjugate
served for electrochemical measurement. The linear range of
used concentration was from 0.1 to 500 cells per mL. The LOD
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Illustrates the application of carboxylated magnetic nanoparticles (MNPs) for the identification of MLTs [this figure has been adapted/
reproduced from ref. 50 with permission from Elsevier, copyright 2022]. (B) MBs-based immunosensor towards recognition on of bacteria using
MBs–Ab–cell–Ab–Gox [this figure has been adapted/reproduced from ref. 62 with permission from Elsevier, copyright 2022].
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was 13 cells per mL and analysis time was less than 1 h. A novel
electrochemical sensor based on Fe3O4@SiO2-MIP was
proposed to detect of Gram-negative bacterial quorum signaling
molecules (AHLs).52 In this report, aer synthesis of Fe3O4@-
SiO2-MIP and deposition onto a magnetic carbon paste elec-
trode (MGCE) surface, the measurement was performed by
differential pulse voltammetry (DPV). The LOD was about 8 ×

10−10 mol L−1 with a linear range of 2.5 × 10−9 mol L−1 to 1.0 ×

10−7 mol L−1.
Since the standard methods of identifying bacteria require

several days, the use of immuno-magnetic separation (IMP)
methods is an efficient method for extracting and concentrating
the target cells. So, iron based magnetic particles with micro-
and nanometer scale functionalized with antibody are used to
separate the target cells. Target cells are separated from the
sample matrix using a magnetic eld. Then, the target cells that
attached to the magnetic particles can be separated from
magnetic particles by increasing the concentration of the reac-
tion medium. This method is easier compared to
© 2023 The Author(s). Published by the Royal Society of Chemistry
centrifugation, ltration, or capture of target on an immune-
functionalized surface. Adsorption efficiency is generally
increased using magnetic particles due to more surface area
available for target binding. The use of screen-printed carbon
electrodes (SPCE) or molecular imprinting polymer (MIP) elec-
trodes reduces the consumption of samples and reagents. Also,
due to faster diffusion, it reduces the response time and makes
the sensor more economical.53,54 In addition to the mentioned
advantages, these methods have some limitation. Immuno-
sensors, in particular, are based on the antigen-antibody reac-
tion. The high cost and low stability of monoclonal antibodies
limit their use, which may limit detecting of microorganisms in
harsh environments.55,56 Compared to DNA and antibody-based
biosensors, biosensors based on antimicrobial proteins (AMP)
have low production cost and high stability in harsh environ-
ments and can be produced in high scales.57–59

One of the advantages of molecular imprinting is specicity
and selectivity for target molecules. They are resistant to envi-
ronmental conditions, simplicity and high sensitivity, low
RSC Adv., 2023, 13, 12760–12780 | 12765
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production cost, fast production, biocompatibility, and long life
are their other features. Another advantage of them, especially
in the case of small molecules, is their universality, considering
that it is difficult to detect small molecules in matrices of
molecular diversity and complexity, the use of molecular
imprint polymer in this situation facilitates the selection of the
desired molecule.60 They are stable thermally and can be auto-
claved. Compared to enzymes, antibodies and molecular
receptors, their production cost is very low. These devices also
have some disadvantages, such as the low diffusion of materials
in molecular imprint polymers, which makes their regeneration
difficult. The slow response is another disadvantage of these
devices, which takes more than 40 minutes and is effectively the
same for both 2D and 3D polymers.61

Also, Xu et al.62 reported an impedimetric immunosensor
based on the use of iron magnetic beads for detection of
Escherichia coli O157:H7 and Salmonella Typhimurium in food
sample using a screen-printed interdigitated microelectrode
(SP-IDME) (Fig. 1B). MBs coated by Streptavidin and function-
alized with biotinylated antibodies (Ab) used to capture to the
target analyte. The MBs–Ab–cell complexes were labeled with
glucose oxidase (GOx)–Ab conjugates. The MBs–Ab–cell–Ab–
GOx biomass in presence glucose solution using an enzymatic
reaction produced gluconic acid that with increasing of the ion
strength of the solution, causes decreasing the impedance of
the solutionmeasured on the SP-IDME. the concentration range
was 102–106 cfu mL−1. The LODs were 2.05 × 103 CFU g−1 and
1.04 × 103 cfu mL−1 for E. coli O157:H7 and S. Typhimurium,
respectively.

An electrochemical immunosensor using antibody-
functionalized magnetic nanoparticles (MNPs), gold nano-
particle (AuNP)-conjugated lead sulde (PbS) nanoparticles (as
electrochemical reporter) via oligonucleotide linkage were
designed byWang et al.63 for detection of E. coli O157:H7 in food/
water by screen-printed carbon electrode (SPCE). In this method,
polyclonal anti-E. coli O157:H7 antibodies were bonded to the
target bacterial cells which were captured and separated from
the sample by antibody functionalized MNPs. The measurement
was performed by square wave anodic stripping voltammetry
(SWASV). The concentration range was 101 to 106 CFUmL−1 with
a signal-to-noise ratio ranging from 2.77 to 4.31. Duration = 1 h
from sample processing to nal readout.

In conclusion of this subsection, it is important to point out
that, there is a lack of various types of apta-sensors and geno-
sensors based on the magnetic beads for determining different
types of bacteria. Therefore, most of the sensors and biosensors
developed in this sector have used MIP and SPE electrodes. In
general, only one protein-based electrochemical biosensor with
3.5 CFU mL−1 sensitivity has been reported, and the majority of
studies have used antibodies. Also, electrochemical biosensor
based on bacteria-specic glycoconjugate and iron magnetic
nanoparticles were not used to detection of bacteria in food
sample, till now. Additionally, different types of other nano-
materials such as carbon-based nanomaterials (including
MWCNTs, SWCNTs, GO, GQDs and rGO) and metallic nano-
materials (such as Ni, Ag NPs, CuNPs ZnS, and AuNPs) have not
been used yet in this area.
12766 | RSC Adv., 2023, 13, 12760–12780
Until now, various methods based on biosensors have been
used for the sensitive detection of foodborne pathogens, such
as electrochemical and optical, andmass-based biosensors. The
working principles of these methods are well known and have
been used to quantify food pathogens with high sensitivity and
specicity. Due to the complexity of food samples, these
methods oen require expensive equipment. Therefore,
researchers are looking for easy, fast and sensitive methods to
detect pathogens in food samples. This requires further devel-
opment and adaptation of new technologies to facilitate the
detection of foodborne pathogens. In recent years, microuidic
systems have been used as a powerful tool for diagnostic
applications.64 For the example, Chen et al. reported a micro-
uidic biosensor integrating with electrochemical impedance
analysis, urease catalysis for the detection of Listeria.65 In this
report, the Listeria cells, magnetic nanoparticles (MNPs) func-
tionalized with the anti-Listeria polyclonal antibodies and gold
nanoparticles (AuNPs) functionalized with urease were incu-
bated in a uidic separation chip with active mixing to form the
MNP-Listeria-AuNP-urease sandwich complexes. By applying
a high gradient magnetic eld, this complex was captured by
the chip. This complex was resuspended by injecting urea. Then
urea was hydrolyzed by urease on the complex to ammonium
and carbonate ions. These ions were transferred into the
microuidic detection chip. The detection chip contained
a microelectrode to measure the impedance that determined
the amount of the Listeria cells. The separation chip had ∼93%
capture efficiency of the Listeria cells with duration of 30 min.
The LOD of chip was as low as 1.6 × 102 CFU mL−1 and
detection time was reduced from original ∼2 h to current ∼1 h.
Jiang et al. fabricated a label-free electrochemical aptasensor
based on a thread microuidic for detection of Vibrio para-
haemolyticus in seafood. MoS2 nanosheets was used to increase
the sensitivity of electrochemical measurement. Dynamic
detection range was from 10–106 CFU mL−1 and a LOD was 5.74
CFU mL−1. Duration = 30 min.66

Tan et al. developed a multiplex PDMS microuidic immu-
nosensor based on electrochemical impedance using specic
antibody immobilized on alumina nanoporous membrane via
self-assembled (3-glycidoxypropyl) trimethoxysilane (GPMS)
silane for rapid detection of foodborne pathogens Escherichia
coli O157:H7 and Staphylococcus aureus.67 The impedance
spectrum of detection ranging was from 1 Hz to 100 kHz.
Duration was 2 h. Detection sensitivity was of 102 CFU mL−1.

The advantages of these devices are being small and portable
and improving sensitivity and specicity. In addition, all test
steps such as sample pretreatment and separation and chem-
ical reactions and real-time quantication can be performed in
a single microuidic platform. However, due to the complexity
of food matrices, the detection of food pathogens by micro-
uidic methods is still challenging. Various ligands are used to
detect bacteria in food, which are combined with bacterial
surface biomarkers, for example, bacterial surface antigens.68

In summary, smartphones have great potential to achieve on-
site detection of foodborne pathogens due to their advantages
such as small size, high accessibility.69 Therefore, the use of
microuidic and smartphone systems and lab on chip methods
© 2023 The Author(s). Published by the Royal Society of Chemistry
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along with electrochemical methods based on iron magnetic
nanoparticles and using immunosensor, aptasensors, enzyme
sensors, and cell sensors can be very effective in detecting
pathogens at the cell level.70 Therefore, the design of biosensors
that can detect several bacteria simultaneously is one of the
interests of researchers. The use of iron magnetic beads func-
tionalized with antibodies and electrochemical methods in
combination withmicrouidics to isolate pathogenic bacteria is
a suitable solution for quick and sensitive detection of these
pathogenic agents in food samples. Also, the use of magnetic
beads functionalized with different antibodies that are specic
to different bacteria can be used to detect several pathogenic
agents at the same time.

3. Iron and iron-oxide magnetic
nanoparticle-based electrochemical
biosensors for the detection of allergen
contamination in food sample

Food allergens are another food component that can cause an
abnormal clinical response related to food consumption.71,72 Food
allergens are common proteins or glycoproteins found in all food
products, and some people have an allergic reaction to these
proteins. Allergenic responses to food are mainly type I, which
refers to susceptible immediate or severe reactions mediated by
allergen-specic immunoglobulin E (IgE). The well-known plant
and animal food allergens include milk, sh, crustaceans,
mollusks, and sultes, peanuts, nuts, gluten, lupin, soybeans,
celery, mustard, and sesame seeds.73 These substances are oen
present at very low levels, making their determination very diffi-
cult. Because allergens are harmful to the health of sensitive
people, in some countries, there are laws regarding the declaration
of potential allergens on food labels. Also, the venture of cross-
contamination in food processing and storage is another
problem that determines the exact determination of allergens.74

Electrochemical-based methods could possibly be effective in
detecting food allergens. Purushothama and coworkers75 reported
a sandwich-type electrochemical immunosensor for the detection
of ovalbumin (a water-soluble phosphoglycoprotein) based on
magnetic beads, in which dual mode-recognition using immuno-
reaction and enzyme-linked amplication are applied by MNPs
functionalized with specic anti-ovalbumin immunoglobulin G/
ovalbumin molecules and anti-ovalbumin (as secondary anti-
bodies) conjugated with the enzyme horseradish peroxidase was
applied as label tag. The electrochemical signal was measured by
linear sweep voltammetry (LSV) technique. The linear range of
concentration was attained as 11 to 222 nM, with LOD of 5 nM.
Also, Jiang et al.58 developed a cell-based electrochemical sensor
(cytosensor) using rat basophilic leukemia cell (RBL-2H3) for
detecting allergens in foodstuffs using Fe3O4–SiO2-uorescein
isothiocyanate (FITC)-lipidosome nanoparticles on magnetic
glassy carbon electrode (MGCE). In the method, electrochemical
assay was performed by the cationic magnetic uorescent nano-
particles (CMFNP) transfected into RBL-2H3 cells activated by an
allergen antigen. The limit of detection was attained 3.3× 10−4 ng
mL−1. This sensor showed a good relation with the logarithmic
© 2023 The Author(s). Published by the Royal Society of Chemistry
value of cell numbers, ranging from 1.6 × 103 to 1.6 × 1010 cells
per mL. Navarro and coworkers76 proposed a sensitive electro-
chemical method for detecting acrylamide in thermally processed
potatoes using iron magnetic-chitosan-hemoglobin nanoparticles
on a simple carbon paste electrode. The acrylamide concentrations
range was 10–171 nmol L−1. The limit of detection was attained
0.06 nmol L−1. Electrode surface is passivated by hemoglobin and
acrylamide leading to the reduction of the electrochemical signal
of reduction. Peak was measured.

Microuidics integrated with electrochemical methods can
also be used to detect allergens in food. For example, Jiang
et al.77 developed a novel cell co-culture model electrochemical
microuidic chip for qualitative and quantitative analysis of
food allergen. This device was able to perform microuidic cell
culture, food allergen-induced cell morphological changes, and
cell metabolism measurements. Allergic response of RBL-2H3
mast cells and ANA-1 macrophages (within a cell co-culture
model) to the antigen stimulus was visible. The microuidic
chip was fabricated from two cell cultivation channels which
contained 4 gold electrodes. The cell-secreted inammatory
cytokines by exocytosis were measured by enzyme-linked
immune sorbent assay (ELISA) and cell impedance changes
were detected using cell-based electrochemical assay.

Baldo et al.78 developed a sandwich-based immunoassay
electrochemical microuidic device (DEmD) for the detection of
egg allergen ovalbumin using GO-Ab1-OVA-Ab2-MB-HRP in
wine samples. In this method, rst electrodes were modied
with poly(diallyldimethylammonium chloride) solution (PDDA)
and GO and then Ab1 was immobilized on GO. A polyclonal
anti-OVA antibody (Ab2) attached to magnetic beads (MBs) and
labeled with horseradish peroxidase (HRP) was used for the
assay of ovalbumin. The linear range of concentration was from
0.01 to 10 pgmL−1. The LOD was 0.2 fg mL−1. The integration of
biosensors with smartphones enables the development of
powerful analysis platforms for food evaluation. For the
example, Lin et al.79 developed a smartphone based electro-
chemical method for point-of use detection of ve major food
antigens in milk, eggs, peanuts, hazelnuts, and wheat using
exogenous antigen testing (iEAT). The system was consisted of
a kit for allergen extraction, an electrode chip, and a pocket-size
detector. First, allergen was extracted using an immuno-
magnetic kit contains magnetic beads functionalized with Ab1.
This kit captured allergen and then captured allergen was
labeled with a second antibody conjugated with an oxidizing
enzyme (horseradish peroxidase (HRP)). Then, 3,3′,5,5′-tetra-
methylbenzidine (TMB) was used as chromogenic electron
mediator of horseradish peroxidase. The electrical current was
measured by a miniaturized electronic device.

In conclusion, iron magnetic particles with micro- or nano-
meter scale functionalized with specic antibody or protein of
the target allergen are used to separate allergenic molecules or
cells. Allergenic molecules or cells are separated from the
sample matrix using a magnetic eld. Then, allergenic mole-
cules or cells attached to the magnetic particles can be sepa-
rated from magnetic particles by increasing the concentration
of the reaction medium. The use of protein is more economical
than the using antibody due to the synthesis in high quantities
RSC Adv., 2023, 13, 12760–12780 | 12767
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and low cost of protein.60 On the other hand, the use of RBL-2H3
mast cells to detect allergens due to their excellent exotoxic
response to antigens has a high potential for use in biosensors.
In compared to other cells attached to IgE antibodies (basophils
and activated eosinophils) that trigger some intracellular events
such as the release of chemicals mediators inside the cell such
as histamine, and serotonin and cellular degranulation, RBL-
2H3 mast cells have low exotoxic response.80

It is important to point out that, there is a lack of different types
of aptasensors, genosensors, peptide-based sensors, and enzy-
matic sensors based on the use of magnetic beads to determine
different types of allergens. Other types of nanomaterials such as
carbon-based nanomaterials (including MWCNTs, SWCNTs, GO,
GQDs, and rGO) and metallic nanomaterials (such as Ni, Bi2O3,
MoS2, Ag NPs, CuNPs, ZnS, and AuNPs) have not been used. Also,
magnetic beads have not been used yet for electrochemical
detection of different types of food allergens, such as egg, milk,
peanut, wheat, sh, soybean, and so on. In general, there is little
report about the use of magnetic beads and electrochemical
techniques for the detection of food allergens. The concentration
range used in these studies has been reported from 10 to 222 nmol
L−1 and the LOD is 0.06 and 5 nmol.

In this subsection, we rst discussed about the types of
allergens in food, then examples were discussed about allergen
detection methods with electrochemical methods and the use
of magnetic beads. Also, the abbreviations of nanomaterials
that can be used to evaluate allergens are stated. In this
subsection, we concluded that the integration of electro-
chemical methods with the microuidic system can accelerate
and facilitate the detection method. We also concluded that the
integration of biosensors with smartphones allows us to have
a strong analysis platform for detecting food allergens. Devel-
opment of new solutions to evaluate several allergens simulta-
neously, along with microuidic methods and smartphones,
are other solutions to increase detection efficiency.

Iron and iron-oxide magnetic nanoparticle-based electro-
chemical biosensors for detection of pesticide contamination in
food sample.

The growing human population and the need to increase food
production have forced the agricultural community to use pesti-
cides to control plant diseases and pests and increase yields.81

Residues of these chemicals are released into the environment and
cause signicant pollution of terrestrial ecosystems and food
poisoning. Pesticide may also be absorbed through the gastroin-
testinal tract or even the skin. Foods contaminated with these
substances are one of the main ways to transfer pesticides. These
substances, even in low concentrations, cause severe problems for
human health. Consequently, detecting the roots of pesticides in
food (such as cereals, vegetables, fruit, and variousmeats) is one of
the most necessary steps in regulating and monitoring their
levels.82 Therefore, developing a sensitive and user-friendly sensor
device is essential to quantify trace levels of pesticide and herbicide
residues in food samples. Therefore, in this part of review, various
type of magneto-electrochemical (bio)sensors for the monitoring
of pesticides were investigated. Also, advantages and limitations of
methods/materials on the sensing efficiency were critically
evaluated.
12768 | RSC Adv., 2023, 13, 12760–12780
A smartphone-based electrochemical technique83 was
designed based on yttrium iron garnet (Y3Fe5O12; YIG) and
graphitic carbon nitride (GCN) nanoparticles for the detection
of mesotrione (MTO) (herbicide used in agriculture) in fruits
and vegetables on GCN sheets via a calcination method. A limit
of detection 950 pM for MTO was attained. Yin and coworkers84

developed an electrochemical method using magnetic Fe3O4

nanoparticles to detect Sudan I in food samples. CV and DPV
techniques were applied for electrochemical measurements.
With concentration range of 0.01–1 mM and 1–20 mM, respec-
tively. The LOD was attained 0.001 mM.

Miao et al.85 reported an electrochemical method using Fe3O4

and polydopamine molecularly imprinted polymer magnetic
nanoparticles (PDA@Fe3O4 MIP MNPs) to detect of dichlor-
odiphenyltrichloroethane (DDT) (a kind of insecticide) in food
samples. A linear correlation was showed between the charge
transfer resistance (Rct) and concentration the 4,4′-DDT in linear
range of 1 × 10−11 to 1 × 10−3 mol L−1. The LOD was 6 ×

10−12 mol L−1.
Interestingly, Tang et al.86 reported a biomimetic imprinted

electrochemical sensor based on Fe3O4@carboxyl-
functionalized multi-walled carbon nanotubes/chitosan nano-
composite layer to detect multi-pesticide residues (acephate
and trichlorfon) in vegetable samples. The reactions were
recorded using DPV and CV. The linear concentrations range for
acephate was from 1.0 × 10−4 to 1.0 × 10−10 M and for
trichlorfon was 1.0 × 10−5 to 1.0 × 10−11 M. The low limits of
detection were attained 8.94 × 10−12 M for trichlorfon and 6.81
× 10−11 M for acephate.

Also, Luo et al.87 designed an acetylcholinesterase biosensor
using acetylcholinesterase/core–shell magnetic mesoporous
hollow carbon spheres/glassy carbon electrode (AChE/Fe3O4@-
MHCS/GCE) for the detection Malathion in pears. To show
the role of Fe3O4 in the performance of the sensor, a sensor
without Fe3O4 (AChE/MHCS/GCE) was also prepared for
comparison. The Malathion concentration ranges attained by
AChE/MHCS/GCE sensor were 0.01 to 600 ppb which LOD was
attained as 0.0148 ppb (incubation time = 10 min). The mala-
thion concentration ranges in AChE/Fe3O4@MHCS/GCE sensor
were 0.01–600 ppb. The LOD was attained of 0.0182 ppb
(incubation time = 12 min). These researchers concluded that
Fe3O4 increases the stability of the sensor.

In addition, Aruna and coworkers88 prepared an electro-
chemical nanosensor based on a-Fe2O3–CdO using screen print
electrode (SPE) for the detection of chloridazon (CLZ) in Corian-
drum sativum leaves. The prepared sensor responded properly to
CLZ in the presence of foreign substances. Electrochemical
measurements were performed by CV technique. The linear
concentration range used for CLZ was from 0.1 to 36.00 mg mL−1

which LOD was 0.059 mg mL−1.
Rodrigues et al.89 designed an acetylcholinesterase enzyme

biosensor based on AChE/chitosan/Fe3O4 on a screen-printed
electrode for the detection of malathion in Tomato Sauce and
Pond Water. In this report, acetylcholinesterase enzyme was
immobilized on magnetic iron nanoparticles by glutaraldehyde
and a mixture of the pesticide malathion and acetylthiocholine
was applied to assay function of sensor. The linear
© 2023 The Author(s). Published by the Royal Society of Chemistry
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concentration range of this sensor obtained for malathion was
from 0.5 to 20 nmol L−1 and the limit of detection was 0.3 mg
mL−1.

In summary, different types of biosensors based on enzyme,
aptamer and molecularly imprinted polymers can be used to
detection of pesticides. The use of iron based magnetic nano-
particles in the designed sensors causes the surface area and the
stability increasing of the sensor. The advantage of increasing the
surface area is that it increases recognition sites and improves the
ability of binding of candidate analyte to the receptor.

One of the great advantages of electrochemical methods is
the possibility of using screen-printed electrodes as disposed
sensor, which have low manufacturing costs and low sample
consumption, and it is possible tomodify the surface.90,91One of
the limitations of SPE is that it is not possible to detect several
biological molecules using specic antigens. Also, the surface of
the electrode is destroyed during the washing process.92 The
advantages of using magnetic molecularly imprinted polymer
(MMIP) are the easy separation of samples using a magnetic
eld without the use of centrifugation or ltration, good
biocompatibility, low toxicity, and strong paramagnetic prop-
erties, which is used to simplify the SPE process and increase
the sensitivity of the electrochemical sensor.93–96 However, these
devices also have some limitation, such as the low diffusion of
materials in molecular imprint polymers, which makes their
regeneration difficult. The slow response is another disadvan-
tage of these devices, which takes more than 40 minutes and is
effectively the same for both 2D and 3D polymers.61

Finally, the important point is that there is a lack of various
types of aptasensors and genosensors, peptide-based sensors
and enzymatic methods based on using magnetic beads to
determine different types of pesticides. Also, the use of other
types of nanomaterials such as metallic nanomaterials (such as
Ni, Bi2O3, MoS2, Ag NPs, CuNPs, ZnS and AuNPs) has not been
yet reported. Additionally, other types of pesticides (such as
chlorpyriphos and carbofura in rice, imidacloprid, deltameth-
rin, isocarbophos, and phorate in tea leave, acetamiprid,
parathion-methyl in fruit, organochlorine, insecticides, fungi-
cides, herbicides and etc.) that are used to control plant diseases
have not been studied using electrochemical methods and the
use of iron magnetic beads. Also, most studies have used MIP
and SPE electrodes. Magnetic beads are not used inmicrouidic
systems and sandwich methods used to detect pesticides. The
linear concentration range obtained in these studies is from 1.0
× 10−4 to 1.0 × 10−11 M, and the LOD is reported for all type of
pesticides is from 6.81 × 10−11 M to 8.94 × 10−12 M.

Improved analysis time and cost reduction are other benets of
using biosensors in the eld of food analysis. The use of biosen-
sors on a microuidic or lab-on-a-chip platform reduces the
amount of sample consumption and the necessary chemical
reagents and directly eliminates the cost of sample preparation
and the need for a laboratory.97 Also, multiplex analyte detection
can be improved time. For the example, Islam et al.98 reported
a label-free electrochemical-based CE–AD microuidic platform
for the detection of multiplex triazine herbicides (sample mixture
contained simazine, atrazine and ametryn) in soil and drinking
water. Duration was 1.25 min without any pretreatment.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Yao et al.99 designed a microuidic device containing
microdroplets of silica nanoparticles (SiO2NPs) and CNTs based
on electrochemical sensors for the detection of methyl para-
thion in practical samples of cabbage and tomato. Surface area
and electrocatalytic activity of glassy carbon electrodes (GCEs)
were enhanced by modication of h-CNT-mPs and Naon (h-
CNT-mPs/Naon/GCEs). The concentration ranges were from
0.3–20.0 mM and 20.0–150.0 mM with the limit of detection was
0.092 mM using Naon (h-CNT-mPs/Naon/GCEs).

As a result, in this subsection, different types of insecticides
that cause food contamination are discussed and different types
of nanomaterials that can be used in future studies are
mentioned. There are few studies on the integration of detec-
tion methods based on electrochemical and microuidic
methods and smartphone. It is hoped that with the advance-
ment of technology and the increase of more studies, we will see
more successes in the eld of integration of methods and
evaluation of multiple analytes simultaneously.
4. Iron and iron-oxide magnetic
nanoparticle-based electrochemical
biosensors for the detection of
genetically modified organisms'
contamination in food sample

With the advancement of genetic engineering in the production of
transgenic plants and animals, a great change has taken place in
the eld of agriculture and has contributed to food security and
climate change. In recent years, the global level of biotechnology
products has increased 110 times. Soybean (Glycine max L.), for
example, is the most important genetically modied crop and
widely used as an ingredient in many foods worldwide. In 2016,
this product accounted for 83% of the global biotechnology
products.100 There has been much scientic and public debate
about the dangers of genetically modied organisms (GMO) in the
food chain. In the EuropeanUnion, all transgenic products require
a license before entering to the market. According to regulations,
food products containing transgenic substances above 0.9% must
be labeled.101 Therefore, to ensure the law execution, it is necessary
to adopt methods that allow the evaluation of food quality and the
quantication of genetically modied organisms. DNA-based
techniques such as PCR and real-time PCR are considered the
gold standard and reference methods for GMO assay due to their
specicity, sensitivity and high reliability. However, thesemethods
are high cost and time-consuming. Electrochemical-based
methods using biosensors are a suitable alternative to molecular
methods due to their low cost, easy monitoring, and
portability.102–104

An electrochemical method105 based on core–shell
Fe3O4@Au magnetic nanoparticles (MNPs) was developed for
the assay of gene sequence in soybean using an aptamer-target
gene-aptamer sandwich architecture. In this method, aer
immobilization of aminated capture probes on Fe3O4@Au and
hybridization with Roundup Ready (RR)-target and FITC-tagged
signaling probe, anti-FITC-POD antibodies were added. Enzyme
RSC Adv., 2023, 13, 12760–12780 | 12769

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07415j


Fig. 2 Schematic illustration of EC genosensor based on core–shell of Fe3O4@Au MNPs for the targeting the endogenous maize gene [this
figure has been adapted/reproduced from ref. 108 with permission from Elsevier, copyright 2022].
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labeling is employed to produce amplied catalytic signals. The
chronoamperometry technique was performed by screen-
printed carbon electrodes (SPCE). The linear range was 0.1–
10.0 nM with LOD of 0.02 nM for the event-specic (RR).
According to the results of this report, the proposal method can
detect genetically modied organisms (GMOs) in food.

Also, Freitas and coworkers106 developed a sandwich type
chronoamperometric genosensor based on magnetic core–shell
Fe3O4@Au nanoparticles (MNPs) for detecting GMO inMON810
maize on SPE. In this dual mode recognition based on apta-
sensor and enzymatic sensor, an aminated DNA capture probe
covalently linked to a carboxylate self-assembled monolayer and
a uorescein isothiocyanate (FITC) signaling probe were used in
a sandwich assay format. Enzymatic labeling was performed
with anti-FITC-peroxidase. The developed sensor had a limit of
detection of 0.15 nM and linear range of 0.25–2.5 nM.

Interestingly, Ye and et al.107 designed a sandwich-type labeled
electrochemical genosensor for the detection of cauliowermosaic
virus 35S (CaMV35S) gene sequence in tomato samples using
cMWCNTs-modied GCE which Au@Ag–Fe3O4 was applied as
label of signal DNA probe (sDNA). In this method, aer immobi-
lization of the thiolated probes on GCE modied with cMWCNTs,
target probes were hybridized with thiolated probes. Then Au@Ag–
Fe3O4 were used as labels. The peroxides-like activity of Au@Ag–
Fe3O4 nanoparticle caused the conversion of H2O2 to H2O and
enhanced electrocatalytic activity of Au@Ag–Fe3O4 nanoparticle
and caused enhanced electrochemical response. Genosensor
designed by these researchers showed a limit of detection 1.26 ×
12770 | RSC Adv., 2023, 13, 12760–12780
10−17 M. Also, the linear concentration range was 1× 10−16 to 1×
10−10 M.

Sousa and coworkers108 developed a chronoamperometric
sensor for detection of maize taxon-specic (HMGA gene) using
Fe3O4@Au nanoparticles as nanosized platform that HMGA DNA
probes was covalently immobilized onto carboxylated self-
assembled monolayers on nanoparticles (Fig. 2). DNA target was
hybridized with DNA probes using sandwich type format and
uorescein isothiocyanate was used as DNA signaling tag. For this
aim, the hybridization reaction was labelled with enzymes and the
peroxidase activity linked to the nanoplatform located on gold
surface was registered by the chronoamperometric measurement.
The linear concentration range of developed magneto-genosensor
was from 0.5 to 5 nM which along with LOD = of 90 pM.

Due to their superparamagnetic properties, good biocompati-
bility, low toxicity and ease of preparation, iron based magnetic
nanoparticles are widely used in biosensors structure. Iron based
magnetic nanoparticles are easily functionalized with various
organic and biological molecules such as aptamers, polymers,
enzymes, and antibodies and form signal tags. Therefore, the use
of iron based magnetic nanoparticles together with electro-
chemical methods increases sensitivity and bonding strength of
the target to the solid support.107,109

The covalent immobilization of the probe sequence allows the
DNA to be easily attached to the electrode surface from its end,
increasing structural exibility and hybridization efficiency.

In electrochemical genosensors used in recent studies detec-
tion of GMO, in addition to using the inherent electrochemistry of
nucleic acids for the detection of the hybridization event,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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electroactive labels such as methylene violet, methylene blue,
osmium and cobalt complexes, anthraquinone compounds have
also been used to increase the sensitivity of the analysis. These tags
are attached to guanine bases in the DNAmolecule and are used in
GMO genetic sensors. However, enzyme tags are a suitable tool in
GMO bioassays due to the amplication of the intrinsic catalytic
signal which one enzyme molecule can have many catalytic turns.
Thus, many marker molecules generate per hybridization event.110

Streptavidin-biotin, avidin-biotin, and uorescein-anti-Fab-
uorescein compounds also have been used to bind enzyme to
DNA sequences. Alkaline phosphatase,111,112 catalase,113 glucose
oxidase and horseradish peroxidase114 are the most commonly
used enzymes. Recently, Liao and coworkers114 have used a two-
enzyme approach, which includes an enzymatic cascade reaction
with two different enzymes. Sandwich hybridization is usually
applied to prevent labeling of target sequence.111,112,115 In this type
of assay, two types of probes are used: a probe sequence that is
complementary to the target sequence and binds to the electrode
surface and a labeled signaling sequence that hybridizes with the
rest of the target. In recent studies, GMO sensors have been used
only for pure solutions of synthetic oligonucleotides. The imple-
mentation of the gene-sensor with a real sample is complicated
due to the presence of large amounts of non-complementary
nucleic acids, proteins, organic molecules, salts, etc. Therefore,
analytical devices are facing this big challenge. Therefore, real food
samples have not been evaluated with these electrochemical gene-
sensors.116 The linear concentration range used in these studies is
reported to be 1.0× 10−16 to 1.0× 10−10 M, and the LOD is 1.26×
10−17 M.

In general, in the studies conducted for GMO, reported DNA
sensors targeted NOS, PAT, 35S and PAT as target gene
sequences. But in electrochemical methods based on Fe2O3, 35S
and event-specic genosensors have been reported, and PAT,
35S and PAT as target gene sequences have not been reported.

As a result, in the past years, immunosensors, microuidics,
cell sensor, sandwichmethod andmultiplex detection of analytes
based on electrochemical methods and the use of iron nano-
particles have not been studied to detect GMO in food products.
Most of the studies have used other nanomaterials. Also, there is
no report of smartphone technology in revealing GMO.
5. Iron and iron-oxide magnetic
nanoparticle-based electrochemical
biosensors for detection of growth-
promoting feed additives (b-agonists
and antibiotics) contamination in food
sample

Although veterinary drugs such as antimicrobials, growth
stimulants, and hormones used to treat animal diseases play
a crucial role in curing animal diseases and increasing the
effectiveness of animal foods but their residues in foods have
serious adverse effects on human health.117 Several cases of
pathogen resistance to antibiotics in humans due to the
consumption of meat treated with these antibiotics during
© 2023 The Author(s). Published by the Royal Society of Chemistry
animal husbandry. Also, b-agonists have some health-
threatening effects such as cardiac arrhythmias and stress.118

The b-agonists are one of the most famous growth stimulants
and consists of phenylethanolamines with different functional
groups on aromatic rings such as resorcinol, aniline, or
phenol.119 b-Agonists are used to treat lung disease and
asthma.120 Today, they are used illegally as animal feed to help
muscle growth, improve protein accumulation and reduce fat
deposition,121 and increase growth rate in livestock in the agri-
cultural industry. These compounds can endanger the
consumer' s health due to their slow metabolism and accu-
mulation in animal tissues. Therefore, its use in the daily feed
of animals is banned in the European Union, China, and many
other countries. However, they are still used in some
countries.122–124 So, we need accurate methods for their moni-
toring in food samples. In this subsection the critical role of
MMPs and various bioreceptors for the identication of b-
agonists and antibiotics were discussed. Arporn and
coworkers125 proposed an electrochemical method based on the
use of iron oxide magnetic nanoparticles/graphene oxide
(Fe3O4/rGO) for the detection of ractopamine (b-adrenergic
agonist). The linear concentration ranges were 0.05–10 and 10–
100 mM, and the detection limit was 13 nM.

The use of antibiotics in veterinary medicine has led to the
problem of antibiotic resistance in human pathogens, which
has led to widespread debate. Although the main cause of
antibiotic resistance in human pathogens is related to the
misuse of antibiotics in human medicine, the use of antibiotics
in animals is another cause of antibiotic resistance in human
pathogens. Antibiotics are mainly used for three purposes in
animals: (i) therapeutic use for the treatment of sick animals in
a short period with doses of antibiotics over the minimum
inhibitory concentration, (ii) preventive use to prevent infection
in animals, including moderate to high doses of antibiotics, (iii)
as a growth stimulant to improve feed use and production that
is given to entire herds over long periods of low-level treat-
ment.126 The use of antibiotics in animals suppresses subclin-
ical infections and facilitate microbial metabolites that reduce
growth and prevent the consumption of nutrients by the
microbial agent. Although the use of antibiotics in animals
contributes to their health and signicantly increases livestock
production, these substances have been banned in the Euro-
pean Union due to the antibiotic resistance of human patho-
gens. Therefore, in recent years, the use of electrochemical
methods for the detection of antibiotics in livestock products
has attracted much attention of scientic.127,128

Recently, Giribabu et al.129 reported an electrochemical
method based on magnetite Fe3O4 nanoparticles for detecting
chloramphenicol in real samples. The concentration range was
0.09–47 mM, with LOD of 0.09 mM. Moreover, the fabricated
sensor can detect 4-nitrophenol, thiamphenicol, and 4-
nitrobenzamide.

Interestingly, Liu et al.130 proposed a dual-recognition elec-
trochemical immunosensor and enzyme-linked immunoassay-
based analysis using gold electrode modied with carboxyl-
Fe3O4 nanoparticle (MNPs)/chitosan (CS) for the detection of
tetracycline in milk samples. The DPV technique was applied to
RSC Adv., 2023, 13, 12760–12780 | 12771
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assay immobilization event of anti-tetracycline monoclonal
antibody (Ab) on the modied electrode surface and binding of
tetracycline to Ab. In this study, the linear range of concentration
was 0.08–1 ngmL−1, and the detection limit was 0.0321 ngmL−1.

Also, Aquino et al.131 proposed a magnetic-MIP for the
detection tetracycline using electrochemical and HPLC-UV
method. In this study, magnetic nanoparticles modied with
tetraethylorthosilicate and trimethoxysilyl propyl methacrylate
were coated with MIP selective tetracycline. Finally, polymeri-
zation of the MIP towards resulted in a core@shell material. An
imprinting factor of 3.5 was obtained for the polymer synthe-
sized with acrylic acid as a functional monomer.

A simple label-free electrochemical immunosensor based on
Ag@Fe3O4 nanoparticles and thionine mixed graphene sheet
(TH-GS) (TH-GS/GA/Ag@Fe3O4 nanoparticles) was prepared for
detection of kanamycin in pork meat sample by Yu et al.132. In
this report, Ag@Fe3O4 nanoparticles were employed as the
support for immobilizing antibody of kanamycin on a TH-GS/
GA pretreated GCE which thionine was utilized as an electron
transfer mediator. Using SWV technique, the LOD of this
biosensor was 15 pg mL−1, and linear range was from 0.050 to
16 ng mL−1. The duration was 3 min.

Giribabu et al.133 have developed an electrochemical method
using Fe3O4/GCE as an electrochemical platform for recognition
of chloramphenicol (CAP) by cyclic voltammetry and square
wave voltammetry. The concentration range was used from 0.09
to 47 mM. The LOD was attained 0.09 mM.

Jahanbani et al.134 improved an electrochemical aptasensor
method based on oleic acid (OA)/anti-TET, and Fe3O4/OA/anti-
TET using modied carbon paste electrode (CPE) for the detec-
tion of tetracycline (TET), in drug, milk, honey and blood serum
samples. In this method, a tetracycline-binding aptamer (5′-NH2-
CGT ACG GAA TTC GCT AGCCCC CCG GCA GGC CAC GGC TTG
GGT TGG TCC CACTGC GCG TGG ATC CGA GCT CCA CGT G-3′)
is adopted to recognize TET. In this report, the results of TET
detection using two designed electrodes were compared. The
linear range for TET using CPE/OA/anti-TET based aptasensors
was 1.0 × 10−12–1.0 × 10−7 M, and the detection limit was
attained 3.0 × 10−13 M by EIS method. The linear range for TET
with the CPE/OA/anti-TET aptasensor was 1.0 × 10−10 to 1.0 ×

10−7 M and the detection limit was attained 2.9 × 10−11 M.
Long and coworkers135 proposed a magnetic imprinted

electrochemical sensor based on magnetic multi-walled carbon
nanotubes (MWCNTs)/Fe3O4 nanoparticles/methacrylic acid
(MAA) for the detection of kanamycin in complicated matrixes.
In this report, a linear correlation was observed between the
response of peak currents the magnetic imprinted electro-
chemical sensor which negative logarithm of kanamycin
concentrations ranging from 1.0 × 10−10 mol L−1 to 1.0 ×

10−6 mol L−1. The LOD was 2.3 × 10−11 mol L−1.
Song et al.136 designed an electrochemical aptasensor based

on Fe3O4@mesoporous carbon for detection of oxytetracycline
(OTC) in the milk samples. In this method, the OTC-targeted
aptamer (5'-CGTA CGGA ATTC GCTA GCCG AGGC ACAG
TCGC TGGT GCCT ACCT GGTT GCCG TTGT GTGG ATCC GAGC
TCCA CGTG-3') was immobilized on the Fe3O4@mesoporous
carbon nanocomposites by forming an amide bond. Aer
12772 | RSC Adv., 2023, 13, 12760–12780
adding OTC, a Gquadruplex structure was formed between OTC
and aptamer strands. Using this method, the low detection
limit was obtained as 0.027 pg mL−1, and the linear range of
OTC concentration was from 0.005 to 1.0 ng mL−1.

Guo et al.136 developed a label-free electrochemical apta-
sensor based on graphene, iron oxide, multi-walled carbon
nanotubes, nanoporous platinum and titanium (NP–PtTi/GR-
Fe3O4/MWCNT-Fe3O4) for the detection of penicillin in food
sample. In this method, the penicillin -targeted aptamer (5′-
NH2-TGG TTG TTC CTG GTT TCG TTT TTG TCA GTT TGT AT-3′)
was immobilized on the NP-PtTi/GR-Fe3O4/MWCNT-Fe3O4

using bonds of Pt–NH2 between NP-PtTi and the NH2 functional
groups of the aptamer at 5′ end. Aer adding penicillin (target
analyte), a specic connection was formed between penicillin
and aptamer strands. Interference studies using kanamycin
sulfate, neomycin sulfate and HCG showed the current signal
produced by penicillin was much stronger than those produced
by kanamycin sulphate, neomycin sulphate and HCG. There-
fore, designed aptamer represented a special selectivity to
penicillin. Using EIS technique this biosensor shows LOD of
25.3 pg mL−1 with linear 0.05 to 100 ng mL−1.

Similarly, Yin and coworkers138 proposed an electrochemical
biosensor method using specic aptamer (NH2-TAG GGA ATT
CGT CGA CGG ATC CGG GGT CTG GTG TTC TGC TTT GTT CTG
TCG GGT CGT CTG CAG GTC GAC GCA TGC GCC G-3′) immo-
bilized on Au@MWCNTs–Fe3O4/NP-PtTi-GCE for detecting
streptomycin. Using this biosensor, the low detection limit was
obtained as 7.8 pg mL−1, and the linear range of penicillin
concentration was from 0.05 to 100 ng mL−1.

Yin et al.139 developed a labeled electrochemical aptasensor
based on graphene composite–Fe3O4–AuNPs-porous carbon
nanorods (PCNR) for detection of streptomycin antibiotic in
food. In this strategy, the penicillin-targeted aptamer (5-TAG GGA
ATT CGT CGA CGG ATC CGG GGT CTG GTG TTC TGC TTT GTT
CTG TCG GGTCGT CTG CAGGTC GACGCA TGC GCCG-Thiol-3)
was immobilized on the graphene composite–Fe3O4–AuNPs-
PCNR using chemical bonds of AuNPs-SH2 between AuNPs and
the surface of electrode modied by modied SH functionalize
groups of the aptamer at 3′ end sample. Using this method, the
low detection limit was obtained as 0.028 ngmL−1, and the linear
range of penicillin concentration was from 0.05–200 ng mL−1.

Superparamagnetic properties, good biocompatibility, low
toxicity and ease of preparation have turned iron magnetic
nanomaterials into a valuable tool that are used in different
types of biosensors, especially electrochemical biosensors, to
detect different types of growth-promoting food additives based
on aptamers, enzymes or synthetic polymers and antibodies.

As a result, immunosensors, aptasensors and enzyme-based
methods have been used in the studies conducted using elec-
trochemical methods based on iron magnetic nanoparticles to
detect beta agonists and antibiotics. To increase the detection
sensitivity, other nanomaterials (such as rGO, chitosan, tetrae-
thylorthosilicate and trimethoxysilyl propyl methacrylate, gra-
phene sheet, MWCNTs, mesoporous carbon, nanoporous
platinum and titanium, AuNPs, porous carbon nanorods
(PCNR)) have been used together with iron materials. Multi-
channel electrochemical devices based on magnetic beads to
© 2023 The Author(s). Published by the Royal Society of Chemistry
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detect several analytes were reported. The same method can
also be based on iron magnetic beads.

In recent studies, different enzymes or receptors (such as
horseradish peroxidase [HRP], penicillinase [PCN], and glucose
oxidase [GOx]) labeled with different nanomaterials such as
carbonaceous nanomaterials, colloidal gold tags, and magnetic
nanoparticles have been used to detect antibiotics in food using
electrochemical methods. Different types of bioreceptors such
as immune-sensor, apta-sensor, molecular imprinted polymer
(MIP)-biosensor based on electrochemical methods were used
in the detections. Also, different types of nanoparticles such as
carbon-based nanomaterials, carbon nanotubes, and metal
nanoparticles have been used in these studies.140 It seems that
the integration of the aforementioned methods with micro-
uidic devices and smartphone technology can save time and
cost of evaluation and at the same time provide the evaluation
of multiple analytes in a food sample.

Kling et al.141 developed amicrouidic platform integrated with
electrochemical method enzyme-mediated readout using glucose
oxidase [GOx] for the simultaneous detection ofmultiplexed assays
in food samples. In this study, tetracycline and streptogramin were
detected. To evaluate multiple samples simultaneously, each
sample was immobilized in a specic section of this network and
readout was performed with a single electrochemical cell in the
downstream channel. To evaluate multiple samples simulta-
neously, each sample was immobilized in a specic section of the
chip and readout was performedwith a single electrochemical cell.
Immobilization sections had a very low volume of 680 nL. The
limits of detection (LOD) were determined 9.22 and 6.33 ng mL−1

for pristinamycin and tetracycline, respectively.
The use of smartphone technology for the nal detection of

analyte in combination with microuidic chip and electro-
chemical methods for antibiotic detection can improve the
detection sensitivity.

In this subsection, different types of growth enhancing addi-
tives that can play a role in food contamination were discussed
and different types of nanomaterials that can be used in the
electrochemical detection of these compounds were mentioned.
Also, various examples have been given for a better understanding
of the problem and the advantages and limitations of each case
have been explained. The integration of electrochemistrymethods
with microuidics and smart phones and the simultaneous
evaluation of analyte gen were discussed at the same time.

6. Iron and iron-oxide magnetic
nanoparticle-based electrochemical
biosensors for detection of toxin
contamination in food sample

Pathogenic bacteria can produce toxins, or toxigenic species.
Food products contaminated with bacteria toxin cause a high
hazard for human health and food safety. There are two classes
of bacterial toxins including endotoxins and exotoxins. Endo-
toxins (lipopolysaccharides) are located on the outer surface of
bacteria and exotoxins (proteins or polypeptides) are usually
secreted by bacteria or are released only by lysis of the bacterial
© 2023 The Author(s). Published by the Royal Society of Chemistry
cell.142 Exotoxins are the main cause of food contamination and
their poison causes many foodborne diseases. Detection of
toxins and their sub-products in food spoiled by microorgan-
isms is very necessary to establish safety in food.143 Viruses are
another type of pathogenic microorganisms.144 Mycotoxins are
natural toxic secondary metabolites that are produced by la-
mentous fungi and consist of more than 500 different
subclasses, and usually result from improper storage of food,
mainly agricultural crops and animal feed. Other categories of
toxins are phycotoxins, which are byproducts of toxic micro-
algae and are found primarily in seafood, as well as cyanotoxins
produced by cyanobacteria.145 In this subsection various types of
(bio)sensors for the recognition of toxins using iron-based
magnetic nanoparticles and their composite were surveyed.

Shang et al.146 proposed a sandwich-type electro-
chemiluminescence sensor using Fe3O4–Au modied by poly-
(ethylenimine) (BPEI) functionalized graphene nanosheets and
Ab1 bound on Fe3O4–Au for the detection tetrodotoxin in food
sample. In this method, aer capturing tetrodotoxin by Ab1, the
subsequently bond of luminol-AuNP-Ab2 conjugate served for
ECL measurement. Luminol capped gold nanocomposites
(luminol-AuNPs) served as the signal tag. The linear range was
obtained as 0.01–100 ng mL−1.

Liu et al.147 proposed a label-free photoelectrochemical (PEC)
platform for detection of aatoxin B1 (AFB1) in corn samples
based on CdS–Fe3O4 nanocomposites/anti-Antiaatoxin B1
using a SPE. By this sensor, the linear concentration range of
aatoxin B1 (AFB1) was determined to be 0.01–80 ng mL−1 and
LOD was 5.0 pg mL−1.

Also, Chauhan et al.148 developed a sandwich type electro-
chemical immunosensor based on Au–Fe3O4 nanostructure/
monoclonal anti-aatoxin antibody (aAFB1)/4-
aminothiophenol/gold-coated quartz crystal electrode for the
detection of AFB1 in corn ake samples. In this report, rst,
quartz crystal electrode was treated 4-ATP for SAM formation.
Then, the monoclonal anti-aatoxin B1 (aAFB1) antibody acti-
vated with EDC and NHS. BSA was applied for blocking
nonspecic sites of fabricated immune-electrodes. Then,
fabricated BSA/aAFB1/4-ATP/Au immune-electrodes were
exposed to AFB1. Finally, secondary rabbit-immunoglobulin
antibody (r-IgG)-Cys-Au-Fe3O4 was interacted with AFB1. Both
competitive and non-competitive strategies were employed. The
competitive mode showed a higher linear range (0.05 to 5 ng
mL−1) than the non-competitive one (0.5 to 5 ng mL−1), and
LOD 0.07 ng mL−1.

Interestingly, an electrochemical method based on
magnetic-MIP/poly (2-vinyl pyridine) was proposed for the
detection of scombrotoxin (histamine) in sh by Hassan
et al.100. In this report, LOD was about 1.6 × 10−6 mg L−1, much
lower than the index for sh spoilage (50 mg kg−1) accordingly
to the legislation.

Nguyen et al.149 proposed a label-free electrochemical
biosensor based on Fe3O4 incorporated polyaniline (Fe3O4/
PANi) lm as a signal amplication element for the detection of
AFM1 in cow milk. In this report, immobilized aptamers on
Fe3O4/PANi have been employed as an affinity capture reagent
RSC Adv., 2023, 13, 12760–12780 | 12773
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for AFM1 sensing. Using SWV technique the linear range to
AFM1 determination was from 6–60 ng L−1, LOD = 0.98 ng L−1.

Also, a novel electrochemical immunosensor was developed
based on Fe3O4/polyaniline nano-gold composite/1,2-dimethyl-
3-butylimidazolium hexauorophosphate ionic liquid for the
detection of staphylococcal enterotoxin B in milk sample.150 The
anti-enterotoxin B/Fe3O4 was formed a nanostructure smooth
and dense lm on the surface of a gold electrode. Linear
response of sensor for the various concentrations of analyte was
from 0.05 to 5 ng mL−1 and LOD was 0.017 ng mL−1.

In conclusion of this subsection, only aptasensors and
immunosensors have been used detection of bacterial toxin.
Also, peptide and enzymatic biosensors have not been reported
till now. The nanomaterials used in these studies are including
AuNPs, CdS, and polyaniline. There is no report of other
nanomaterials such as metallic nanomaterials (such as Ni,
Bi2O3, MoS2, Ag NPs, CuNPs, ZnS) and carbon nanomaterial.
Also, a few bacterial toxins have been studied using these
methods. In general, fewer researchers have studied the detec-
tion of bacterial toxins using electro-analysis by based iron
magnetic nanomaterials.

In summary, integration of electrochemical enzyme sensors
and aptasensor and immunosensors with microuidic devices
and using smartphone technology and nanotechnology also
using cell sensors based on morphological changes of the cell
surface can reduce analysis time and increase detection sensi-
tivity. Also, the design of multi-channel microuidics to detect
several analytes at the same time can overcome the time
limitation.

Panini et al.151 developed a platform based on microuidic
immunoassay for the detection of zearalenone in feedstuffs
samples using electrochemical analysis. In this report,
magnetic beads 3-aminopropyl-modied were functionalized
with anti-ZEA monoclonal antibodies. Then between ZEA in
feedstuffs sample and ZEA-horseradish peroxidase (HPR)
conjugated there was a competition to bind to the anti-ZEA
antibody in the presence of hydrogen peroxide (H2O2), HPR
catalyzed the oxidation of 4-tert-butylcatechol (4-BC). The
detection limit was 0.41 mg kg−1.

Lillehoj et al.152 developed a lab-on-a-chip (LOC) technique
on poly(dimethylsiloxane) (PDMS) based on electrochemical
method with enzymatic amplication using a dually-labeled
aptamer probe for detection of botulinum neurotoxin.
Aptamer was labelled with uorescein (as reporting) and biotin
(as anchoring) tags. In the presence of botulinum neurotoxin,
the conformation aptamer changed and the antibody bound to
the reporter and generated an electrochemical current signal
through its HRP moiety. This method had a detection limit of 1
pg of botulinum neurotoxin type A (in a 1 mL sample) within
15 min.

Hao et al.153 developed an electrochemical immunosensor
using smartphone detection based on polyamindoamine den-
drimer (PD)-multi-walled carbon nanotube (MWCNT) nano-
composite containing carboxymethyl cellulose (CMC) for
detection of zearalenone residual in feed ingredients and agri-
cultural food. The linear range was 1–105 pg mL−1 and LOD was
0.15 pg mL−1.
12774 | RSC Adv., 2023, 13, 12760–12780
In this subsection, the types of toxins found in food samples
were investigated and the types of biosensors available for the
detection of toxins based on electrochemical methods and
using magnetic beads and the integration of these methods
with microuid devices were described.
7. Iron and iron-oxide magnetic
nanoparticle-based electrochemical
biosensors for the detection of other
contaminants (estradiol, melamine,
bisphenol, heavy metal, etc.) in food
sample

Due to population growth and changing diet, and demand for
nutritious foods, the trend towards foods of animal origin has
increased. In order to meet nutritional needs, food manufac-
turers use veterinary drugs such as hormones and hormone-like
anabolic agents such as estradiol, progesterone, testosterone,
melengestrol acetate, propionate, zeranol, trenbolone acetate
and bovine somatotropin to enhance the growth of farm
animals and increase body division and improve body weight
and increase feed conversion efficiency and productivity. Resi-
dues of these hormones in animal-derived foods, if beyond
tolerance, act as a risk factor for potential public health
problems.154,155

Xanthine (3,7-dihydropurine-2,6-dione) is a biological
compound with a purine structure found in all living organ-
isms, including humans body cells, animals, and plants.156

Xanthine is produced by the synthesis and breakdown of the
metabolic process of purine, and under the inuence of the
enzyme xanthine oxidase is converted to uric acid, which is
broken down in the blood and excreted by the kidneys.157

Incomplete excretion of uric acid causes hyperuricemia, which
is one of the most common causes of gout,158 diabetes,159 cere-
bral ischemia,160 and cardiovascular disease.161 Therefore, foods
containing low purine are an excellent option to reduce the risk
of these diseases.162 Also, it was offered as a powerful drug for
treatment of asthma and bronchitis.163,164 Theophylline found
in nuts, brewed tea, cola, and guarana also is a derivative of
xanthine and is suggested as drug for respiratory diseases and
asthma.165 In this regard, it is necessary to develop appropriate
and cost-effective methods for detection of xanthine. Tradi-
tional methods for xanthine detection are high-pressure liquid
chromatography,166 capillary column gas chromatography,167

uorometric mass spectrometric.168 Despite their high sensi-
tivity and selectivity, these methods have limitation such as
costly equipment, time-consuming, and require an experienced
operator and used to pro-treatment before analysis. Electro-
chemical sensors are excellent option for the recognition of
xanthine.

In this regard, Emamian et al.169 designed an electrochemical
platform based on Fe3O4/SWCNTs composite for the determi-
nation of xanthine and theophylline in sh meat, tea, and so
drinks. In this report, the applied concentration ranges were
© 2023 The Author(s). Published by the Royal Society of Chemistry
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from 4.0 nM to 300 mM and from 0.1 to 300 mM for xanthine and
theophylline, respectively.

Heavy metal (such as Hg2+, Pb2+, Zn2+, Cd2+, As3+, Cu2+, Ni2+,
Cr2+, and etc.) is another class of food pollution. Anthropogenic
or natural sources are the main source of their entry into
environment. These metals may enter the soil or groundwater
and accumulate in food webs that cause serious hazards to
human health. Plants, especially green leafy plants, are the
main source of food consumed around the world. Plants,
especially green leafy plants, are the main source of food
consumed around the world, which strongly collect heavy
metals in themselves and cause great harm to human health.
For example, exposure to cadmium and mercury causes kidney
and lungs damage, respectively.170,171 So, for this purpose
screening of heavy metals concentration in food samples is
necessary.

Nor et al.172 designed an electrochemical sensor method
based on carboxyl iron oxide nanoparticles (IONPs) for detect-
ing Cd(II) and Pb(II) in seawater samples. In this report, the
indium tin oxide (ITO) electrode functionalized with 3-amino-
propyltriethoxysilane (APTES) was modied by carboxyl iron
oxide nanoparticles. Using SWV technique these were deter-
mined in the linear of 10–100 ppb. The limits of detection of
Cd(II) and Pb(II) ions were attained 0.90 and 0.60 ppb,
respectively.

In general, iron oxide nanoparticles along with other nano-
materials such as bismuth plating,173 magnetic nanoparticles
functionalized with polyamidoamine dendrimer,174 and uori-
nated multiwalled carbon nanotube (MWCNT)175 using carbon-
based electrodes, such as GCE176–178 and CPE179,180 have been
used to identify heavy metals such as Zn(II), Cd(II), Pb(II) Cu(II),
and Hg(II). In these researches, the detection limit has been
achieved in the range of 0.02 to 0.21 ppb for the various type of
candidate ions.

In conclusion, there is a lack of different types of magneto-
electrochemical biosensors to determine hormonal and heavy
metal contaminations. Also, other types of nanomaterials such
as carbon-based nanomaterials (including MWCNTs, GO,
GQDs, and rGO) and metallic nanomaterials (such as Ni, Bi2O3,
MoS2, Ag NPs, CuNPs, ZnS, and AuNPs) have not been used yet.
In general, there is very minor report on the use of magnetic
beads and electrochemical methods for the detection of
hormonal and heavy metal contamination in food sample.

Due to the strong electronegativity, some heavy metals such
as Mn cannot be detected electrochemically by traditional
electrodes because when the potential is negative, the solution
hydrolyzes and produces bubbles. To overcome this limitation,
lab-on-a chip sensor was developed. In example, researcher.181

developed a lab-on-a chip sensor for electrochemical detection
Mn and Zn by anodic stripping voltammetry with a bismuth
working electrode. Due to the negative potential window of
bismuth and its low toxicity compared to the mercury electrode,
it reduces the effects of hydrolysis of the solution containing
heavy metals.

Scientists182 developed a lab chip sensor for the detection of
lead (Pb(II)) in nature. The chip consists of microuidic chan-
nels, silver working electrode, bismuth electrodes, a reference
© 2023 The Author(s). Published by the Royal Society of Chemistry
electrode. The square-wave anodic stripping voltammetry
(SWASV) was applied for measurement. The concentration
range was 1–1000 ppb and the LOD was 0.55 ppb. Duration
300 s.

Also, reserchers183 developed a 3D microuidic electro-
chemical biosensor using screen-printed electrode (SPE)
modied with Mn2O3 for the detection of Cd(II) and Pb(II) linear
ranges were from 0.5 to 8 and 10 to 100 mg L−1 for Cd(II) and
Pb(II), respectively. The LOD was 0.5 mg L−1 for Cd(II) and 0.2 mg
L−1 for Pb(II).

Microuidic technology enables portability and electro-
chemical method ensures accurate analysis. However, there are
still many shortcomings in the existing technology. For
example, the use of this technology has a limited scope
compared to the colorimetric method, because only certain
types of ions can be detected electrochemically. One limitation
of the microuidic chip analysis system is that it does not
provide pretreatment, which prevents its practicality. We hope
that this problem will be solved in the near future and the
technology of electrochemical microuidic detection will be
developed with the current knowledge for detection of different
types of ions and hormones will be used with further expansion.

In this subsection, we examined hormonal and heavy metal
pollution using electrochemical methods and magnetic beads,
and the advantages and limitations of this method were
examined. The integration of electrochemical method with
microuidic devices for detection of heavy metals was also
discussed. The use of smartphone technology in the nal
detection of these analytes is currently not used. In general,
microuidic devices and smartphones have been used very little
to detect hormonal contamination and heavy metals.

8. Conclusion and future perspective

In this study, we tried to describe different types of food
contaminants and draw attention to the serious health risks
caused by these contaminants and highlight recent trends and
new studies for the detection of these substances by iron
magnetic beads and electrochemical methods. A combination
of carbon, organic and metallic nanoparticles due to their
excellent electrical conductivity to modify the electrode surface
to create a high surface to stabilize different types of bio-
receptors such as antibody, probe and aptamer, and also to
strengthen the electrical signal together with iron magnetic
beads can be used. Pathogenic bacteria, antibiotics and toxins
are by far the most widely analyzed pollutants using several
bioreceptors such as aptasensors and immunosensors and cell
electrochemical sensors. Despite the many recent reports, there
are still some issues that need immediate study and attention.
For example, different types of allergens such as ingredients in
eggs and milk, peanut, wheat, sh, soybean are responsible for
different types of allergens, which unfortunately have received
little attention. Another topic of recent concern is the genetic
manipulation of food products, which must be addressed to
prevent health consequences and meet the expectations of
consumers who are aware of their rights to consume healthier
and organic food products. Regarding the modied genes of
RSC Adv., 2023, 13, 12760–12780 | 12775
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food products, only a few of the modied genes have been
revealed by electrochemical methods, and no aptasensors and
genosensors have been designed for most of the manipulated
genes.

There are few reports about the evaluation of hormones and
phenolic compounds and heavy metals by electrochemical
methods and using magnetic beads (MBs). In general, by
reviewing recent studies on food contamination detection
methods, it is concluded that for the rapid evaluation of food
contamination, methods must be devised that can detect
several contaminating agents at the same time. For example,
the launch of multi-channel electrochemical chips or the use of
integrated methods such as the integration of microuidic
devices or smartphone technology with electrochemical
methods and the use of nanomaterials, a combination of
carbon and metal materials, which increase the detection
sensitivity and reduce the evaluation time, are suitable methods
for the evaluation of several analytes at the same time.

Considering the serious problems of food-related diseases, it
is important to nd new methods that can detect these
contaminations even at very low concentrations under simple
conditions. In this regard, the use of nanotechnology to design
highly sensitive biosensors to evaluate food contamination has
a promising future. Due to their superparamagnetic properties,
good biocompatibility, low toxicity and ease of preparation, iron
magnetic nanoparticles are widely used in biosensors. Iron
magnetic nanoparticles are easily functionalized with various
organic and biological molecules such as aptamers, polymers,
enzymes, and antibodies and form signal tags. Therefore, the
use of iron magnetic nanoparticles together with electromag-
netic methods increases sensitivity and bonding strength of the
target to the solid support.108,109 Due to the physicochemical
characteristics of iron magnetic nanomaterials, it seems that in
the future, their use along with electrochemical methods can be
very effective in identifying food contamination. One of the
great advantages of electrochemical methods is the possibility
of using screen-printed electrodes, which have low
manufacturing costs and low sample consumption, and it is
possible to modify the surface.90,91 One of the disadvantages of
screen-printed electrodes is that it is not possible to detect
several biological molecules using specic antigens. Therefore,
it affects its kinetics. Also, the surface of the electrode is
destroyed during the washing process.92 The use of iron
magnetic beads that have a large specic surface area and
functional groups to connect different ligands solves this
problem. One of the disadvantages of magnetic beads is that the
size of the synthesized particles is probably not uniform and it
affects the quality of their performance.90,92 The advantages of
using magnetic molecularly imprinted polymer (MMIP) are the
easy separation of samples using a magnetic eld without the
use of centrifugation or ltration, good biocompatibility, low
toxicity, and strong paramagnetic properties, which is used to
simplify the screen-printing electrode (SPE) process and
increase the sensitivity of the electrochemical sensor.93–96 In
conclusion, designing a method that combines the advantages
of the methods mentioned above can overcome the disadvan-
tages of these methods. In this review article, application of
12776 | RSC Adv., 2023, 13, 12760–12780
magnetic biosensors for the electrochemical recognition of
different types of food contamination, such as microbial
contamination, allergen, pesticide, genetically modied organ-
isms, growth-promoting feed additives (b-agonists and antibi-
otics), toxin, other contaminants (estradiol, melamine,
bisphenol, heavy metal, and etc.) have been investigated.

Finally, the advantages of using combined methods such as
the integration of electrochemical methods and microuidic
devices and the use of smartphones in the nal detection of the
desired analyte and the use of methods that can reveal several
contaminants at the same time or detect contamination from
the cell surface without the need for sample pretreatment. It is
one of the future developments in the eld of detecting
contamination in food.

The main limitation of the methods discussed in this article
is the lack of use of real samples in the detection stages. Most of
the methods discussed in this article are performed using
synthetic analytes and are unable to detect the target analyte
from real samples in complex matrices that contain other
substances in addition to the target analyte. Also, the analysis
and detection of several analytes at the same time cannot be
separated and detected with these methods. Another issue is
related to non-specic absorption, where other substances than
the target analyte bind to the bioreceptors, causing background
signals, to prevent amplication of background signals, proper
washing steps and surface blocking should be performed.
Therefore, research should be focused to increase the sensitivity
and selectivity of nanosensors and lifetime-based detection
methods. In the future, the use of hybrid nanocomposites such
as iron oxide composites with graphene and carbon dots or
nuclear structures with metal will provide tools for designing
advanced biosensors. Also, the use of iron oxide nanomaterials
as labels on biomolecules compared to traditional labels and
the integration of iron-based electrochemical biosensors with
microuidic sensors have shown promising results.
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Electrochim. Acta, 2008, 53, 3635–3642.

92 F. Ricci, G. Adornetto and G. Palleschi, Electrochim. Acta,
2012, 84, 74–83.

93 L. Zhu, D. Pan, L. Ding, F. Tang, Q. L. Zhang, Q. Liu and
S. Z. Yao, Talanta, 2010, 80, 1873–1880.

94 Z. C. Zhang, L. M. Zhang, L. Chen, L. G. Chen and
Q. H. Wan, Biotechnol. Prog., 2006, 22, 514–518.

95 Q. Q. Gai, F. Qu, Z. J. Liu, R. J. Dai and Y. K. Zhang, J.
Chromatogr., A, 2010, 1217, 5035–5042.

96 T. Jing, H. R. Du, Q. Dai, H. Xia, J. W. Niu, Q. L. Hao,
S. R. Mei and Y. K. Zhou, Biosens. Bioelectron., 2010, 26,
301–306.

97 J. Bunney, S. Williamson, D. Atkin, M. Jeanneret and
D. Cozzolino, Curr. Res. Nutr. Food Sci., 2017, 5(3), 183–195.

98 K. Islam, R. Chand, D. Han and Y. S. Kim, Bull. Environ.
Contam. Toxicol., 2015, 94, 41–45.

99 A. Kling, C. Chatelle, L. Armbrecht, E. Qelibari, J. Kieninger,
C. Dincer, W. Weber and G. Urban, Anal. Chem., 2016, 88,
10036–10043.

100 A. Hassan, L. Sappia, S. L. Moura, F. H. M. Ali,
W. A. Moselhy and M. del Pilar, Talanta, 2018, 194, 997–
1004.

101 ISAAA, Global Status of Commercialized Biotech/GM Crops,
ISAAA Brief, 2016.

102 M. A. Arugula, Y. Zhang and A. I. Simonian, Anal. Chem.,
2013, 86(1), 119–129.

103 S. Kamle and S. Ali, Gene, 2013, 522(2), 123–132.
104 A. Plácido, J. Amaral, J. Costa, T. Fernandes, M. Oliveira,

C. Delerue-Matos and I. Mafra, Novel Strategies for
Genetically Modied Organism Detection, Regulation and
Public Health, Waltham, MA, USA, 2016, pp. 119–131.

105 A. Plácido, C. Pereira, A. Guedes, M. F. Barroso,
R. M. Castro, N. d. los-Santos-Álvarez and C. D. Matos,
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Santos-Álvarezf, R. A. S. Fonsecad, R. Miranda-Castrof,
C. Delerue-Matosb, J. Ribeiro Santos Júniora and
M. Fátima Barroso, Talanta, 2020, 206, 120220.

109 A. Akbarzadeh, M. Samiei and S. Davaran, Nanoscale Res.
Lett., 2012, 7, 144.

110 E. Palecek and M. Fojta, Talanta, 2007, 74, 276–290.
111 G. Carpini, F. Lucarelli, G. Marrazza and M. Mascini,

Biosens. Bioelectron., 2004, 20, 167–175.
112 F. Lucarelli, G. Marrazza and M. Mascini, Biosens.

Bioelectron., 2005, 20, 2001–2009.
113 J. Wang, Q. Sheng, N. Tian, L. Chen, Z. Xu and J. Zheng, J.

Appl. Electrochem., 2009, 39, 935–945.
114 W. C. Liao, M. C. Chuang and J. a. A. Ho, Biosens.

Bioelectron., 2013, 50, 414–420.
115 X. Jiang, K. Chen and H. Han, Biosens. Bioelectron., 2011,

28, 464–468.
116 J. Tosar, G. Branas and J. Laiz, Biosens. Bioelectron., 2010,

26, 1205–1217.
117 D. Wu, D. Du and Y. Lin, Trends Anal. Chem., 2016, 83, 95–

101.
118 C. Wenk, Asian-Australas. J. Anim. Sci., 2000, 13(1), 86–95.
119 H. Xiong, C. Guo, P. Liu, W. Xu, X. Zhang and S. Wang,

Anal. Chem., 2014, 86(10), 4729–4738.
120 W. McK. Jefferies, Cortisol and immunity,Med. Hypotheses,

1991, 34, 198–208.
121 M. J. Yaeger, K. Mullin and S. M. Ensley, Vet. Pathol., 2012,

49, 569–573.
122 T. Peng, A. L. Royer, Y. Guitton, B. L. Bizec and G. Dervilly-

Pinel, Metabolomics, 2017, 13, 77–91.
123 G. Brambilla, T. Cenci, F. Franconi, R. Galarini, A. Macrı`,

F. Rondoni, M. Strozzi and A. Loizzo, Toxicol. Lett., 2000,
114, 47–53.

124 H. Zhang, G. Liu and C. Chai, Sensor. Actuator. B Chem.,
2012, 168, 103–110.

125 Y. Poo-arporn, S. Pakapongpan, N. Chanlek and R. P. Poo-
Arporn, Sens. Actuators, B, 2018, 284, 164–171.

126 M. D. Barton, Nutr. Res. Rev., 2000, 13, 279–299.
127 H. Gaskins, C. Collier and D. Anderson, Anim. Biotechnol.,

2002, 13(1), 29–42.
128 K. Brown, R. R. Uwiera, M. L. Kalmokoff and S. P. Brooks,

Int. J. Antimicrob. Agents, 2017, 49(1), 12–24.
129 K. Giribabu, S. C. Jang, Y. Haldorai and

M. Rethinasabapathy, Carbon Lett., 2017, 23, 38–47.
130 X. Liu, S. Zheng, Y. Hu, Z. Li, F. Luo and Z. He, Food Anal.

Methods, 2016, 56, 128–139.
131 C. Pizan-Aquino, A. Wong, L. Aviles-Felix, S. Khan,

G. Picasso and M. D. P. T. Sotomayor, Mater. Chem. Phys.,
2020, 245, 122777.

132 S. Yu, Q. Wei, B. Du, D. Wu, H. Li, L. Yan, H. Ma and
Y. Zhang, Biosens. Bioelectron., 2013, 48, 224–229.

133 K. Giribabu, S. C. Jang, Y. Haldorai, M. Rethinasabapathy
and S. Yeong Oh, Carbon Lett., 2017, 23, 38–47.

134 S. Jahanbani and A. Benvidi, Biosens. Bioelectron., 2016, 85,
553–562.
© 2023 The Author(s). Published by the Royal Society of Chemistry
135 F. Long, Z. Zhang, Z. Yang, J. Zeng and Y. Jiang, J.
Electroanal. Chem., 2015, 755, 7–14.

136 Y. Song, F. Duan, S. Zhang, J. Yue Tian, Z. Zhang,
Z. W. Wang, C. S. Liu, W. M. Xu and M. Du, J. Mater.
Chem. A, 2013, 1–3.

137 W. Guoa, A. Umarb, M. A. Alsaiari, L. Wang and M. Pei,
Microchem. J., 2020, 158, 105270.

138 J. Yin, X. Qin, Q. Wang and Y. Yin, RSC Adv., 2016, 6, 39401–
39408.

139 J. Yin, W. Guo, X. Qin, J. Zhao, M. Pei and F. Ding, Sens.
Actuators, B, 2017, 241, 151–159.

140 A. Joshi and K. H. Kim, Biosens. Bioelectron., 2020, 153,
112046.

141 A. Kling, C. Chatelle, L. Armbrecht, E. Qelibari and
J. Kieninger, Anal. Chem., 2016, 88, 10036–10043.

142 K. Todar, The mechanisms of bacterial pathogenicity, in
Todar, 2nd edn, 2009.

143 S. S. Arnon, R. Schechter, T. V. Inglesby, D. A. Henderson,
J. G. Bartlett, M. S. Ascher, E. Eitzen, A. D. Fine, J. Hauer
and M. Layton, Jama, Consensus Statement, 2001, vol. 285,
pp. 1059–1070.

144 R. H. Wang, J. J. Zhao, T. S. Jiang, Y. M. Kwon, H. G. Lu,
P. R. Jiao, M. Liao and Y. B. Li, J. Virol Methods, 2013,
189, 362–369.
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