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ABSTRACT
Cancer is most frequently treated with antineoplastic agents (ANAs) that are hazardous to patients
undergoing chemotherapy and the healthcare workers who handle ANAs in the course of their
duties. All aspects related to hazardous oncological drugs illustrate that the monitoring of ANAs is
essential to minimize the risks associated with these drugs. Among all analytical techniques used
to test ANAs, electrochemistry holds an important position. This review, for the first time, compre-
hensively describes the progress done in electrochemistry of ANAs by means of a variety of bare
or modified (bio)sensors over the last four decades (in the period of 1982–2021). Attention is paid
not only to the development of electrochemical sensing protocols of ANAs in various biological,
environmental, and pharmaceutical matrices but also to achievements of electrochemical techni-
ques in the examination of the interactions of ANAs with deoxyribonucleic acid (DNA), carcino-
genic cells, biomimetic membranes, peptides, and enzymes. Other aspects, including the
enantiopurity studies, differentiation between single-stranded and double-stranded DNA without
using any label or tag, studies on ANAs degradation, and their pharmacokinetics, by means of
electrochemical techniques are also commented. Finally, concluding remarks that underline the
existence of a significant niche for the basic electrochemical research that should be filled in the
future are presented.

KEYWORDS
Anticancer drugs; drugs-
cancer cells interactions;
drugs-DNA interactions;
electroanalysis;
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Introduction

Estimates of cancer incidence and cancer mortality by the
World Health Organization (WHO) indicated that cancer
(also referred to as neoplastic disease) represents one of the
most serious problems of the whole population, regardless
of social status or wealth.[1] Over the past decade, nearly
every country has seen an increase in cancer cases.[2] WHO
warns that the global cancer burden is significant and is rap-
idly growing worldwide. Almost 19.3 million new cases and
nearly 10 million (!) cancer-related deaths have been esti-
mated in 2020 worldwide,[3] and over the next two decades,
the global cancer incidence will rise to 29.4 million.[2]

Due to an increase in the number of new cancer cases
that will further add to the workload of healthcare workers,
there is a growing demand for modern treatment modalities
for cancer. The most commonly applied oncological treat-
ments are divided into two groups, i.e., topical (also called
local or localized) and systemic therapy, which can be used
alone or in combination to increase the effectiveness of can-
cer treatment. Both schemes are usually applied together
with supportive therapies aiming at reducing the side effects

(e.g., medications to reduce nausea, protect against organ
damage from chemotherapy or radiation, or stimulate blood
cell production).[4] Topical therapy is a treatment directed
to a specific organ or limited area of the body (e.g., surgery,
radiotherapy, heat or chemical ablation, and cryotherapy),
whereas systemic therapy is a treatment using drugs that,
when introduced into the bloodstream, reach and affect cells
all over the body. Their pharmacological activity follows dif-
ferent mechanisms of action (e.g., chemotherapy, hormonal
therapy, immune therapy, and targeted therapy).[4] Among
all oncological approaches, the most often applied type of
treatment of neoplastic diseases is probably chemotherapy
which uses drugs referred to as antineoplastic agents
(ANAs) that inhibit the growth of tumor cells by disrupting
their division and rapidly killing growing cells.[5] However,
ANAs are hazardous to patients undergoing chemotherapy
(the toxicity of ANAs is well known since the 1940s when
they began to be used in the oncological field[6]), since
many are mutagenic, teratogenic, and carcinogenic.[7] In
addition, ANAs are not selective in their mechanism of
action; meaning that these drugs cannot distinguish between
cancerous and healthy cells, thus damaging both.[8] As a
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result, several severe, unintended, and undesirable side
effects, including cardiotoxicity, hematopoietic toxicity, pul-
monary toxicity, ototoxicity, immunotoxicity, hepatic and
renal toxicity, dermal toxicity, and secondary malignancies
(e.g., leukemia and bladder cancer) in patients who had pre-
viously received ANAs, were observed.[9] Another serious
issue related to chemotherapy is the so-called medication
error which is an unintended failure in the drug treatment
process that can cause harmful effects to the patient.[10] The
appropriate dosing of ANAs is essential as overdosing can
cause permanent and life-threatening adverse effects, while
underdosing may compromise the success of chemother-
apy.[10,11] Nevertheless, the most tragic consequences are
associated with the potential risk of overdose.[12]

Many studies have shown the occupational exposure of
ANAs to medical personnel involved in the manufacturing,
administration, transport, distribution, receipt, storage, prep-
aration, and even waste management.[8,9,13] Particularly vul-
nerable to ANAs exposure are nurses and pharmacists.[14]

The first evidence describing an increase in mutagenicity in
nurses working with ANAs was reported in the 1970s.[15]

Acute health effects in healthcare workers who handle
ANAs include headaches, hair loss, skin irritation, abdom-
inal pain, vomiting, jaundice, eye inflammation, sore throat
as well as teratogenic and adverse reproductive outcomes
including spontaneous abortion, temporary or permanent
infertility, and congenital malformations, and last but not
least, leukemia or other neoplastic diseases.[8,9,16,17] Many
reports have shown the contamination by ANAs of health-
care workers and workplaces, thus, occupational, and envir-
onmental exposure to ANAs, with detectable levels of these
drugs in the air, on surfaces, gloves, on different body sites,
and in urine.[16] The main cause of workplace contamin-
ation with ANAs is due to failure to handle these drugs
according to the safety rules/guidelines developed by many
institutions, e.g., National Institute of Occupational Safety
and Health, International Society of Oncology Pharmacy
Practitioners, the Oncology Nursing Society, Occupational
Safety and Health Administration. The main routes of
exposure of healthcare workers to ANAs occur by inhalation
(via droplets and particulates especially in a form of an
aerosol, dust formed from crushed tablets), dermal (via dir-
ect contact with skin through contaminated surfaces and
formulations containing ANAs), or oral (via hand-to-mouth
contact) route.[9,16] Exposure to ANAs can also originate
from accidental ingestion (when food or beverages are pre-
pared, stored, or consumed in the workplace) or injection.[9]

ANAs comprise a wide and heterogeneous group of
chemicals with different structures, origins, and pharmaco-
logical activity. The list encompassing ANAs used in daily
clinical practice contains more than 200 agents. Thus, ANAs
can be categorized in a variety of ways. WHO Collaborating
Centre (WHOCC) for Drug Statistics Methodology estab-
lished the Anatomical Therapeutic Chemical (ATC)
Classification System together with a technical unit of meas-
urement called the Defined Daily Dose (DDD). According
to the ATC/DDD system,[18] ANAs can be divided into 7
groups: (i) alkylating agents, (ii) antimetabolites, (iii) plant

alkaloids and other natural products, (iv) cytotoxic antibiot-
ics and related substances, (v) protein kinase inhibitors, (vi)
monoclonal antibodies and antibody drug conjugates, and
(vii) other ANAs. In turn, International Agency of Research
on Cancer provides classification of many substances includ-
ing ANAs, which is divided into four groups:[19] (i) group 1:
carcinogenic to humans (among which are busulfan, chlor-
ambucil, cyclophosphamide, melphalan, treosulfan, thiotepa,
semustine belonging to alkylating agents group; etoposide
belonging to plant alkaloids and other natural products
group), (ii) group 2A: probably carcinogenic to humans
(among which are azacytidine belonging to antimetabolites
group; teniposide belonging to plant alkaloids and other nat-
ural products group; doxorubicin belonging to cytotoxic
antibiotics and related substances group; cisplatin, procarba-
zine, arsenic trioxide belonging to other ANAs group), (iii)
group 2B: possibly carcinogenic to humans (among which
are dacarbazine, streptozocin, prednimustine belonging to
alkylating agents group; bleomycin, mitomycin, mitoxan-
trone, daunorubicin belonging to cytotoxic antibiotics and
related substances group; amsacrine belonging to other
ANAs group), and (iv) group 3: not classifiable as to its car-
cinogenicity to humans (among which are triaziquone
belonging to alkylating agents group; methotrexate, 6-mer-
captopurine, 5-fluorouracil belonging to antimetabolites
group; hydroxycarbamide belonging to other ANAs group).

All aspects related to hazardous oncological drugs illus-
trate that their quantitative and qualitative monitoring in
biological samples both in vitro and in vivo is essential to
minimize the associated risks. Many analytical techniques
have been used to control ANAs, and these include, e.g.,
liquid chromatography coupled to various detectors,[20–28]

gas chromatography,[21,23,24] capillary electrophoresis,[25,29]

chemiluminescence,[30] or spectroscopy-based meth-
ods.[25,27,31] Although these techniques are sensitive, specific,
and accurate, they require sophisticated and expensive
equipment along with trained staff. In addition, analytical
protocols based on chromatography/spectrometry/spectros-
copy usually require labor-intensive and time-consuming
sample pretreatment which can lead to the potential loss of
the analyte of interest.[23] These problems can be overcome
with electroanalytical techniques assuring simplicity, fast
response, low cost, reliability, and usually no need for a
sample pretreatment process.[28] Electrochemical sensing
units can be easily miniaturized, which enables the develop-
ment of devices that can be used at the point-of-care ana-
lysis.[32,33] In addition, the modification of the sensing
interface with nanomaterials or specific affinity layers may
significantly improve the selectivity and sensitivity. However,
nanomaterials may lead to a possible risk to the environ-
ment and reveal toxicity towards biological systems, thus,
the possible genotoxicity of nanomaterials should be taken
into consideration during (bio)sensors development.

For the stated reasons, electro(analytical)chemistry has
been favorably applied to study ANAs, however, only a few
attempts have been made to summarize and critically discuss
the achieved progress. To the best of our knowledge, only
three review papers covering the topic of selected
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electroanalytical applications for the determination of some
ANAs in the period of (mostly) 2011–2015,[34]

2013–2018,[28] and 2016–2019,[25] can be found in the litera-
ture. However, each work discusses less than 30 publications
related to electrochemical sensing of only selected ANAs.
Although some aspects of electrochemistry of ANAs can be
found in the aforementioned works, undoubtedly these are
insufficiently addressed and well beyond the current state of
the art.

Herein, we discuss existing knowledge derived from the
electrochemical works focused on ANAs that have been
studied at a variety of bare and modified (bio)sensors over
the last (nearly) four decades (in the period of 1982–2021).
This review is focused on ANAs that were tested electro-
chemically broken down on the basis of a selection made by
the WHOCC [18] (i.e., 76 compounds out of 266 classified
by WHOCC). Based on our survey, we concluded the topic
of ANAs electrochemistry attracted the attention of the sci-
entific community only recently since more than 80% of
publications cited in this review (over 320 publications out
of 390 publications) appeared in the last 10 years (in the
period of 2011–2021) (see Figure 1). A comprehensive over-
view of ANAs electroanalysis is divided into discussion,
chosen superior sensing examples that are underlined, tabu-
lated electroanalytical parameters (covering methodology,
type of modification, sensing mechanism, selectivity aspects
along with sensitivity and detection limits) together with
concluding remarks and further directions. Also, significant
attention was given to the detection mechanism (direct-
indirect, type of a charge transfer) and sensing environments
(biological and environmental matrices as well as pharma-
ceutical formulations). Our critical approach was based on
the highest analytical standards. In addition, the interactions
of ANAs with single-stranded (ss) and double-stranded (ds)
deoxyribonucleic acid (DNA), and various carcinogenic cell
lines studied by electrochemical techniques are commented.
Finally, other aspects including interactions of ANAs with

biomimetic membranes, peptides, and enzymes, enantiopur-
ity study, differentiation between ss- and ds-DNA without
using any label or tag, other studies on ANAs degradation,
and pharmacokinetics study, are also discussed. This review
fills the existing literature niche and offers a comprehensive
overview of the proposed topic.

Electrochemistry of ANAs

Alkylating agents
The first section is focused on alkylating agents (also
referred to as alkylators), which are a diverse class of ANAs
that cause the alkylation of nucleic acids, which in conse-
quence inhibits protein synthesis. They are widely used in
the chemotherapy of numerous neoplastic diseases.[35] This
group of ANAs is composed of 6 subclasses including nitro-
gen mustard analogs, nitrosoureas, alkyl sulfonates, ethylene
imines, epoxides, and other alkylating agents.

So far, only 12 out of 28 alkylating agents have been
studied using electrochemical techniques, leaving more than
half aside (see Table S1). This large gap should be filled in
the near future. A summary of electrochemically studied
alkylating agents along with their structure is provided in
Table 1, which summarizes the collected data and obtained
electroanalytical parameters.

The approaches used for electrochemical detection of
alkylating agents can be divided into two main groups:

i. direct oxidation or reduction on either bare or modi-
fied electrodes using sensing protocols based on sen-
sitive voltammetric techniques; a thorough overview
of all important analytical figures of merit can be
found in Table 1 along with selectivity studies and
media tested.

For oxidation of alkylating agents, the vast majority
of reported sensing protocols employed sp2 carbon-
based electrodes further modified with different (bio)-
materials aiming at enhancing sensitivity, selectivity,
and the limits of detection (LOD) of the proposed pro-
tocols. Typically, metal nanoparticles (NPs),[36–39]

multi-walled carbon nanotubes (MWCNTs),[38,40–44]

reduced graphene oxide (RGO)[37,45,46] and
enzymes,[40] often in a combination, were used. For
example, cytochrome P4503A4 and cytochrome
P4502B6, which are the main enzymes catalyzing 4-
hydroxylation of ifosfamide and cyclophosphamide
(both nitrogen mustard analogs), respectively, were
used to functionalize MWCNTs placed at the screen
printed carbon paste electrode surface making the bio-
sensors allowing for the sensitive detection of the men-
tioned ANAs within their typical pharmacological
levels in human serum.[40] Also, new electrochemical
detection platforms based on molecularly imprinted
polymers (MIPs) were developed for direct oxidation
of 5 alkylating agents, i.e., chlorambucil, ifosfamide,
melphalan (all nitrogen mustard analogs), dacarbazine,
and temozolomide (both other alkylating agents) [44–49]

(as indicated in Table 1). MIP represents unique

Figure 1. Number of publications from the last (nearly) four decades (in the
period of 1982–2021) related to the topic of ANAs electrochemistry that were
cited in this review.
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e-
Cu

2þ
co
m
pl
ex

(E
p
�

–0
.4

V
vs

Ag
jAg

Cl
jKC

l sa
t).

[7
5]

M
W
CN

Ts
/
CP

E
D
PV

10
0.
0
m
M

PB
,p

H
2.
0

40
0.
0
pM

–4
0.
0
nM

40
nM

–2
.5

mM
LO

D
¼

12
0.
0
pM

LO
Q
¼

40
0.
0
pM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n.

Te
st
ed

in
te
rf
er
in
g

ag
en

ts
:

ur
ic
ac
id
,d

op
am

in
e,

as
co
rb
ic
ac
id
.

A
na

ly
ti
ca
l
si
gn

al
:

da
ca
rb
az
in
e
ox
id
at
io
n

(E
p
�

þ1
.0

V
vs

SC
E)
.

[4
2]

M
W
CN

Ts
–
(C
uF
e 2
O
4)
N
Ps

/
CP

E
D
PV

10
0.
0
m
M

PB
,p

H
5.
0

10
0.
0
nM

–7
6.
0
l
M

LO
D
¼

80
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n,

sp
ik
ed

bl
oo
d
pl
as
m
a,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g

ag
en

ts
:

gl
uc
os
e,

as
co
rb
ic
ac
id
,

cy
st
ei
ne
,a
la
ni
ne
,

ph
en
yl
al
an
in
e,

m
et
hi
on

in
e,

su
cr
os
e,

gl
yc
in
e,
ur
ic
ac
id
.

A
na

ly
ti
ca
l
si
gn

al
:

da
ca
rb
az
in
e
ox
id
at
io
n

(E
p
�

þ0
.8

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

[3
8]

SD
S/
CP

E
D
PV

20
0.
0
m
M

PB
S,

pH
6.
2

1.
0
mM

–4
.0

mM
LO

D
¼

15
0.
0
nM

N
/A

Te
st
ed

in
te
rf
er
in
g

ag
en

ts
:

ci
tr
ic
ac
id
,o

xa
lic

ac
id
,

gl
uc
os
e,

st
ar
ch
,

su
cc
in
ic
ac
id
.

A
na

ly
ti
ca
l
si
gn

al
:

da
ca
rb
az
in
e
ox
id
at
io
n

(E
p
�

þ0
.6
5
V
vs

SC
E)
.

Po
ss
ib
le

si
m
ul
ta
ne
ou

s
de
te
rm

in
at
io
n
of

da
ca
rb
az
in
e
w
ith

do
xo
ru
bi
ci
n.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
da
ca
rb
az
in
e.

[7
6]

p-
AT

D
/
f(-

CO
O
H
)M

W
CN

Ts
PE

D
PV

BR
B,

pH
6.
0

50
.0
nM

–2
4.
0
lM

LO
D
¼

35
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(in

je
ct
io
n)
,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g

ag
en

ts
:

do
pa
m
in
e,

5-
hy
dr
ox
yt
ry
pt
am

in
e.

A
na

ly
ti
ca
l
si
gn

al
:

da
ca
rb
az
in
e
ox
id
at
io
n

(E
p
�

þ0
.6
5
V
vs

Ag
jAg

Cl
jKC

l 3
M
).

[4
3]

(S
n-
Ce
O
2)
N
Ps

/
G
CP

E
SW

V
20
0.
0
m
M

PB
,p

H
4.
0

64
0.
0
nM

–6
.7
lM

LO
D
¼

3.
8
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n,

sp
ik
ed

bl
oo
d
se
ru
m
,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g

ag
en

ts
:

as
co
rb
ic
ac
id
,u

ric
ac
id
,a
la
ni
ne
,c
ys
te
in
e,

gl
uc
os
e,

ci
tr
ic
ac
id
,

ur
ac
il,
se
rin

e.

A
na

ly
ti
ca
l
si
gn

al
:

da
ca
rb
az
in
e
ox
id
at
io
n

(E
p
�

þ0
.9
5
V
vs

Ag
jAg

Cl
jKC

l sa
t).

[3
9]

p-
Cy
n
–
G
CM

Ps
/
PG

E
SW

V
10
0.
0
m
M

H
2S
O
4

70
.0
nM

–5
.0
lM

LO
D
¼

12
.8
nM

LO
Q
¼

38
.8
nM

N
/A

Te
st
ed

in
te
rf
er
in
g

ag
en

ts
:

m
an
ni
to
l,
ci
tr
ic
ac
id
,

so
di
um

ch
lo
rid

e,
de
xt
ro
se
.

A
na

ly
ti
ca
l
si
gn

al
:

da
ca
rb
az
in
e
ox
id
at
io
n

(E
p
�

þ1
.0

V
vs

Ag
jAg

Cl
jKC

l sa
t).

[7
7]

M
IP
(N
-A
BA

–
D
AU

–
AP

S)
–
f(-
CO

O
H
)M

W
CN

Ts
/
PG

E

D
PA

SV
10
0.
0
m
M

BB
,p

H
5.
2

54
8.
9
pM

–2
78
.9
nM

LO
D
¼

10
9.
8
pM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n,

sp
ik
ed

bl
oo
d
pl
as
m
a,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g

ag
en

ts
:

as
co
rb
ic
ac
id
,g

lu
ta
m
ic

ac
id
,p

he
ny
la
la
ni
ne
,

cy
st
ei
ne
,a
la
ni
ne
,

hi
st
id
in
e,

te
m
oz
ol
om

id
e,

ifo
sf
am

id
e,

ch
lo
ra
m
bu

ci
l,

st
ru
ct
ur
al
ly
id
en
tic
al

ty
pi
ca
lm

et
ab
ol
ite

of
da
ca
rb
az
in
e.

A
na

ly
ti
ca
l
si
gn

al
:

da
ca
rb
az
in
e
ox
id
at
io
n

(E
p
�

þ0
.6
5
V

vs
Ag

jAg
Cl
).

[4
4]

(c
on
tin
ue
d)
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Ta
bl
e
1.

Co
nt
in
ue
d.

D
ru
g
an
d
its

st
ru
ct
ur
e

M
od

ifi
ca
tio

n/
el
ec
tr
od

e
Te
ch
ni
qu

e
M
ed
iu
m

Li
ne
ar

ra
ng

e
LO

D
/L
O
Q

Ap
pl
ic
at
io
n

Se
le
ct
iv
ity

Co
m
m
en
ts

Re
f.

O
M
N
iD
IP

(a
TA

Co
PC

–
AI
BN

)
–
RG

O
/
CC

E
D
PA

SV
10
0.
0
m
M

BB
,p

H
5.
0

36
2.
3
pM

–1
99
.7
nM

LO
D
¼

76
.9
pM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n,

sp
ik
ed

bl
oo
d
se
ru
m
,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g

ag
en

ts
:

cy
ta
ra
bi
ne
,

5-
flu
or
ou

ra
ci
l,

ifo
sf
am

id
e,
m
el
ph

al
an
,

te
m
oz
ol
om

id
e,

al
an
in
e,
as
co
rb
ic
ac
id
,

cy
st
ei
ne
,g

lu
ta
m
ic

ac
id
,h

is
tid

in
e,

ph
en
yl
al
an
in
e,

gl
uc
os
e,
ur
ic
ac
id
,

do
pa
m
in
e,

da
ca
rb
az
in
e.

A
na

ly
ti
ca
l
si
gn

al
:

da
ca
rb
az
in
e
ox
id
at
io
n

(E
p
�

þ0
.6
5
V
vs

Ag
jAg

Cl
).

Po
ss
ib
le

si
m
ul
ta
ne
ou

s
de
te
rm

in
at
io
n
of

da
ca
rb
az
in
e
w
ith

ch
lo
ra
m
bu

ci
l.

[4
5]

ds
D
N
A
/
AP

-S
PC

E
D
PV

20
0.
0
m
M

PB
S,

pH
7.
4

N
/A

LO
D
¼

20
.0
nM

LO
Q
¼

59
.0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
.

Th
e
in
te
ra
ct
io
n
of

da
ca
rb
az
in
e

w
ith

ds
D
N
A.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

da
ca
rb
az
in
e
ox
id
at
io
n

(E
p
�

þ0
.3
5
V
vs

Ag
jAg

Cl
-p
se
ud

oR
E)
.

[5
8]

te
m
oz
ol
om

id
e

PG
E

D
PV

50
.0
m
M

PB
,p

H
7.
4,

co
nt
ai
ni
ng

20
.0
m
M

N
aC
l.

20
6.
0
mM

–5
15
.1

mM
LO

D
¼

31
.4

mM
Th
e
in
te
ra
ct
io
n
of

te
m
oz
ol
om

id
e
w
ith

ss
D
N
A
an
d
ds
D
N
A.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

te
m
oz
ol
om

id
e
ox
id
at
io
n

(E
p
g
u
an
in
e
�

þ0
.4

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

[6
4]

M
IP
(M

AC
–
EG

D
M
A
–

BD
C)

–
RG

O
–

Ag
N
Cs

/
SP
CE

D
PA

SV
10
0.
0
m
M

PB
,p

H
7.
1

5.
6
nM

–7
42
.8
nM

LO
D
¼

82
4.
1
pM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n,

sp
ik
ed

hu
m
an

bl
oo
d
pl
as
m
a,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g

ag
en

ts
:

da
ca
rb
az
in
e,

ifo
sf
am

id
e,
as
co
rb
ic

ac
id
,d

op
am

in
e,

cy
cl
op

ho
sp
ha
m
id
e,

ch
lo
ra
m
bu

ci
l,

hi
st
id
in
e,
cy
st
ei
ne
,

ph
en
yl
al
an
in
e,

5-
am

in
o-
4-

im
id
az
ol
ec
ar
bo

xa
m
id
e.

A
na

ly
ti
ca
l
si
gn

al
:

te
m
oz
ol
om

id
e
ox
id
at
io
n

(E
p
�

þ0
.2

V
vs

Ag
jAg

Cl
-p
se
ud

oR
E)
.

[4
6]

M
od

ifi
ca
ti
on

:
A
gN

Cs
–
si
lv
er

na
no

cu
be
s;

A
IB
N

–
2-
20
-a
zo
bi
s
(is
ob

ut
yr
on

itr
ile
);
A
PS

–
am

m
on

iu
m

pe
rs
ul
ph

at
e;

aT
A
Co

PC
–
ac
ry
lo
yl
at
ed

te
tr
aa
m
in
e
co
ba
lt
ph

th
al
oc
ya
ni
ne
;
BD

C
–
be
nz
yl

N
,N
-d
ie
th
yl
di
th
io
ca
rb
am

at
e;

BM
IM

-B
F 4

–
1-
bu

ty
l-3
-m

et
hy
lim

id
az
ol
iu
m

te
tr
af
lu
or
ob

or
at
e;

Ch
it
–
ch
ito

sa
n;

CY
P2

B6
–-

en
zy
m
e
of

cy
to
ch
ro
m
e
P4
50

2B
6;

CY
P3

A
4
–
cy
to
ch
ro
m
e
P4
50

3A
4;

D
A
U
–
1,

3-
di
ac
ry
lo
yl
ur
ea
;d

sD
N
A
–
do

ub
le
-s
tr
an
de
d
de
ox
y-

rib
on

uc
le
ic
ac
id
;E

G
D
M
A
–
et
hy
le
ne

gl
yc
ol

di
m
et
ha
cr
yl
at
e;

f(
-C
O
Cl
)G
Q
D
s
–
fu
nc
tio

na
liz
ed

(a
cy
lc
hl
or
id
e)

gr
ap
he
ne

qu
an
tu
m

do
ts
;f
(-
CO

O
H
)M

W
CN

Ts
–
fu
nc
tio

na
liz
ed

(c
ar
bo

xy
l)
m
ul
ti-
w
al
le
d
ca
rb
on

na
no

tu
be
s;
G
CM

Ps
–

gl
as
sy

ca
rb
on

m
ic
ro
pa
rt
ic
le
s;
H
gF

–
m
er
cu
ry

fil
m
;I
L
–
io
ni
c
liq
ui
d;

M
A
C
–
N
-m

et
ha
cr
yl
oy
l-L
-c
ys
te
in
e;

M
BA

A
–
N
,N
-m

et
hy
le
ne
bi
sa
cr
yl
am

id
e;

M
IP

–
m
ol
ec
ul
ar
ly

im
pr
in
te
d
po

ly
m
er
;M

W
CN

Ts
–
m
ul
ti-
w
al
le
d
ca
rb
on

na
no

-
tu
be
s;

M
X
–
M
Xe
ne
;
N
,S
-A
RG

O
–
ni
tr
og

en
an
d
su
lfu
r
co
-d
op

ed
ac
tiv
at
ed

re
du

ce
d
gr
ap
he
ne

ox
id
e;

N
-A
BA

–
N
-a
cr
yl
oy
l-4
-a
m
in
ob

en
za
m
id
e;

N
-A
BA

–
N
-a
cr
yl
oy
la
m
in
o
bu

ty
ric

ac
id
;
O
M
N
iD
IP

–
on

e
M
oN

om
er

du
al

im
pr
in
te
d
po

ly
m
er
;p

-(
3-
TA

A
)
–
po

ly
-(
3-
th
io
ph

en
e
ac
et
ic
ac
id
);
p-
(L
-C
ys
)
–
po

ly
-(
L-
cy
st
ei
ne
);
p-
(o
-A
Ph

)
–
po

ly
-(
o-
am

in
op

he
no

l);
p-
A
TD

–
po

ly
-(
2-
am

in
o-
1,
3,
4-
th
ia
di
az
ol
e)
;p

-C
yn

–
po

ly
-c
ya
ni
di
n;

RG
O
–
re
du

ce
d
gr
ap
he
ne

ox
id
e;

SD
S
–
so
di
um

do
de
cy
l
su
lfa
te
;
ss
D
N
A
–
si
ng

le
-s
tr
an
de
d
de
ox
yr
ib
on

uc
le
ic
ac
id
;
Ti
3C

2
–
tit
an
iu
m

(IV
)
ca
rb
id
e;

Vi
-C

60
-M

A
–
vi
ny
lic
-C

60
-m

on
oa
dd

uc
t;
(A
u-
Pd

)N
Ps

–
go

ld
an
d
pa
lla
di
um

na
no

pa
rt
ic
le
s;
(C
uF
e 2
O
4)
N
Ps

–
co
pp

er
-d
op

ed
fe
rr
ite

na
no

pa
rt
ic
le
s;
(M

nO
2-
N
iF
e 2
O
4)
N
Ps

–
co
re
-s
he
ll
na
no

co
m
po

si
te

of
m
an
ga
ne
se

di
ox
id
e
an
d
ni
ck
el

fe
rr
ite

na
no

pa
rt
ic
le
s;
(p
-N
VC

L-
p-
Py
)M

G
s
–
po

ly
-(
N
-v
in
yl
ca
pr
ol
ac
ta
m
)
an
d
po

ly
-p
yr
ro
le

m
ic
ro
ge
ls
;

(S
n-
Ce

O
2)
N
Ps

–
tin

-d
op

ed
ce
riu

m
di
ox
id
e
na
no

pa
rt
ic
le
s.

El
ec
tr
od

e:
A
P-
CP

E
–
an
od

ic
al
ly

pr
et
re
at
ed

ca
rb
on

pa
st
e
el
ec
tr
od

e;
A
P-
PG

E
–
an
od

ic
al
ly

pr
et
re
at
ed

pe
nc
il
gr
ap
hi
te

el
ec
tr
od

e;
A
P-
SP
CE

–
an
od

ic
al
ly

pr
et
re
at
ed

sc
re
en
-p
rin

te
d
ca
rb
on

(g
ra
ph

ite
)
el
ec
tr
od

e;
Au

E
–
go

ld
el
ec
-

tr
od

e;
CC

E
–
ca
rb
on

(g
ra
ph

ite
)
ce
ra
m
ic

el
ec
tr
od

e;
CP

E
–
ca
rb
on

(g
ra
ph

ite
)
pa
st
e
el
ec
tr
od

e;
f(
-C
O
O
H
)M

W
CN

Ts
PE

–
fu
nc
tio

na
liz
ed

(c
ar
bo

xy
l)
m
ul
ti-
w
al
le
d
ca
rb
on

na
no

tu
be
s
pa
st
e
el
ec
tr
od

e;
G
CE

–
gl
as
sy

ca
rb
on

el
ec
-

tr
od

e;
G
CP

E
–
gl
as
sy

ca
rb
on

pa
st
e
el
ec
tr
od

e;
G
E
–
gr
ap
hi
te

el
ec
tr
od

e;
H
M
D
E
–
ha
ng

in
g
m
er
cu
ry

dr
op

el
ec
tr
od

e;
m
-A
gS

A
E
–
m
en
is
cu
s
m
od

ifi
ed

si
lv
er

so
lid

am
al
ga
m

el
ec
tr
od

e;
PG

E
–
pe
nc
il
gr
ap
hi
te

el
ec
tr
od

e;
RD

-G
CE

–
ro
ta
tin

g
di
sk

gl
as
sy

ca
rb
on

el
ec
tr
od

e;
SM

D
E
–
st
at
ic
m
er
cu
ry

dr
op

el
ec
tr
od

e;
SP
CE

–
sc
re
en
-p
rin

te
d
ca
rb
on

(g
ra
ph

ite
)
el
ec
tr
od

e;
SP
CP

E
–
sc
re
en
-p
rin

te
d
ca
rb
on

(g
ra
ph

ite
)
pa
st
e
el
ec
tr
od

e;
(P
d-
A
g)
A
-M

W
–
pa
lla
di
um

-
si
lv
er

al
lo
y
m
ic
ro
w
ire
.

Te
ch
ni
qu

e:
A
dS

V
–
ad
so
rp
tiv
e
st
rip

pi
ng

vo
lta
m
m
et
ry
;C

V
–
cy
cl
ic
vo
lta
m
m
et
ry
;D

PA
dS

V
–
di
ffe

re
nt
ia
l
pu

ls
e
ad
so
rp
tiv
e
st
rip

pi
ng

vo
lta
m
m
et
ry
;D

PA
SV

–
di
ffe

re
nt
ia
l
pu

ls
e
an
od

ic
st
rip

pi
ng

vo
lta
m
m
et
ry
;D

PV
–
di
ffe

re
nt
ia
l

pu
ls
e
vo
lta
m
m
et
ry
;S

W
CA

dS
V
–
sq
ua
re
-w
av
e
ca
th
od

ic
ad
so
rp
tiv
e
st
rip

pi
ng

vo
lta
m
m
et
ry
;S

W
CS

V
–
sq
ua
re
-w
av
e
ca
th
od

ic
st
rip

pi
ng

vo
lta
m
m
et
ry
;S

W
V
–
sq
ua
re
-w
av
e
vo
lta
m
m
et
ry
.

M
ed

iu
m
:A

cB
–
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molecular recognition systems possessing (usually) spe-
cific cavities matching only the template molecules
(chosen alkylating agent), and when used as the elec-
trode surface modification leads to substantially
enhanced selectivity. MIP-based sensors, supported
with a range of additional modifiers, successfully over-
come problems with interfering compounds, that can
co-exist in physiological liquids.

On the contrary, electrochemical methods based on
reduction of the selected alkylating agents, specifically,
fotemustine, streptozocin, lomustine, carmustine (all
nitrosoureas), chlorambucil (nitrogen mustard analog)
and dacarbazine (other alkylating agent), usually
employ bare mercury (Hg) or solid amalgam electrodes
(SAEs) without any modification. These systems pro-
vide highly satisfactory analytical parameters in terms
of selectivity and low LOD values. Regarding the for-
mer, this is related to the fact that most of the possible
interferents (e.g., dopamine, uric acid, ascorbic acid,
glucose, etc.) are not reducible and provide only oxida-
tion signals.

ii. indirect detection through changes in electrochemical
responses of redox probes or purine bases.
Cyclophosphamide (nitrogen mustard analog) has
attracted the attention of electrochemists despite its
non-electroactivity. Several indirect electrochemical
sensing strategies exist for this drug:

The first strategy is derived from the MIP-based

modification coupled to the gate effect. Briefly, this
approach is based on following the change in the cur-
rent originating from the oxidation/reduction of redox
probe, in this case, ferro-/ferricyanide anions
([Fe(CN)6]

3�/4�) effected by the analyte adsorption to
the active sites in the polymeric layer. Recorded drop
in currents was observed after binding of cyclophos-
phamide to MIP cavities (the mass transfer of the
redox probe to the electrode surface is hindered when
the analyte resides in MIP cavities). Since the amount
of bounded molecules correlates well to the decrease in
the redox currents of an indicator, this methodology
can be successfully applied for sensing. Particularly,
two MIP-gate effect systems have been developed for
cyclophosphamide monitoring: a platform integrating
MIP with a microfluid chip utilizing only a two-elec-
trode system, i.e., a platinum (Pt) wire acted simultan-
eously as reference and counter electrode, and 3D
nanoporous gold (Au) – silver (Ag) alloy microwire
modified with MIP was employed as working elec-
trode,[50] and a novel sensor containing nitrogen and
sulfur co-doped activated RGO (N,S-ARGO) and MIP
[51] (the scheme of the sensor fabrication for cyclo-
phosphamide sensing is presented in Figure 2A).

The second approach employs either a pencil graph-
ite electrode (PGE) or carbon paste electrode (CPE)
modified with ss/dsDNA.[52] As already mentioned,
cyclophosphamide is electrochemically inactive,

Figure 2. (A) The scheme showing the preparation of the sensor based on the graphite electrode (GE) containing N,S-ARGO and MIP with o-aminophenol (o-APh)
as a functional monomer developed for cyclophosphamide sensing. Voltammograms were reprinted from [51] with permission from Elsevier; (B) The schematic draw
of the mini-electrochemical system constructed by integrating PGE modified with threonine as the working electrode and a micropipette tip having sealed ending
as an electrochemical cell used for the investigation of the sensitivity of cyclophosphamide on the MCF-7 cells. Voltammograms were reprinted from [53] with per-
mission from Elsevier; (C) The schematic representation of the biomolecular binding behavior of dacarbazine with DNA in the presence of the TiO2NPs.
Voltammograms reprinted from [63] with permission from Elsevier; (D) The preparation of DNA biosensor based on anodically pretreated PGE developed for the
investigation of the electrochemical interaction between methylated DNA sequences and temozolomide. The voltammetric signal differences enabled distinguishing
ssDNA and dsDNA without using a label or tag. Voltammograms were reprinted from [66] with permission from Wiley.
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however, DNA molecules provide oxidation peaks of
guanine (G) and adenine (A). After incubation of both
ssDNA and dsDNA-modified carbon electrodes with
cyclophosphamide, an increase in A or G signal,
respectively, was observed because of the interaction of
cyclophosphamide with DNA. Importantly, the differ-
ential pulse voltammetric (DPV) signals of purine bases
increased gradually with the increasing concentration
of cyclophosphamide, which was advantageously used
to develop the electrochemical method for its deter-
mination.
The versatility of electrochemical investigation tools is
further demonstrated for:

iii. interaction studies of alkylating agents with carcino-
genic cell lines.
Interesting results were published in which the sensitiv-
ity of cyclophosphamide (nitrogen mustard analog) on
the breast cancer cell line (MCF-7) has been evaluated
using a mini-electrochemical system constructed by
integrating PGE modified with threonine as the work-
ing electrode and a micropipette tip as an electrochem-
ical cell (Figure 2B).[53] The voltammetric signal of the
suspension of MCF-7 cells decreased visibly with
increasing cyclophosphamide concentration, therefore,
these results reflected the influence of cyclophospha-
mide on inhibition of MCF-7 cell growth. A new dis-
posable electrochemical device with an integrated
indium tin oxide electrode (ITOE) and a filter paper as
the electrolytic cell was reported to study the electro-
chemical behavior of chronic myeloid leukemia cell
line (K-562) and the effect of cyclophosphamide on
cell viability and toxicity.[54] Cyclophosphamide was
found to have a significant influence on the voltam-
metric response of K-562 cells as this decreases in the
presence of the drug. The great advantage of the pro-
posed systems [53,54] is the possibility of using a
reduced volume of cell samples (10 mL) in comparison
with traditional electrochemical systems (>500 mL). In
another work, the HeLa cell-based chip, which con-
tained three gold electrodes (AuEs) patterned on a sili-
con substrate, was used to study cancer cell growth,
viability, and cyclophosphamide-related toxicity by cyc-
lic voltammetry (CV) and potentiometric stripping
analysis (PSA).[55]

iv. studying the interactions of alkylating agents with
DNA.
The interaction of bendamustine (nitrogen mustard
analog) with dsDNA in the absence and presence of
quercetin as an effective radical scavenger, which
exhibits anticancer activity by preventing oxidative cell
damage, was studied by DPV and electrochemical
impedance spectroscopy (EIS).[56] The results indicated
the interaction between dsDNA and quercetin as well
as between dsDNA and bendamustine both in the
absence and presence of quercetin. It was found that
quercetin prevents the interaction between bendamus-
tine and DNA as a result of its strong interaction with
DNA.

The interaction between busulfan (alkyl sulfonate)
and dsDNA immobilized on a screen-printed carbon
electrode (SPCE) was tested by CV and DPV in the
absence and presence of crystal violet which was used
as an effective electroactive external redox indicator to
monitor crosslinks or damage to dsDNA.[57] Busulfan
was found to interact with the dsDNA immobilized
on SPCE (the structure of immobilized dsDNA on the
SPCE surface is damaged by the adsorbed busulfan).
The interaction of busulfan with dsDNA led to a
decrease in the amount of loaded crystal violet in the
DNA film, and thus, to a decrease in its peak current.
Therefore, the crystal violet interaction with the DNA
film is hampered accordingly (crystal violet binds less
preferentially to the damaged dsDNA). Interestingly,
up to now, busulfan is the only compound belonging
to the alkyl sulfonates subgroup, which has been
tested electrochemically; however, an electroanalytical
sensing protocol for this drug has not yet been devel-
oped.

The interaction of dacarbazine (other alkylating
agent) with dsDNA in the solution was studied using
SPCE by CV and DPV, and the results showed that
dacarbazine binds to dsDNA by a combined effect of
intercalation and electrostatic interaction (the results
confirmed by UV–vis spectroscopy).[58] The inter-
action of dacarbazine with ssDNA and dsDNA immo-
bilized onto PGE was investigated by DPV and
EIS.[59] It was concluded that dacarbazine interacted
more effectively with ssDNA than with dsDNA since
a higher decrease in redox signals originating from
both, dacarbazine and G oxidation, was observed. In
another work, the interaction of dacarbazine and
dacarbazine–Cu2þ complex with ssDNA and dsDNA
was studied on hanging mercury drop electrode
(HMDE) using CV and square-wave voltammetry
(SWV).[60] It was found that both, dacarbazine and its
complex with Cu2þ bind to dsDNA and ssDNA, how-
ever, the binding nature is different. The interaction
of dacarbazine and dacarbazine–Cu2þ complex with
dsDNA indicated intercalation into the base stacking
domain of dsDNA double helix, whereas the inter-
action of dacarbazine with dsDNA in the presence of
Cu2þ led to much stronger intercalation. The dacarba-
zine molecule, acting as an intercalator, is inserted
into the base stacking domain of the dsDNA double
helix, while the interaction mode of dacarbazine mole-
cules with ssDNA is electrostatic attraction via nega-
tive phosphate on the exterior of the ssDNA.

The biomolecular binding behavior of dacarbazine
(other alkylating agent) with DNA and DNA bases,
i.e., purines (A and G) and pyrimidines (thymine (T)
and cytosine (C)) has been studied in the presence of
gold NPs (AuNPs) by DPV,[61] AuNPs functionalized
with 3-mercaptopropionic acid and triphenylphos-
phine by CV,[62] and titanium dioxide NPs (TiO2NPs)
by CV [63] (Figure 2C illustrates the biomolecular
binding behavior of dacarbazine in the presence of
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TiO2NPs). Results indicated that the presence of
AuNPs, functionalized AuNPs, and TiO2NPs can
increase the binding affinity of dacarbazine to DNA
and DNA bases and efficiently enhance biomolecular
recognition and facilitate the specific interaction
between dacarbazine and DNA/DNA bases.
Furthermore, the results indicate that the binding of
purines to dacarbazine is stronger than that of pyrimi-
dines in the order of A>G > T>C [62] or A>G >
C>T.[61,63]

The electrochemical monitoring of the interaction
of temozolomide (other alkylating agent) with dsDNA
and ssDNA on PGE by CV and EIS is a subsequent
example of bioelectrochemical investigations.[64] It
was found that temozolomide could reach the purine
bases more easily in the ssDNA as compared with
dsDNA due to the conservative structure of dsDNA.
In addition, the results have shown a preferential
interaction of temozolomide with the G–C sites than
A–T DNA sites. In addition, the interaction of temo-
zolomide and its metabolites (5-aminoimidazole-4-
carboxamide and methyldiazonium ion) with dsDNA
was studied using DPV at the glassy carbon electrode
(GCE).[65] The results obtained revealed the decrease
in the dsDNA oxidation peak currents with increasing
incubation time, showing that temozolomide interacts
with dsDNA, causing its condensation.

v. differentiation between ssDNA and dsDNA without
using any label or tag.
The interaction mechanism of temozolomide (other
alkylating agent) with methylated dsDNA sequences
was investigated using DPV at PGE as depicted in
Figure 2D.[66] According to the results, temozolomide
behaved as a hybridization indicator because of its dif-
ferent electrochemical behavior toward different DNA
strands. After the interaction of temozolomide with
DNA, hybrid dsDNA signals decreased dramatically,
whereas probe ssDNA and control signals remain
almost unchanged; thus, the signal differences enabled
distinguishing between ssDNA and dsDNA without
using a label or tag.

vi. other studies on degradation.

Degradation of lomustine (nitrosourea) in an aqueous
solution was investigated using DPV at GCE and comet
assays.[67] It was proved that lomustine undergoes spontan-
eous degradation in aqueous solutions, being more enhanced
in basic pH media, without the formation of electroactive
degradation products. This instability was confirmed by
high-performance liquid chromatography. However, the pre-
dominant degradation product, 2-chloroethyl carbon ion,
caused alkylation of the purine bases of DNA. Indeed, the
study confirmed that lomustine and its degradation products
interact with dsDNA causing conformational changes in the
DNA strands, double-helix condensation, and subsequent
unwinding and breaking of double helix chains, as the incu-
bation time increased. The comet assay indicated conform-
ational changes in dsDNA induced by lomustine and its

degradation product(s), complementing the results obtained
using DPV.

Antimetabolites
The second section is focused on antimetabolites (also
referred to as antimetabolic agents), which are analogs of
biogenic metabolites interfering during the synthesis of
DNA and RNA. They are incorporated into the DNA strand
or block the catalytic activity of essential enzymes, which
results in the inhibition of DNA synthesis.[78] This group of
ANAs is comprised of 3 subgroups, i.e., folic acid analogs,
purine analogs, and pyrimidine analogs.

Importantly, antimetabolites are the most widely studied
group of ANAs; specifically, 14 out of 20 compounds have
already been investigated with electrochemical techniques (6
compounds left aside are listed in Table S1). The reported
electrochemical sensing protocols for 13 antimetabolites,
whose parameters are comprehensively presented in Table 2,
can be split into three groups:

i. direct oxidation or reduction approaches using a
range of bare or modified electrodes.
The vast majority of reports fall into this group. The
developed protocols utilized a wide range of conductive
support, either in the unmodified or modified (with a
variety of materials) form, and the selected studies are
presented below (however, readers are invited to get a
complete overview of the methods further summarized
in Table 2).

Among all published sensing protocols for metho-
trexate (folic acid analog), sensor based on ITOE
modified with magnetite NPs (Fe3O4NPs) and poly-
aniline (p-ANI) provided an extremely low and unbeat-
able LOD value of 400.0 aM (!), and was applied for
methotrexate determination in spiked blood serum and
blood serum collected from patients after their treat-
ment with methotrexate.[79] Another approach utilized
multi-frequency EIS and multivariate data analysis
immunosensor based on AuE modified with antibod-
ies.[80,81] The sensing surface preparation presented in
[80] is schematically shown in Figure 3A. The determin-
ation of methotrexate in model solution [81] and blood
serum [80] was performed using a conventional three-
electrode electrochemical cell and the electrochemical
cell consisting of two modified electrodes placed in a
poly-dimethylsiloxane flow chamber, respectively. Both
platforms provided an impressively wide linear range
(LR) spanning over 8 orders of magnitude and very
low (comparable) LOD values of 7.0 pM and 5.0 pM,
respectively. A much narrower LR but still with a com-
petitive LOD of 100.0 pM was obtained on GCE modi-
fied with Nafion (NAF) and nickel(II) oxide NPs
(NiONPs). Its selectivity was verified in the presence of
potentially interfering agents (listed in Table 1) includ-
ing ANAs, i.e., 5-fluorouracil (belonging to antimetabo-
lites) and mitoxantrone (belonging to cytotoxic
antibiotics and related substances).[82] Worth mention-
ing and especially interesting is quantification of
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ac
id
,

A
na

ly
ti
ca
l
si
gn

al
:

m
et
ho

tr
ex
at
e
ox
id
at
io
n

[1
63
]

12 M. BRYCHT ET AL.



fo
rm

ul
at
io
n
(in

je
ct
io
n)
,

sp
ik
ed

bl
oo
d
se
ru
m
,

sp
ik
ed

ur
in
e.

gl
uc
os
e,
ty
ro
si
ne
,

tr
yp
to
ph

an
,m

or
ph

in
e.

(E
p
�

þ0
.7
5
V
vs

SC
E)
.

Po
ss
ib
le

si
m
ul
ta
ne
ou

s
de
te
rm

in
at
io
n
of

m
et
ho

tr
ex
at
e

an
d
ep
iru

bi
ci
n.

N
iO
N
Ps

–
N
AF

/
G
CE

Am
p.

40
.0
m
M

BR
B,

pH
2.
0

10
.0
nM

–7
0.
0
nM

LO
D
¼

10
0.
0
pM

LO
Q
¼

1.
3
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

5-
flu

or
ou

ra
ci
l,
m
ito

xa
nt
ro
ne
,

gl
uc
os
e,
su
cr
os
e,
ur
ea
,C

l–
.

A
pp

lie
d
po

te
nt
ia
l
in

am
pe

ro
m
et
ry
:

E
¼

þ0
.9
5
V
vs

Ag
jAg

Cl
.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
m
et
ho

tr
ex
at
e.

[8
2]

Cu
N
Ps

–
CB

–
N
AF

/
G
CE

SW
V

10
0.
0
m
M

BR
B,

pH
3.
0

2.
2
lM

–2
5.
0
lM

LO
D
¼

95
.0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

ur
in
e,
sp
ik
ed

riv
er

w
at
er
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ur
ea
,K

Cl
,N

aC
l,
KH

2P
O
4,

Ca
Cl
2,
N
H
4C
l.

A
na

ly
ti
ca
l
si
gn

al
:

m
et
ho

tr
ex
at
e
ox
id
at
io
n

(E
p
�

þ0
.9

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

D
et
er
m
in
at
io
n
of

m
et
ho

tr
ex
at
e
w
as

pe
rf
or
m
ed

in
th
e
pr
es
en
ce

of
do

xo
ru
bi
ci
n

(2
.0

mM
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
m
et
ho

tr
ex
at
e.

[1
64
]

(P
d-
Ag

)A
–
N
-R
G
O
/
G
CE

D
PV

10
0.
0
m
M

PB
,p

H
5.
8

20
.0
nM

–2
00
.0

mM
LO

D
¼

1.
3
nM

Re
al

sa
m
pl
e:

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ur
ic
ac
id
,a
sc
or
bi
c
ac
id
,

gl
uc
os
e,
do

pa
m
in
e.

A
na

ly
ti
ca
l
si
gn

al
:

m
et
ho

tr
ex
at
e
ox
id
at
io
n

(E
p
�

þ0
.8

V
vs

Ag
jAg

Cl
jN
aC
l 3
M
).

[1
65
]

(C
oF
e 2
O
4)
N
Ps

–
RG

O
–
IL

(H
M
IM
-P
F 6
)
/
G
CE

D
PV

10
0.
0
m
M

PB
,p

H
2.
5

50
.0
nM

–7
.5

mM
LO

D
¼

10
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(t
ab
le
t)
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ta
rt
ar
ic
ac
id
,d

op
am

in
e,

gl
uc
os
e,
as
co
rb
ic
ac
id
,v
ita
m
in

B 6
,v
ita
m
in

B 1
,s
uc
ro
se
,M

g2
þ
,

N
H
4þ
,C

a2
þ
,F
e3

þ
.

A
na

ly
ti
ca
l
si
gn

al
:

m
et
ho

tr
ex
at
e
ox
id
at
io
n

(E
p
�

þ0
.8

V
vs

Ag
jAg

Cl
jKC

l sa
t).

[1
66
]

p-
(p
-A
BS
A)

–
f(Q

)M
W
CN

Ts
/
G
CE

D
PV

PB
,p

H
7.
0

10
0.
0
nM

–8
.0

mM
LO

D
¼

15
.0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,u

ric
ac
id
,

gl
uc
os
e,
ci
tr
ic
ac
id
,t
ar
ta
ric

ac
id
,N

aþ
,K

þ
,N

H
4þ
,C

a2
þ
,

M
g2

þ
,N

O
3–
,S
O
42–

,C
l–
.

A
na

ly
ti
ca
l
si
gn

al
:

m
et
ho

tr
ex
at
e
ox
id
at
io
n

(E
p
�

þ0
.8
5
V
vs

Ag
jAg

Cl
jKC

l sa
t).

D
et
er
m
in
at
io
n
of

m
et
ho

tr
ex
at
e
in

th
e
pr
es
en
ce

of
fo
lin
ic
ac
id

(8
.0

mM
).

[1
67
]

p-
(L
-L
ys
)
/
G
CE

SW
V

10
0.
0
m
M

PB
,p

H
2.
0

5.
0
nM

–2
00
.0
nM

LO
D
¼

1.
7
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(t
ab
le
t)
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

gl
uc
os
e,
ph

en
yl
al
an
in
e,

al
an
in
e,
le
uc
in
e,
cy
st
ei
ne
,

as
co
rb
ic
ac
id
,u

ric
ac
id
,N

aþ
,

Kþ
,Z

n2
þ
,C

l�
,M

g2
þ
,

N
O
3�
,S
O
42�

.

A
na

ly
ti
ca
l
si
gn

al
:

m
et
ho

tr
ex
at
e
ox
id
at
io
n

(E
p
�

þ0
.8
5
V
vs

SC
E)
.

D
et
er
m
in
at
io
n
of

m
et
ho

tr
ex
at
e
in

th
e
pr
es
en
ce

of
so
di
um

do
de
cy
lb
en
ze
ne

su
lfo
na
te

(1
00
.0

mg
m
L–

1 )
.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
m
et
ho

tr
ex
at
e.

[1
68
]

Au
N
Ps

–
p-
(L
-C
ys
)
/
G
CE

SW
AS

V
BR

B,
pH

2.
0

40
.0
nM

–2
.0

mM
LO

D
¼

10
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(t
ab
le
ts
),

sp
ik
ed

bl
oo
d
se
ru
m
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

fo
lic

ac
id
,e
pi
ne
ph

rin
e,

do
pa
m
in
e,
ur
ic
ac
id
,g

lu
co
se
,

su
cr
os
e,
ci
tr
ic
ac
id
,t
ar
ta
ric

ac
id
,a
sc
or
bi
c
ac
id
,Z

n2
þ
,C

l–
,

SO
42–

,P
O
43–

,A
c–
.

A
na

ly
ti
ca
l
si
gn

al
:

m
et
ho

tr
ex
at
e
ox
id
at
io
n

(E
p
�

þ0
.9
5
V
vs

SC
E)
.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
m
et
ho

tr
ex
at
e.

[1
69
]

Pr
2O

3N
Ps

–
(p
-S
ty
r)
M
S

/
G
CE

D
PV

10
0.
0
m
M

PB
,p

H
7.
0

10
.0
nM

–2
36
.0

mM
LO

D
¼

80
0.
0
pM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

gl
uc
os
e,
ch
lo
rp
ro
m
az
in
e,
Br

�
,

A
na

ly
ti
ca
l
si
gn

al
:

m
et
ho

tr
ex
at
e
ox
id
at
io
n

(E
p
�

þ0
.9
5
V
vs

Ag
jAg

Cl
).

[1
70
]

(c
on
tin
ue
d)
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Ta
bl
e
2.

Co
nt
in
ue
d.

D
ru
g
an
d

its
st
ru
ct
ur
e

M
od

ifi
ca
tio

n/
El
ec
tr
od

e
Te
ch
ni
qu

e
M
ed
iu
m

Li
ne
ar

ra
ng

e
LO

D
/L
O
Q

Ap
pl
ic
at
io
n

Se
le
ct
iv
ity

Co
m
m
en
ts

Re
f

M
g2

þ
,S
O
42�

,C
a2

þ
,N

aþ
,

Co
2þ
,I

�
.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
m
et
ho

tr
ex
at
e.

Si
O
2N
Ps

–
p-
D
A
/
G
CE

D
PV

10
0.
0
m
M

PB
,p

H
6.
0

50
.0
nM

–1
4.
0
mM

LO
D
¼

10
.0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,u

ric
ac
id
,f
ol
in
ic

ac
id
,t
et
ra
hy
dr
of
ol
ic
ac
id
,

py
rid

ox
in
e,
do

pa
m
in
e,

5-
m
et
hy
lte
tr
ah
yd
ro
fo
la
te
.

A
na

ly
ti
ca
l
si
gn

al
:

m
et
ho

tr
ex
at
e
ox
id
at
io
n

(E
p
�

þ0
.6
5
V
vs

Ag
jAg

Cl
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
m
et
ho

tr
ex
at
e.

[1
71
]

PT
C
–
p-
EI

–
M
oS

2N
FL
s

/
G
CE

EC
L

10
0.
0
m
M

PB
S

co
nt
ai
ni
ng

10
.0
m
M

K 2
S 2
O
8,

pH
7.
4

1.
0
pM

–1
0.
0
mM

LO
D
¼

15
0.
0
fM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,u

ric
ac
id
,u

re
a,

gl
uc
os
e,

L-
ly
si
ne
,L
-c
ys
te
in
e,

tr
yp
to
ph

an
,l
eu
ci
ne
,l
ac
to
se
,

KC
l,
Ca
Cl
2,
N
a 2
CO

3,
N
a 2
SO

4,
M
gS
O
4.

A
na

ly
ti
ca
l
si
gn

al
:

EC
L
re
ac
tio

n
be
tw
ee
n

pe
ry
le
ne
te
tr
ac
ar
bo

xy
lic

ac
id

an
d
S 2
O
82�

vi
a
ca
ta
ly
zi
ng

th
e

el
ec
tr
oc
he
m
ic
al

re
du

ct
io
n
of

pe
ro
xy
di
su
lfa
te

io
n
to

pr
od

uc
e

su
lfa
te

ra
di
ca
la

ni
on

s.

[1
49
]

G
r-
C 3
N
4
–
CH

IT
–

Sn
S 2
N
PL
s
/
G
CE

EC
L

10
0.
0
m
M

PB
S

co
nt
ai
ni
ng

5.
0
m
M

K 2
S 2
O
8,

pH
7.
4

1.
0
pM

–1
0.
0
mM

LO
D
¼

27
0.
0
fM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ur
ic
ac
id
,a
sc
or
bi
c
ac
id
,

gl
uc
os
e,

gl
yc
in
e,
le
uc
in
e,

L-
ar
gi
ni
ne
,t
ry
pt
op

ha
n,

cy
st
ei
ne
,K

Cl
,C

aC
l 2
,N

a 2
CO

3,
N
a 2
SO

4,
M
gS
O
4,
Cu

SO
4.

A
na

ly
ti
ca
l
si
gn

al
:

EC
L
re
ac
tio

n
be
tw
ee
n

gr
ap
hi
te
-li
ke

ca
rb
on

ni
tr
id
e

an
d
S 2
O
82�

vi
a
ca
ta
ly
zi
ng

th
e

el
ec
tr
oc
he
m
ic
al

re
du

ct
io
n
of

pe
ro
xy
di
su
lfa
te

io
n
to

pr
od

uc
e

su
lfa
te

ra
di
ca
la

ni
on

s.

[1
50
]

(C
FL
-H
o3

þ
-N
iO
)N
Ps

/
G
CE

D
PV

10
0.
0
m
M

PB
S,

pH
7.
0

1.
0
nM

–3
10
.0
l
M

LO
D
¼

5.
2
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(a
m
po

ul
e)
,

sp
ik
ed

bl
oo
d
se
ru
m
,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ur
ic
ac
id
,r
ut
in
,a
sc
or
bi
c
ac
id
,

gl
uc
os
e,

ty
ro
si
ne
,t
ry
pt
op

ha
n,

m
or
ph

in
e,
Fe

3þ
,F
e2

þ
,

Al
3þ
,M

g2
þ
.

A
na

ly
ti
ca
l
si
gn

al
:

m
et
ho

tr
ex
at
e
ox
id
at
io
n

(E
p
�

þ0
.7

V
vs

SC
E)
.

Po
ss
ib
le

si
m
ul
ta
ne
ou

s
de
te
rm

in
at
io
n
of

m
et
ho

tr
ex
at
e

an
d
ca
rb
am

az
ep
in
e.

[1
72
]

b-
CD

–
G
O
/
G
CE

D
PV

10
0.
0
m
M

PB
,p

H
6.
0

10
0.
0
nM

–1
.0

mM
LO

D
¼

20
.0
nM

N
/A

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,u

ric
ac
id
.

A
na

ly
ti
ca
l
si
gn

al
:

m
et
ho

tr
ex
at
e
ox
id
at
io
n

(E
p
�

–0
.6

V
vs

SC
E)
.

[1
73
]

G
rO

–
N
AF

/
G
CE

CV
w
ith

ac
cu
m
ul
at
io
n

st
ep

30
.0
m
M

H
Cl
O
4

40
0.
0
nM

–2
0.
0
mM

LO
D
¼

9.
0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(in

je
ct
io
n)
,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ox
al
ic
ac
id
,g

lu
co
se
,s
uc
ro
se
,

ci
tr
ic
ac
id
,t
ar
ta
ric

ac
id
,u

ric
ac
id
,a
sc
or
bi
c
ac
id
,N

aþ
,K

þ
,

Zn
2þ
,M

g2
þ
,C

a2
þ
,F
e3

þ
,F
e2

þ
,

Cl
–
,S
O
42–

,N
O
3–
,C

O
32–

,A
c–
.

A
na

ly
ti
ca
l
si
gn

al
:

m
et
ho

tr
ex
at
e
ox
id
at
io
n

(E
p
�

þ0
.9
5
V
vs

SC
E)
.

[1
74
]

ds
D
N
A
/
G
CE

CC
PS
V

16
0.
0
m
M

Ac
B,

pH
4.
2,

co
nt
ai
ni
ng

20
%

Et
O
H

2.
0
mM

–3
.6

mM
LO

D
¼

2.
0
mM

N
/A

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

in
di
re
ct

m
et
ho

tr
ex
at
e
se
ns
in
g

by
m
on

ito
rin

g
th
e
de
cr
ea
se

in
gu

an
in
e
ox
id
at
io
n
pe
ak

cu
rr
en
t
(E
p
�

þ0
.9

V
vs

Ag
jAg

Cl
).

[1
43
]

ds
D
N
A
–
O
D
A
/
AP

-G
CE

SW
V

BR
B,

pH
2.
0

20
.0
nM

–4
.0

mM
LO

D
¼

5.
0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,o

xa
lic

ac
id
,u

ric
ac
id
,g

lu
co
se
,s
uc
ro
se
,c
itr
ic

ac
id
,t
ar
ta
ric

ac
id
,Z

n2
þ
,K

þ
,

Ca
2þ
,M

g2
þ
,F
e3

þ
,N

aþ
,F
e2

þ
,

Cl
�
,S
O
42�

,A
c�
,P

O
43�

.

A
na

ly
ti
ca
l
si
gn

al
:

m
et
ho

tr
ex
at
e
ox
id
at
io
n

(E
p
�

þ0
.9

V
vs

SC
E)
.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
m
et
ho

tr
ex
at
e.

[1
75
]

D
N
A
–
G
O
/
G
CE

D
PA

dS
V

10
0.
0
m
M

Ac
B,

pH
4.
6

58
.0
nM

–2
.2

mM
LO

D
¼

7.
6
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ur
ic
ac
id

an
d
ci
tr
ic
ac
id
,

gl
uc
os
e,

ly
si
ne
,a
sc
or
bi
c
ac
id
,

A
na

ly
ti
ca
l
si
gn

al
:

in
di
re
ct

m
et
ho

tr
ex
at
e
se
ns
in
g

by
m
on

ito
rin

g
th
e
de
cr
ea
se

in

[1
44
]
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do
pa
m
in
e,
Kþ

,C
a2

þ
,M

g2
þ
,

Fe
3þ
,A

l3
þ
,N

i2
þ
,C

l–
,S
O
42–

,
CO

32–
,N

O
3–
,P

O
43–

.

gu
an
in
e
ox
id
at
io
n
pe
ak

cu
rr
en
t
(E
p
�

þ0
.7

V)
.

ds
D
N
A
–
SW

CN
Ts

–
N
AF

/
G
CE

SW
AS

V
BR

B,
pH

2.
8

20
.0
nM

–1
.5

mM
LO

D
¼

8.
0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(t
ab
le
ts
),

sp
ik
ed

bl
oo
d
se
ru
m
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

gl
uc
os
e,
gl
ut
am

ic
ac
id
,u

ric
ac
id
,e
pi
ne
ph

rin
e,
do

pa
m
in
e,

no
re
pi
ne
ph

rin
e,
Kþ

,N
aþ

,
Ca

2þ
,A

l3
þ
,N

H
4þ
,H

g2
þ
,P

b2
þ
,

Zn
2þ
,C

d2
þ
,C

l�
,P

O
43�

,A
c�
.

A
na

ly
ti
ca
l
si
gn

al
:

m
et
ho

tr
ex
at
e
ox
id
at
io
n

(E
p
�

þ0
.9
5
V
vs

Ag
jAg

Cl
jKC

l sa
t).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
m
et
ho

tr
ex
at
e.

[1
76
]

Au
N
Ps

–

f(–
CO

O
H
)M

W
CN

Ts
–

CT
AB

–
Zn

O
N
Ps

/
SP
CE

SW
V

10
0.
0
m
M

Ac
B,

pH
4.
5

20
.0

mM
–1
.0

mM
LO

D
¼

10
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(in

je
ct
io
n)
,

sp
ik
ed

bl
oo
d.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

gl
uc
os
e,
do

pa
m
in
e,
as
co
rb
ic

ac
id
,u

ric
ac
id
.

A
na

ly
ti
ca
l
si
gn

al
:m

et
ho

tr
ex
at
e

ox
id
at
io
n
(E
p
�

þ0
.7
5
V
vs

Ag
jAg

Cl
).

D
et
er
m
in
at
io
n
of

m
et
ho

tr
ex
at
e
in

th
e
pr
es
en
ce

of
ep
iru

bi
ci
n
(5
.0
nM

).

[1
77
]

W
P-
N
-f
(–
CO

O
H
)M

W
CN

Ts
–

N
AF

/
SP
CE

D
PV

10
0.
0
m
M

PB
,p

H
6.
0

10
.0
nM

–
(�

)8
0
nM

(�
)8
0
nM

–

54
0.
0
mM

LO
D
¼

45
.0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

gl
yc
in
e,
cy
st
ei
ne
,l
ys
in
e,

tr
yp
to
ph

an
,u

ric
ac
id
,c
itr
ic

ac
id
,a
sc
or
bi
c
ac
id
,d

op
am

in
e,

gl
uc
os
e,
Kþ

,N
aþ

,C
a2

þ
,M

g2
þ
,

Zn
2þ
,F
e2

þ
,F
e3

þ
,C

l–
,

N
O
3–
,S
O
42–

.

A
na

ly
ti
ca
l
si
gn

al
:

m
et
ho

tr
ex
at
e
ox
id
at
io
n

(E
p
�

þ0
.7
5
V
vs

Ag
jAg

Cl
).

[1
78
]

b-
CD

–
M
W
CN

Ts
/
SP
E

D
PV

10
0.
0
m
M

Ac
B,

pH
4.
0

10
0.
0
nM

–5
.0

mM
5.
0
mM

–1
.0
m
M

LO
D
¼

35
.0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

ra
bb

it
bl
oo
d
pl
as
m
a.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

do
pa
m
in
e,
as
co
rb
ic

ac
id
,g

lu
co
se
.

A
na

ly
ti
ca
l
si
gn

al
:

m
et
ho

tr
ex
at
e
ox
id
at
io
n

(E
p
�

þ0
.8

V)
.

M
ul
tia
na
ly
te

(m
et
ho

tr
ex
at
e,

ur
ea
,u

ric
ac
id
,l
ac
ta
te

de
hy
dr
og

en
as
e)

qu
an
tif
ic
at
io
n

ba
se
d
on

th
e
m
ic
ro
flu

id
ic

te
ch
ni
qu

e
an
d
el
ec
tr
oc
he
m
ic
al

se
ns
or

ar
ra
y.

[8
3]

f(–
CO

O
H
)M

W
CN

Ts
/
CP

E
D
PV

PB
,p

H
3.
2

40
0.
0
nM

–5
.5

mM
LO

D
¼

40
0.
0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n,

sp
ik
ed

bl
oo
d
se
ru
m
,s
pi
ke
d

un
di
lu
te
d

(a
rt
ifi
ci
al
)
ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,u

ric
ac
id
,

do
pa
m
in
e,
se
ro
to
ni
n.

A
na

ly
ti
ca
l
si
gn

al
:

m
et
ho

tr
ex
at
e
ox
id
at
io
n

(E
p
�

þ0
.7
5
V
vs

Ag
jAg

Cl
jKC

l 3
N
).

[1
79
]

(C
uC

r 2
O
4-
Cu

O
)N
FB
s
–
IL

(B
M
IM
-B
r)
/
CP

E
D
PS
V

10
0.
0
m
M

BR
B,

pH
2.
5

10
0.
0
nM

–2
0.
0
mM

20
.0

mM
–3
00
.0

mM
LO

D
¼

25
.0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

do
pa
m
in
e,
as
co
rb
ic
ac
id
,u

ric
ac
id
,c
itr
ic
ac
id
,g

lu
co
se
,

al
an
in
e,
cy
st
ei
ne
,C

a2
þ
,M

g2
þ
,

Cl
�
,N

H
4þ
,F
e3

þ
.

A
na

ly
ti
ca
l
si
gn

al
:

m
et
ho

tr
ex
at
e
ox
id
at
io
n

(E
p
�

þ1
.0

V
vs

Ag
jAg

Cl
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
m
et
ho

tr
ex
at
e.

[1
80
]

L-
G
lo
x
/
CP

E
Am

p.
10
0.
0
m
M

PB
,p

H
7.
0

80
.0
pM

–1
.0
nM

4.
0
fM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
ns

(t
ab
le
ts
,i
nj
ec
tio

ns
).

N
/A

A
pp

lie
d
po

te
nt
ia
l
in

am
pe

ro
m
et
ry
:

E
¼

þ0
.1
5
V
vs

Ag
jAg

Cl
.

D
et
er
m
in
at
io
n
of

th
e

en
an
tio

pu
rit
y
of

m
et
ho

tr
ex
at
e.

D
et
er
m
in
at
io
n
of

L-
m
et
ho

tr
ex
at
e.

[1
51
]

L-
AA

O
D
/
CP

E
Am

p.
10
0.
0
m
M

PB
,p

H
7.
0

40
.0
fM

–8
0.
0
fM

10
.0
fM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
ns

(t
ab
le
ts
,i
nj
ec
tio

ns
).

N
/A

A
pp

lie
d
po

te
nt
ia
l
in

am
pe

ro
m
et
ry
:

E
¼

þ0
.0
12

V
vs

Ag
jA

gC
l.

D
et
er
m
in
at
io
n
of

th
e

en
an
tio

pu
rit
y
of

m
et
ho

tr
ex
at
e.

[1
51
]

(c
on
tin
ue
d)
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Ta
bl
e
2.

Co
nt
in
ue
d.

D
ru
g
an
d

its
st
ru
ct
ur
e

M
od

ifi
ca
tio

n/
El
ec
tr
od

e
Te
ch
ni
qu

e
M
ed
iu
m

Li
ne
ar

ra
ng

e
LO

D
/L
O
Q

Ap
pl
ic
at
io
n

Se
le
ct
iv
ity

Co
m
m
en
ts

Re
f

D
et
er
m
in
at
io
n
of

D
-

m
et
ho

tr
ex
at
e.

Bi
F
/
Cu

E
D
PA

dS
V

10
0.
0
m
M

PB
,p

H
6.
0

12
.0
nM

–1
.7
lM

LO
D
¼

90
0.
0
pM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

la
ct
os
e,

ta
rt
ra
zi
ne
,s
od

iu
m

st
ea
ra
te
,s
ta
rc
h.

A
na

ly
ti
ca
l
si
gn

al
:

m
et
ho

tr
ex
at
e
ox
id
at
io
n

(E
p
�

–0
.7

V
vs

Ag
jAg

Cl
jKC

l 3
M
). Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
m
et
ho

tr
ex
at
e.

[1
81
]

pT
H
M
M
AA

–
Ig
G
-M

tx
-A
b
–

G
TA

–
Cy
A
/
Au

E
EI
S-
M
VA

PB
,p

H
7.
0

27
6.
0
pM

–2
70
.0

mM
LO

D
¼

16
5.
0
pM

N
/A

N
/A

A
pp

lie
d
po

te
nt
ia
l:

O
CP

Th
e
el
ec
tr
oc
he
m
ic
al
ce
ll

co
ns
is
te
d
of

tw
o
m
od

ifi
ed

el
ec
tr
od

es
pl
ac
ed

in
a

po
ly
di
m
et
hy
ls
ilo
xa
ne

flo
w

ch
am

be
r.

[1
82
]

pT
H
M
M
AA

–
Ig
G
-M

tx
-A
b
–

G
TA

–
Cy
A
/
Au

E
EI
S-
M
VA

PB
,p

H
7.
0

2.
7
pM

–2
73
.0

mM
LO

D
¼

5.
0
pM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
.

N
/A

A
pp

lie
d
po

te
nt
ia
l:

E
¼
0.
0
V
vs

Ag
jAg

Cl
jKC

l sa
t.

Th
e
el
ec
tr
oc
he
m
ic
al
ce
ll

co
ns
is
te
d
of

tw
o
m
od

ifi
ed

el
ec
tr
od

es
pl
ac
ed

in
a

po
ly
di
m
et
hy
ls
ilo
xa
ne

flo
w

ch
am

be
r.

[8
0]

pT
H
M
M
AA

–
Ig
G
-M

tx
-A
b
–

N
H
S
–
ED

C
–
eG

CP
/
Au

E

EI
S-
M
VA

PB
,p

H
7.
0

3.
0
pM

–3
00
.0

mM
LO

D
¼

7.
0
pM

N
/A

N
/A

A
pp

lie
d
po

te
nt
ia
l:

E
¼
0.
0
V
vs

Ag
jAg

Cl
jKC

l sa
t.

[8
1]

Fe
3O

4N
Ps

–
p-
AN

I/
IT
O
E

SW
V

PB
S,
pH

7.
4

10
.0
fM

–1
0.
0
nM

LO
D
¼

40
0.
0
aM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
,

bl
oo
d
se
ru
m

co
lle
ct
ed

fr
om

pa
tie
nt
s
af
te
r
th
ei
r

tr
ea
tm

en
t
w
ith

m
et
ho

tr
ex
at
e.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

m
et
ho

tr
ex
at
e
ox
id
at
io
n

(E
p
�

–0
.3
5
V
vs

Ag
jAg

Cl
).

[7
9]

BM
–
p-
VS

/
IT
O
E

SW
V

Am
Ac
B,

pH
3.
5

1.
5
lM

–5
0.
0
lM

LO
D
¼

59
5.
0
nM

LO
Q
¼

1.
5
l
M

N
/A

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

m
et
ho

tr
ex
at
e
ox
id
at
io
n

(E
p
�

þ0
.9

V
vs

SC
E)
.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
m
et
ho

tr
ex
at
e.

[1
83
]

pe
m
et
re
xe
d

oo
p-
Py

–

f(–
CO

O
H
)M

W
CN

Ts
/
G
CE

D
PA

dS
V

10
0.
0
m
M

PB
S,

pH
7.
0

10
.0
nM

–1
00
.0
nM

LO
D
¼

3.
3
nM

LO
Q
¼

9.
9
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(in

je
ct
io
n)
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

do
pa
m
in
e,
as
co
rb
ic
ac
id
,u

ric
ac
id
,K

þ
,C

a2
þ
,N

aþ
,S
O
42–

,
Cl
–
,N

O
3–
.

A
na

ly
ti
ca
l
si
gn

al
:

pe
m
et
re
xe
d
ox
id
at
io
n

(E
p
�

þ0
.3

V
vs

Ag
jAg

Cl
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
pe
m
et
re
xe
d.

[1
84
]

Pd
N
Ps

–
CN

FB
s
–

IL
([M

3O
A]

þ
[N
TF

2]
�
)
–

N
AF

/
CP

E

SW
V

10
0.
0
m
M

PB
,p

H
6.
0

1.
0
nM

–3
5.
0
nM

LO
D
¼

33
0.
0
pM

LO
Q
¼

99
0.
0
pM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(in

je
ct
io
n

Al
im
ta
VR
),
sp
ik
ed

ca
nc
er
ou

s
pl
as
m
a,
sp
ik
ed

he
al
th

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

gl
uc
os
e,

do
pa
m
in
e,
ca
ffe

in
e,

ur
ic
ac
id
,p

ar
ac
et
am

ol
,

m
al
to
se
,c
itr
ic
ac
id
,a
sp
iri
n,

as
co
rb
ic
ac
id
,N

aþ
,K

þ
,M

g2
þ
,

Ca
2þ
,I

�
,C

l�
.

A
na

ly
ti
ca
l
si
gn

al
:

pe
m
et
re
xe
d
ox
id
at
io
n

(E
p
�

þ0
.3

V
vs

Ag
jAg

Cl
jKC

l sa
t).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
pe
m
et
re
xe
d.

[8
4]

M
IP
(o
-P
D
)
–
CQ

D
s
/
SP
CE

D
PV

Ac
B,

pH
5.
2

5.
0
nM

–1
00
.0
nM

LO
D
¼

1.
6
nM

LO
Q
¼

4.
9
nM

Re
al

sa
m
pl
e:

sp
ik
ed

sy
nt
he
tic

ur
in
e.

A
na

ly
ti
ca
l
si
gn

al
:

pe
m
et
re
xe
d
ox
id
at
io
n

[1
85
]
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Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

gu
an
in
e,
su
lp
iri
de
,

as
co
rb
ic
ac
id
.

(E
p
�

þ0
.3

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

Pu
ri
ne

an
al
og

s
6-
m
er
ca
pt
op

ur
in
e

H
Cu

AD
E

D
PA

dC
SV

10
0.
0
m
M

Li
Cl
O
4
an
d

50
0.
0
m
M

H
Cl
O
4

36
0.
0
pM

–5
.3
lM

LO
D
¼

12
0.
0
pM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(t
ab
le
ts
).

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

6-
th
io
gu

an
in
e,
az
at
hi
op

rin
e,

Br
–
,I

–
.

A
na

ly
ti
ca
l
si
gn

al
:

6-
m
er
ca
pt
op

ur
in
e-
Cu

2þ

co
m
pl
ex

re
du

ct
io
n
(E
p
�

–0
.2

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

[1
36
]

AP
-B
D
D
E

D
PV

40
.0
m
M

BR
B,

pH
2.
0

1.
0
lM

–2
75
.0
lM

27
5.
0
lM

–4
50
.0
lM

LO
D
¼

51
0.
0
nM

LO
Q
¼

1.
7
mM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(t
ab
le
ts
),

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

st
ar
ch
,m

ic
ro
cr
ys
ta
lli
ne

ce
llu
lo
se
,t
ita
ni
um

di
ox
id
e,

m
ag
ne
si
um

st
ea
ra
te
,a
sc
or
bi
c

ac
id
,u

ric
ac
id
,u

re
a,

po
ly
vi
ny
lp
yr
ro
lid
on

e.

A
na

ly
ti
ca
l
si
gn

al
:

6-
m
er
ca
pt
op

ur
in
e
ox
id
at
io
n

(E
p
�

þ1
.6

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
6-
m
er
ca
pt
op

ur
in
e.

[1
86
]

M
W
CN

Ts
–
CT
AB

/G
CE

LS
V

20
0.
0
m
M

PB
,p

H
3.
0

50
0.
0
nM

–3
.0
lM

LO
D
¼

8.
4
nM

LO
Q
¼

28
.0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ci
tr
ic
ac
id
,g

um
ac
ac
ia
,

de
xt
ro
se
,o

xa
lic

ac
id
,s
ta
rc
h,

ta
rt
ar
ic
ac
id
,d

op
am

in
e,

as
co
rb
ic
ac
id
.

A
na

ly
ti
ca
l
si
gn

al
:

6-
m
er
ca
pt
op

ur
in
e
ox
id
at
io
n

(E
p
�

þ1
.6

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
6-
m
er
ca
pt
op

ur
in
e.

[8
7]

ER
G
O
–
IL
(B
M
IM
-P
F 6
)
–

CH
IT

/
CS
E

FI
A-
Am

p.
10
0.
0
m
M

PB
,p

H
7.
0,

co
nt
ai
ni
ng

10
0.
0
m
M

KC
l

40
0.
0
nM

–1
0.
0
lM

10
.0

mM
–4
00
.0

mM
LO

D
¼

11
0.
0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n.

N
/A

A
pp

lie
d
po

te
nt
ia
l
in

am
pe

ro
m
et
ry
:

E
¼

þ0
.3

V
vs

Ag
jAg

Cl
jKC

l 3
M
.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
6-
m
er
ca
pt
op

ur
in
e.

[1
87
]

Au
N
Ps

–
CH

IT
–
G
O
–

IL
(B
M
IM
-P
F 6
)
/
CS
E

Ad
SV

10
0.
0
m
M

PB
,p

H
7.
4,

co
nt
ai
ni
ng

1.
0

M
KC

l

0
mM

–2
0.
0
mM

20
.0

mM
–2
00
.0

mM
LO

D
¼

30
.0
nM

Th
e
in
te
ra
ct
io
n
be
tw
ee
n

ds
D
N
A
an
d
6-

m
er
ca
pt
op

ur
in
e.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

6-
m
er
ca
pt
op

ur
in
e
ox
id
at
io
n

(E
p
�

þ0
.7

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

[1
53
]

M
W
CN

Ts
/
CP

E
LS
V

pH
4.
0

50
0.
0
nM

–1
.2
lM

1.
2
lM

–9
00
.0
lM

LO
D
¼

10
0.
0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(t
ab
le
t)
,

sp
ik
ed

ur
in
e
fr
om

he
al
th
y
or

no
n-
he
al
th
y

vo
lu
nt
ee
rs
(c
hi
ld
re
n
w
ith

ch
ro
ni
c

ly
m
ph

oc
yt
ic
le
uk
em

ia
).

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ur
ea
,f
ru
ct
os
e,
gl
uc
os
e,

su
cr
os
e,
la
ct
os
e,

gl
yc
in
,

su
cc
in
ic
ac
id
,t
hr
eo
ni
ne
,

m
et
ha
no

l,
et
ha
no

l,
th
io
ur
ea
,

as
co
rb
ic
ac
id
,N

aþ
,N

O
3�
,C

l�
.

A
na

ly
ti
ca
l
si
gn

al
:

6-
m
er
ca
pt
op

ur
in
e
ox
id
at
io
n

(E
p
�

þ0
.5
5
V
vs

Ag
jAg

Cl
jKC

l sa
t).

D
et
er
m
in
at
io
n
of

6-
m
er
ca
pt
op

ur
in
e
pe
rf
or
m
ed

in
th
e
pr
es
en
ce

of
is
op

re
na
lin
e
(2
00
.0
lM

).
Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
6-
m
er
ca
pt
op

ur
in
e.

[1
88
]

Pt
N
Ps

–
M
W
CN

Ts
–
IL

(B
M
IM
-P
F 6
)
/
CP

E
SW

V
10
0.
0
m
M

PB
,p

H
8.
0

50
.0
nM

–5
50
.0
lM

LO
D
¼

9.
0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(t
ab
le
ts
),

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

su
cr
os
e,
la
ct
os
e,

m
et
ha
no

l,
gl
uc
os
e
to
po

te
ca
n,

6-
th
io
ru
ric

ac
id
,t
hi
og

ua
ny
lic

ac
id
,B

M
S-

57
31
88
,A

l3
þ
,C

a2
þ
,M

g2
þ
,

SO
42–

,C
O
32–

.

A
na

ly
ti
ca
l
si
gn

al
:

6-
m
er
ca
pt
op

ur
in
e
ox
id
at
io
n

(E
p
�

þ0
.5

V
vs

Ag
jAg

Cl
jKC

l).
Po
ss
ib
le

si
m
ul
ta
ne
ou

s
de
te
rm

in
at
io
n
of

6-
th
io
gu

an
in
e
an
d
da
sa
tin

ib
.

[8
8]

(Z
nO

-C
uO

)N
PL
s
–
2-
CB

F
/
CP

E
SW

V
10
0.
0
M

PB
S,
pH

7.
0

75
.0
nM

–1
0.
0
lM

10
.0
lM

–5
00
.0
lM

LO
D
¼

45
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

la
ct
os
e,

gl
uc
os
e,
m
et
ha
no

l,
et
ha
no

l,
fr
uc
to
se
,s
ac
ch
ar
os
e,

be
nz
oi
c
ac
id
,N

AD
H
,

ac
et
am

in
op

he
n,

ur
ic
ac
id
,

as
co
rb
ic
ac
id
,d

op
am

in
e,

ep
in
ep
hr
in
e,
no

re
pi
ne
ph

rin
e,

A
na

ly
ti
ca
l
si
gn

al
:

6-
m
er
ca
pt
op

ur
in
e
ox
id
at
io
n

(E
p
�

þ0
.5
5
V
vs

Ag
jAg

Cl
jKC

l 3
M
).

Po
ss
ib
le

si
m
ul
ta
ne
ou

s
de
te
rm

in
at
io
n
of

6-
th
io
gu

an
in
e
an
d
fo
lic

ac
id
.

[1
89
]

(c
on
tin
ue
d)
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Ta
bl
e
2.

Co
nt
in
ue
d.

D
ru
g
an
d

its
st
ru
ct
ur
e

M
od

ifi
ca
tio

n/
El
ec
tr
od

e
Te
ch
ni
qu

e
M
ed
iu
m

Li
ne
ar

ra
ng

e
LO

D
/L
O
Q

Ap
pl
ic
at
io
n

Se
le
ct
iv
ity

Co
m
m
en
ts

Re
f

hi
st
id
in
e,

gl
yc
in
e,
tr
yp
to
ph

an
,

ph
en
yl
al
an
in
e,

ty
ro
si
ne
,

L-
as
pa
ra
gi
ne
,L
-ly
si
ne
,L
-s
er
in
e,

L-
th
re
on

in
e,
L-
pr
ol
in
e,

M
g2

þ
,

Al
3þ
,N

H
4þ
,F
e2

þ
,F
e3

þ
,F

�
,

SO
42�

,S
2�
.

M
W
CN

Ts
–
Ti
O
2N
Ps

/
CP

E
D
PV

10
0.
0
m
M

BR
B,

pH
9.
0

90
.0
nM

–4
.5
lM

4.
5
lM

–3
50
.0
lM

LO
D
¼

65
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

gl
uc
os
e,

su
cr
os
e,
la
ct
os
e,

fr
uc
to
se
,c
itr
ic
ac
id
,m

et
ha
no

l,
et
ha
no

l,
gl
yc
in
e,
ci
tr
ic
ac
id
,

as
pa
rt
ic
ac
id
,f
ol
ic
ac
id
,

as
pi
rin

,C
a2

þ
,M

g2
þ
,S
O
42�

,
Al

3þ
,N

H
4þ
,F
e2

þ
,F
e3

þ
,

CO
32�

,C
l�
,F

�
.

A
na

ly
ti
ca
l
si
gn

al
:

6-
m
er
ca
pt
op

ur
in
e
ox
id
at
io
n

(E
p
�

–0
.0
5
V
vs

Ag
jAg

Cl
jKC

l sa
t).

Po
ss
ib
le

si
m
ul
ta
ne
ou

s
de
te
rm

in
at
io
n
of

6-
th
io
gu

an
in
e
an
d
fo
lic

ac
id
.

[1
90
]

N
CC

P
–
AH

M
T-
Ag

/
CP

E
D
PV

10
0.
0
m
M

PB
,p

H
7.
0

12
.0

mM
–6
2.
0
mM

LO
D
¼

21
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(t
ab
le
ts
),

sp
ik
ed

bl
oo
d
se
ru
m
,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

et
ha
no

l,
gl
uc
os
e,
st
ar
ch
,

as
co
rb
ic
ac
id
,u

ric
ac
id
,d

op
am

in
e.

A
na

ly
ti
ca
l
si
gn

al
:

6-
m
er
ca
pt
op

ur
in
e
ox
id
at
io
n

(E
p
�

þ0
.5

V
vs

Ag
jAg

Cl
).

[1
91
]

[C
o(
III
)-
Sa
l]
/
M
W
CN

Ts
PE

D
PV

10
0.
0
m
M

PB
,p

H
3.
0

1.
0
lM

–1
0.
0
lM

10
.0
l
M
–1
00
.0
lM

LO
D
¼

10
0.
0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n,

sp
ik
ed

pl
as
m
a.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,u

ric
ac
id
.

A
na

ly
ti
ca
l
si
gn

al
:

6-
m
er
ca
pt
op

ur
in
e
ox
id
at
io
n

(E
p
�

þ1
.6

V
vs

Ag
jAg

Cl
jKC

l sa
t).

[1
92
]

[C
o(
ph

en
) 2
(t
at
p)
]3
þ
–
SD

S
–
M
W
CN

Ts
/
G
CE

D
PV

10
.0
m
M

Tr
is
B,

pH
7.
2,

co
nt
ai
ni
ng

50
.0
m
M

N
aC
l

20
0.
0
nM

–2
00
.0
lM

LO
D
¼

50
.0
nM

N
/A

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

gu
an
in
e,
hy
po

xa
nt
hi
ne
,

as
co
rb
ic
ac
id
,Z

n2
þ
,N

i2
þ
.

A
na

ly
ti
ca
l
si
gn

al
:

6-
m
er
ca
pt
op

ur
in
e
re
du

ct
io
n

(E
p
�

0.
0
V
vs

SC
E)
.

[1
35
]

[C
o(
ph

en
) 3
]3
þ
–
ds
D
N
A
–

G
O
/
G
CE

D
PV

10
.0
m
M

Tr
is
B,

pH
7.
2,

co
nt
ai
ni
ng

50
.0
m
M

N
aC
l

50
.0
lM

–2
.0
lM

LO
D
¼

15
.0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

6-
be
nz
yl
am

in
op

ur
in
e,

6-
fu
rf
ur
yl
am

in
op

ur
in
e,

az
at
hi
op

rin
e,
ze
at
in
,g

lu
co
se
,

ly
si
ne
,c
af
fe
in
e,

6-
hy
po

xa
nt
hi
ne
,a
sc
or
bi
c
ac
id
,

ur
ic
ac
id
,d

op
am

in
e,
Kþ

,C
a2

þ
,

M
g2

þ
,F
e3

þ
,A

l3
þ
,N

i2
þ
,C

l–
,

SO
42–

,C
O
32–

,P
O
43–

,N
O
3–
.

A
na

ly
ti
ca
l
si
gn

al
:

6-
m
er
ca
pt
op

ur
in
e
re
du

ct
io
n

(E
p
�

–0
.1

V
vs

Ag
jAg

Cl
).

[1
34
]

M
IP
(P
TE
O
S
–
TE
O
S
–
TF
A

–
p-
Py
)
–
Zn

O
-G
Q
D
s

/
PG

E

D
PV

10
0.
0
m
M

PB
,p

H
8.
0

10
.0
nM

–5
0.
0
mM

50
.0

mM
–7
00
.0

mM
LO

D
¼

5.
7
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(t
ab
le
t)
,

sp
ik
ed

bl
oo
d
se
ru
m
,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

6-
th
io
gu

an
in
e,
al
lo
pu

rin
ol
,

gl
uc
os
e,

su
cr
os
e,
as
co
rb
ic
ac
id
,

ur
ic
ac
id
,c
itr
ic
ac
id
,t
ar
ta
ric

ac
id
,K

þ
,N

aþ
,C

a2
þ
,M

g2
þ
,

N
O
3–
,S
O
42–

,C
l–
.

A
na

ly
ti
ca
l
si
gn

al
:

6-
m
er
ca
pt
op

ur
in
e
ox
id
at
io
n

(E
p
�

þ0
.4
5
V)
.

[8
5]

M
IP
(N
-A
As
p
–
M
BA

–
AP

S)
–
Pd

N
Ps

–
N
-C
SN

S
(C
TA

B
–
RE
S
–
TE
O
S
–

FM
–
M
el
)
–
IL
(B
M
IM
-

BF
4)
/
PG

E

D
PA

SV
10
0.
0
m
M

PB
,p

H
5.
0

4.
1
nM

–5
08
.0
nM

LO
D
¼

72
2.
8
pM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n,

sp
ik
ed

w
at
er
,s
pi
ke
d
bl
oo
d

pl
as
m
a,
sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ch
lo
ra
m
bu

ci
l,
ifo
sf
am

id
e,

te
m
oz
ol
om

id
e,
5-
flu

or
ou

ra
ci
l,

6-
th
io
gu

an
in
e,
as
co
rb
ic
ac
id
,

ur
ic
ac
id
,d

op
am

in
e,
gl
uc
os
e.

A
na

ly
ti
ca
l
si
gn

al
:

6-
m
er
ca
pt
op

ur
in
e
ox
id
at
io
n

(E
p
�

þ0
.3
5
V
vs

Ag
jAg

Cl
jKC

l 3
M
).

[8
6]

ds
D
N
A
–
p-
Py

–
D
BS
A
–

f(–
CO

O
H
)M

W
CN

Ts
/
PG

E

D
PV

Tr
is
B,

pH
7.
0

20
0.
0
nM

–8
.0
l
M

8.
0
lM

�
10
0.
0
lM

LO
D
¼

80
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(t
ab
le
ts
),

sp
ik
ed

ur
in
e.

Th
e
in
te
ra
ct
io
n
of

6-
m
er
ca
pt
op

ur
in
e

w
ith

ds
D
N
A.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

gl
uc
os
e,

fr
uc
to
se
,l
ac
to
se
,

su
cr
os
e,
ur
ea
,g

ly
ci
ne
,v
al
in
e,

m
et
hi
on

in
e,

le
uc
in
e,
al
an
in
e,

gl
yc
in
e,
m
et
ha
no

l,
et
ha
no

l.

A
na

ly
ti
ca
l
si
gn

al
:

in
di
re
ct

6-
m
er
ca
pt
op

ur
in
e

se
ns
in
g
by

m
on

ito
rin

g
th
e

de
cr
ea
se

in
ox
id
at
io
n
pe
ak

cu
rr
en
ts

of
gu

an
in
e
(E
p
g
u
an
in
e

�
þ0

.9
V
vs

Ag
jAg

Cl
jKC

l sa
t)

[1
45
]
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an
d
ad
en
in
e
(E
p
ad
en
in
e
�

þ1
.3

V
vs

Ag
jAg

Cl
jKC

l sa
t).

Fe
3O

4N
Ps

–
p-
Py

–
Pt
N
Ps

/
SP
CE

D
PV

10
0.
0
m
M

PB
,p

H
7.
0

40
.0
nM

–3
30
.0

mM
LO

D
¼

10
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(t
ab
le
ts
),

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

gl
uc
os
e,

la
ct
os
e,
sa
cc
ha
ro
se
,

be
nz
oi
c
ac
id
,m

et
ha
no

l,
fr
uc
to
se

an
d
et
ha
no

l,
do

pa
m
in
e,
ac
et
am

in
op

he
n,

ur
ic
ac
id
,a
sc
or
bi
c
ac
id
,N

AD
H
,

no
re
pi
ne
ph

rin
e,
ep
in
ep
hr
in
e,

tr
yp
to
ph

an
,L
-s
er
in
e,
L-
ly
si
ne
,

L-
as
pa
ra
gi
ne
,t
hr
eo
ni
ne
,

hi
st
id
in
e,

gl
yc
in
e,
L-
pr
ol
in
e,

ph
en
yl
al
an
in
e,

L-
ty
ro
si
ne
,

M
g2

þ
,N

H
4þ
,F

–
,F
e2

þ
,F
e3

þ
,

Al
3þ
,S

2–
,S
O
42–

,

A
na

ly
ti
ca
l
si
gn

al
:

6-
m
er
ca
pt
op

ur
in
e
ox
id
at
io
n

(E
p
�

þ0
.5

V
vs

Ag
-

ps
eu
do

RE
).

Po
ss
ib
le

si
m
ul
ta
ne
ou

s
de
te
rm

in
at
io
n
of

6-
m
er
ca
pt
op

ur
in
e
an
d

6-
th
io
gu

an
in
e.

[8
9]

6-
th
io
gu

an
in
e

H
M
D
E

SW
V

50
.0
m
M

Ac
B,

pH
4.
8

2.
4
nM

–
(�

)5
mM

LO
D
¼

2.
1
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(t
ab
le
ts
),

sp
ik
ed

bl
oo
d
se
ru
m
.

Th
e
in
te
ra
ct
io
n
of

6-
th
io
gu

an
in
e
w
ith

ss
D
N
A

an
d
ds
D
N
A.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

fr
uc
to
se
,s
uc
ro
se
,l
ac
to
se
,

gl
uc
os
e,

va
lin
e,
gl
yc
in
e,

le
uc
in
e,
ur
ea
,m

et
ha
no

l,
ph

en
yl
al
an
in
e,

et
ha
no

l,
D
L-

tr
yp
to
ph

an
e,

cy
st
ei
ne
.

A
na

ly
ti
ca
l
si
gn

al
:

6-
th
io
gu

an
in
e
re
du

ct
io
n

(E
p
�

–1
.4

V
vs

Ag
jAg

Cl
jKC

l sa
t).

D
et
er
m
in
at
io
n
in

th
e
pr
es
en
ce

of
ds
D
N
A
(2
.0
m
g
L–

1 )
in

th
e

su
pp

or
tin

g
el
ec
tr
ol
yt
e
so
lu
tio

n.

[1
32
]

CP
E

SW
V

10
0.
0
m
M

BR
B,

pH
9.
0

20
0.
0
nM

–8
.0

mM
8.
0
lM

–3
50
.0
lM

LO
D
¼

80
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(t
ab
le
ts
),

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

gl
uc
os
e,

su
cr
os
e,
la
ct
os
e,

fr
uc
to
se
,s
ta
rc
h,

ur
ea
,K

þ
,N

aþ
,

Ca
2þ
,M

g2
þ
,F
e2

þ
,F
e3

þ
,C

l–
,

N
O
3–
,F

–
,S
O
42–

.

A
na

ly
ti
ca
l
si
gn

al
:

6-
th
io
gu

an
in
e
ox
id
at
io
n

(E
p
�

–0
.0
5
V
vs

Ag
jAg

Cl
jKC

l sa
t).

[1
93
]

G
O
/
CP

E
SW

SV
BR

B,
pH

5.
0

10
0.
0
nM

–2
0.
0
mM

LO
D
¼

18
.0
nM

LO
Q
¼

60
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(t
ab
le
ts

La
nv
is
),
sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ac
et
am

in
op

he
n,

D
-

pe
ni
ci
lla
m
in
e,

ur
ea
,e
th
an
ol
,

gl
uc
os
e,

fr
uc
to
se
,s
uc
ro
se
,

ly
si
ne
,a
sp
ar
ag
in
e,
se
rin

e,
pr
ol
in
e,
gl
yc
in
e,
th
re
on

in
e,

tr
yp
to
ph

an
,v
al
in
e,

ph
en
yl
al
an
in
e,

m
et
hi
on

in
e,

hi
st
id
in
e,

Ca
2þ
,M

g2
þ
,F
e2

þ
,

Fe
3þ
,A

l3
þ
,S
O
42–

,F
–
.

A
na

ly
ti
ca
l
si
gn

al
:

6-
th
io
gu

an
in
e
ox
id
at
io
n

(E
p
�

þ1
.3

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
6-
th
io
gu

an
in
e.

[1
94
]

FD
C
–
M
W
CN

Ts
/
CP

E
D
PV

10
0.
0
m
M

BR
B,

pH
9.
0

10
.0
nM

–9
00
.0
nM

90
0.
0
nM

–1
00
.0

mM

LO
D
¼

8.
5
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(t
ab
le
t)
,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

gl
uc
os
e,

su
cr
os
e,
la
ct
os
e,

fr
uc
to
se
,c
itr
ic
ac
id
,a
sc
or
bi
c

ac
id
,u

ric
ac
id
,u

re
a,
m
et
ha
no

l,
et
ha
no

l,
m
et
hi
on

in
e.
an
ili
ne
,

cy
st
ei
ne
,a
te
no

lo
l,
st
ar
ch
,

Ca
2þ
,M

g2
þ
,S
O
42–

,A
l3
þ
,

N
H
4þ
,F
e2

þ
,F
e3

þ
,F

–
.

A
na

ly
ti
ca
l
si
gn

al
:

6-
th
io
gu

an
in
e
ox
id
at
io
n

(E
p
�

þ0
.4

V
vs

Ag
jAg

Cl
jKC

l sa
t).

Po
ss
ib
le

de
te
rm

in
at
io
n
in

th
e

pr
es
en
ce

of
fo
lic

ac
id

(1
0.
0
mM

).
Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
6-
th
io
gu

an
in
e.

[9
1]

Pt
N
Ps

–
M
W
CN

Ts
–
IL

(B
M
IM
-P
F 6
)
/
CP

E
SW

V
10
0.
0
m
M

PB
,p

H
8.
0

10
0.
0
nM

–5
00
.0
lM

LO
D
¼

50
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(t
ab
le
ts
),

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

su
cr
os
e,
la
ct
os
e,

m
et
ha
no

l,
gl
uc
os
e,

th
io
gu

an
yl
ic
ac
id
,6

-
th
io
ur
ic
ac
id
,t
op

ot
ec
an
,B

M
S-

57
31
88
,A

l3
þ
,C

a2
þ
,M

g2
þ
,

SO
42–

,C
O
32–

.

A
na

ly
ti
ca
l
si
gn

al
:

6-
th
io
gu

an
in
e
ox
id
at
io
n

(E
p
�

þ0
.7

V
vs

Ag
jAg

Cl
jKC

l).
Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
6-
th
io
gu

an
in
e.

[8
8]

M
oW

S 2
–
N
FM

F2
A
–

IL
(B
Py
-P
F 6
)
/
CP

E
D
PV

10
0.
0
m
M

PB
,p

H
7.
0

80
0.
0
nM

–1
7.
5
lM

17
.5

mM
–6
00
.0

mM
LO

D
¼

90
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

fr
uc
to
se
,s
uc
ro
se
,l
ac
to
se
,

A
na

ly
ti
ca
l
si
gn

al
:

6-
th
io
gu

an
in
e
ox
id
at
io
n

[1
95
]

(c
on
tin
ue
d)
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Ta
bl
e
2.

Co
nt
in
ue
d.

D
ru
g
an
d

its
st
ru
ct
ur
e

M
od

ifi
ca
tio

n/
El
ec
tr
od

e
Te
ch
ni
qu

e
M
ed
iu
m

Li
ne
ar

ra
ng

e
LO

D
/L
O
Q

Ap
pl
ic
at
io
n

Se
le
ct
iv
ity

Co
m
m
en
ts

Re
f

fo
rm

ul
at
io
n
(t
ab
le
t)
,

sp
ik
ed

ur
in
e,
sp
ik
ed

bl
oo
d
se
ru
m
.

gl
uc
os
e,

as
pa
ra
gi
ne
,c
af
fe
in
e,

ur
ic
ac
id
,u

re
a,
et
ha
no

l,
m
et
ha
no

l,
tr
yp
to
ph

an
,b

en
zo
ic

ac
id
,L
-p
ro
lin
e,

L-
th
re
on

in
e,

L-
ly
si
ne
,L
-p
he
ny
la
la
ni
ne
,

L-
hi
st
id
in
e,

L-
se
rin

e,
L-
gl
yc
in
e,

N
H
4þ
,M

g2
þ
,A

l3
þ
,F

–
,

S2
–
,S
O
42–

.

(E
p
�

þ0
.4

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

ER
G
O
–
IL
(B
M
IM
-P
F 6
)
–

CH
IT

/
CS
E

FI
A-
Am

p.
10
0.
0
m
M

PB
,p

H
7.
0,

co
nt
ai
ni
ng

10
0.
0
m
M

KC
l

20
0.
0
nM

–1
0.
0
lM

10
.0

mM
–2
50
.0

mM
LO

D
¼

50
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n.

N
/A

A
pp

lie
d
po

te
nt
ia
l
in

am
pe

ro
m
et
ry
:

E
�

þ1
.0

V
vs

Ag
jAg

Cl
jKC

l 3
M
.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
6-
th
io
gu

an
in
e.

[1
87
]

Au
N
Ps

–
CH

IT
–
G
O
–
IL

(B
M
IM
-P
F 6
)
/
CS
E

Ad
SV

10
0.
0
m
M

PB
,p

H
7.
4,

co
nt
ai
ni
ng

1.
0

M
KC

l

0
mM

–1
0.
0
mM

10
.0

mM
–1
50
.0

mM
LO

D
¼

20
.0
nM

N
/A

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

6-
th
io
gu

an
in
e
ox
id
at
io
n

(E
p
�

-0
.5

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

[1
53
]

PG
E

D
PV

PB
,p

H
7.
4

1.
0
lM

–4
.0
lM

LO
D
¼

24
0.
0
nM

Th
e
in
te
ra
ct
io
n
of

6-
th
io
gu

an
in
e
w
ith

ss
D
N
A

an
d
ds
D
N
A.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

6-
th
io
gu

an
in
e
ox
id
at
io
n

(E
p
�

þ0
.7
5
V
vs

Ag
jAg

Cl
jKC

l 3
M
).

[1
55
]

SW
CN

Ts
/
PG

E
D
PV

PB
S,
pH

7.
4

2.
0
lM

–1
0.
0
l
M

LO
D
¼

25
0.
0
nM

Th
e
in
te
ra
ct
io
n
of

6-
th
io
gu

an
in
e
w
ith

ss
D
N
A

an
d
ds
D
N
A.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

6-
th
io
gu

an
in
e
ox
id
at
io
n

(E
p
�

þ0
.7
5
V
vs

Ag
jAg

Cl
jKC

l 3
M
).

[1
56
]

M
IP

(p
-N
R)

–
ER
G
O
/
PG

E
D
PA

dS
V

50
.0
m
M

PB
,p

H
7.
5

74
2.
0
pM

–4
66
.5
nM

LO
D
¼

11
9.
6
pM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n,

sp
ik
ed

bl
oo
d
se
ru
m
,s
pi
ke
d

ur
in
e.

Th
e
in
te
ra
ct
io
n
of

6-
th
io
gu

an
in
e
w
ith

ds
D
N
A.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

6-
m
er
ca
pt
op

ur
in
e,

5-
flu

or
ou

ra
ci
l,
gu

an
in
e,

hy
po

xa
nt
hi
ne
,u

ric
ac
id
,

do
pa
m
in
e,
cy
to
si
ne
,a
de
ni
ne
,

th
ym

in
e,
gl
uc
os
e.

A
na

ly
ti
ca
l
si
gn

al
:

6-
th
io
gu

an
in
e
ox
id
at
io
n

(E
p
�

þ0
.7

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

[9
0]

cl
ad

ri
bi
ne

(2
-c
hl
or
od

eo
xy
ad

en
os
in
e)

Py
G
E

D
PA

dS
V

10
0.
0
m
M

PB
,p

H
7.
0

1.
0
nM

–1
00
.0
nM

LO
D
¼

1.
0
nM

Re
al

sa
m
pl
e:

ur
in
e
an
d
bl
oo
d
se
ru
m

ta
ke
n
fr
om

th
e
pa
tie
nt
s

tr
ea
te
d
w
ith

cl
ad
rib

in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

cl
ad
rib

in
e
m
et
ab
ol
ite
s.

A
na

ly
ti
ca
l
si
gn

al
:

el
ec
tr
oc
at
al
yt
ic
re
ac
tio

n
be
tw
ee
n
cl
ad
rib

in
e
ox
id
at
io
n

pr
od

uc
t
an
d
N
AD

H
(E
p
�

þ0
.1

V
vs

Ag
jAg

Cl
jKC

l sa
t).

D
et
er
m
in
at
io
n
of

cl
ad
rib

in
e
in

th
e
pr
es
en
ce

of
N
AD

H
(5
00
.0

mM
).

[9
5]

cl
of
ar
ab

in
e

G
CE

D
PV

10
0.
0
m
M

Ac
B,

pH
4.
3

1.
6
mM

–2
5.
3
mM

LO
D
¼

80
.0
nM

LO
Q
¼

26
0.
0
nM

Th
e
in
te
ra
ct
io
n
of

cl
of
ar
ab
in
e
w
ith

ds
D
N
A.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

cl
of
ar
ab
in
e
ox
id
at
io
n

(E
p
�

þ1
.4
5
V
vs

Ag
jAg

Cl
jKC

l 3
M
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
cl
of
ar
ab
in
e.

[9
2]

G
CE

D
PV

10
0.
0
m
M

PB
,p

H
6.
1

99
0.
0
nM

–1
4.
8
mM

LO
D
¼

28
0.
0
nM

LO
Q
¼

94
0.
0
nM

Th
e
in
te
ra
ct
io
n
of

cl
of
ar
ab
in
e
w
ith

ds
D
N
A.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

flu
da
ra
bi
ne

ox
id
at
io
n

(E
p
�

þ1
.3
5
V
vs

Ag
jAg

Cl
jKC

l 3
M
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

[9
3]
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flu
da

ra
bi
ne

ox
id
at
io
n
m
ec
ha
ni
sm

of
flu

da
ra
bi
ne
.

f(–
N
H
2)
M
W
CN

Ts
/
G
CE

SW
Ad

SV
20
0.
0
m
M

PB
,p

H
2.
0

20
0.
0
nM

–4
.0

mM
LO

D
¼

29
.0
nM

LO
Q
¼

96
.8
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

flu
da
ra
bi
ne

ox
id
at
io
n

(E
p
�

þ1
.4
5
V
vs

Ag
jAg

Cl
jKC

l 3
M
).

[9
4]

Py
G
E

D
PA

dS
V

10
0.
0
m
M

PB
,

pH
10
.0

10
0.
0
nM

–1
.0

mM
LO

D
¼

25
0.
0
nM

Re
al

sa
m
pl
e:

ur
in
e
ta
ke
d
fr
om

th
e

pa
tie
nt
s
tr
ea
te
d
w
ith

flu
da
ra
bi
ne
.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

el
ec
tr
oc
at
al
yt
ic
re
ac
tio

n
be
tw
ee
n
flu

da
ra
bi
ne

ox
id
at
io
n

pr
od

uc
t
an
d
N
AD

H
(E
p
�

0
V

vs
Ag

jAg
Cl
jKC

l sa
t).

D
et
er
m
in
at
io
n
of

flu
da
ra
bi
ne

in
th
e
pr
es
en
ce

of
N
AD

H
(5
00
.0

mM
).

[9
6]

ne
la
ra
bi
ne

H
M
D
E

Ad
SV

pH
6.
0

10
0.
0
nM

–1
0.
0
m
M

LO
D
¼

10
0.
0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
ns
,

sp
ik
ed

ur
in
e.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

ne
la
ra
bi
ne

re
du

ct
io
n

(E
p
�

–0
.8

V
vs

Ag
jAg

Cl
).

[1
33
]

Py
ri
m
id
in
e
an

al
og

s
5-
flu

or
ou

ra
ci
l

SM
D
E

Ad
SV

25
0.
0
m
M

BB
,

pH
10
.0

25
.0
nM

–1
50
.0
nM

LO
D
¼

3.
0
nM

N
/A

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ge
la
tin

,a
lb
um

in
,c
am

ph
or
,

cy
cl
op

ho
sp
ha
m
id
e,

m
et
ho

tr
ex
at
e,

as
co
rb
ic

ac
id
,C

u2
þ
.

A
na

ly
ti
ca
l
si
gn

al
:

5-
flu

or
ou

ra
ci
lr
ed
uc
tio

n
(E
p
�

–0
.4

V
vs

Ag
jAg

Cl
).

[6
8]

H
M
D
E

SW
CS
V

10
0.
0
m
M

N
a 2
SO

4,
pH

6.
7

10
.0
pM

–9
0.
0
pM

LO
D
¼

7.
7
pM

N
/A

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

5-
flu

or
ou

ra
ci
lo

xi
da
tio

n
(E
p
�

þ0
.0
5
V
vs

Ag
jAg

Cl
jKC

l sa
t).

D
et
er
m
in
at
io
n
of

5-
flu

or
ou

ra
ci
l

in
th
e
pr
es
en
ce

of
Cu

2þ
(5
0.
0
pM

).

[1
16
]

RG
O
–
CH

IT
/
G
CE

SC
V

10
0.
0
m
M

BR
B,

pH
7.
0

10
.0
nM

–1
50
.0
nM

LO
D
¼

1.
2
nM

LO
Q
¼

7.
5
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(in

je
ct
io
n)
,

sp
ik
ed

ur
in
e,
sp
ik
ed

bl
oo
d
se
ru
m
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ci
tr
ic
ac
id
,d

ex
tr
os
e,
D
-g
lu
co
se
,

la
ct
os
e,

gu
m

ac
ac
ia
,

st
ar
ch
,s
uc
ro
se
.

A
na

ly
ti
ca
l
si
gn

al
:

5-
flu

or
ou

ra
ci
lo

xi
da
tio

n
(E
p
�

þ0
.8

V
vs

Ag
jAg

Cl
jKC

l sa
t).

[9
7]

f(–
CO

O
H
)M

W
CN

Ts
–
BM

B
/
G
CE

CV
20
0.
0
m
M

PB
,p

H
6.
8

80
0.
0
nM

–5
.0
m
M

LO
D
¼

26
7.
0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(in

je
ct
io
n)
.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

5-
flu

or
ou

ra
ci
lo

xi
da
tio

n
(E
p
�

þ1
.3

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
5-
flu

or
ou

ra
ci
l.

[9
8]

p-
AN

I–
Zn

O
N
Ps

–
G
Q
D
s

/
G
CE

D
PV

BR
B,

pH
10
.0

10
0.
0
nM

–5
0.
0
lM

LO
D
¼

23
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n,

sp
ik
ed

bl
oo
d
se
ru
m
,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ox
al
ip
la
tin

,i
fo
sf
am

id
e,

et
op

os
id
e,
flu

ta
m
id
e,

do
pa
m
in
e,
fo
lic

ac
id
,c
af
fe
in
e,

as
co
rb
ic
ac
id
,c
itr
ic
ac
id
,u

ric
ac
id
,g

lu
co
se
,d

ex
tr
os
e,

la
ct
os
e,

Kþ
,N

aþ
,M

g2
þ
,C

a2
þ
,

CO
32–

,N
O
3–
.

A
na

ly
ti
ca
l
si
gn

al
:

5-
flu

or
ou

ra
ci
lo

xi
da
tio

n
(E
p
�

þ1
.1

V
vs

Ag
jAg

Cl
).

D
et
er
m
in
at
io
n
of

5-
flu

or
ou

ra
ci
l

in
th
e
pr
es
en
ce

of
iri
no

te
ca
n

(1
0.
0
mM

).

[9
9]

D
PV

40
.0
m
M

BR
B,

pH
8.
0

30
.0
nM

–1
0.
0
mM

LO
D
¼

20
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,u

ric
ac
id
,

A
na

ly
ti
ca
l
si
gn

al
:

5-
flu

or
ou

ra
ci
lo

xi
da
tio

n

[1
00
]

(c
on
tin
ue
d)
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Ta
bl
e
2.

Co
nt
in
ue
d.

D
ru
g
an
d

its
st
ru
ct
ur
e

M
od

ifi
ca
tio

n/
El
ec
tr
od

e
Te
ch
ni
qu

e
M
ed
iu
m

Li
ne
ar

ra
ng

e
LO

D
/L
O
Q

Ap
pl
ic
at
io
n

Se
le
ct
iv
ity

Co
m
m
en
ts

Re
f

Au
N
Ps

–

f(–
CO

O
H
)M

W
CN

Ts
–

CH
IT

/
G
CE

fo
rm

ul
at
io
n
(in

je
ct
io
n)
,

sp
ik
ed

ar
tif
ic
ia
lu

rin
e.

do
pa
m
in
e,

5-
hy
dr
ox
yt
ry
pt
am

in
e.

(E
p
�

þ0
.9
5
V
vs

Ag
jAg

Cl
jKC

l 3
N
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
5-
flu

or
ou

ra
ci
l.

N
-C
Q
D
s
–
Fe

2O
3N
Ps

–

M
W
CN

Ts
/
G
CE

D
PV

10
0.
0
m
M

PB
,p

H
7.
0

50
0.
0
nM

–1
26
.0

mM
LO

D
¼

19
.0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

do
pa
m
in
e,
ca
rb
of
ur
an
,

as
co
rb
ic
ac
id
,i
bu

pr
of
en
,

ca
te
ch
ol
,n

ap
ro
xe
n,

th
eo
ph

yl
lin
e,
ur
ic

ac
id
,x
an
th
in
e.

A
na

ly
ti
ca
l
si
gn

al
:

5-
flu

or
ou

ra
ci
lo

xi
da
tio

n
(E
p
�

þ0
.9
5
V
vs

Ag
jAg

Cl
).

D
et
er
m
in
at
io
n
of

5-
flu

or
ou

ra
ci
l

in
th
e
pr
es
en
ce

of
ur
ic
ac
id

(1
50
.0

mM
)
an
d
xa
nt
hi
ne

(1
00
.0

mM
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
5-
flu

or
ou

ra
ci
l.

[1
01
]

M
oS

2
–
Sm

2S
3
/
G
CE

D
PV

10
0.
0
m
M

PB
,p

H
7.
0

10
0.
0
nM

–1
.2
m
M

LO
D
¼

15
.0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

se
ru
m
,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,u

ric
ac
id
,

do
pa
m
in
e,
gl
uc
os
e,
ca
ffe

in
e,

la
ct
os
e,
su
cr
os
e,
de
xt
ro
se
,

st
ar
ch
,x
an
th
in
e.

A
na

ly
ti
ca
l
si
gn

al
:

5-
flu

or
ou

ra
ci
lo

xi
da
tio

n
(E
p
�

þ0
.7
5
V
vs

Ag
jAg

Cl
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
5-
flu

or
ou

ra
ci
l.

[1
02
]

Au
N
Ps

–
CH

IT
–
p-
M
AA

/
G
CE

D
PV

10
0.
0
m
M

PB
,p

H
7.
0

10
0.
0
nM

–4
97
.0

mM
LO

D
¼

30
.0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,u

ric
ac
id
,

do
pa
m
in
e,
ac
et
am

in
op

he
n,

th
eo
ph

yl
lin
e.

A
na

ly
ti
ca
l
si
gn

al
:

5-
flu

or
ou

ra
ci
lo

xi
da
tio

n
(E
p
�

þ1
.2
5
V
vs

Ag
jAg

Cl
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
5-
flu

or
ou

ra
ci
l.

[1
03
]

p-
N
IP
A
–
p-
ED

O
T
/
G
CE

D
PV

50
.0
m
M

PB
,p

H
7.
0

30
.0
nM

–1
82
.0

mM
LO

D
¼

15
.0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,u

ric
ac
id
,

do
pa
m
in
e,
ib
up

ro
fe
n,

na
pr
ox
en
,t
he
op

hy
lli
ne
,

ca
te
ch
ol
,c
ar
bo

fu
ra
n.

A
na

ly
ti
ca
l
si
gn

al
:

5-
flu

or
ou

ra
ci
lo

xi
da
tio

n
(E
p
�

þ0
.9
5
V
vs

Ag
jAg

Cl
).

[1
04
]

ds
D
N
A
–
p-
BC

P
/
G
CE

D
PV

50
0.
0
m
M

Ac
B,

pH
4.
8,

co
nt
ai
ni
ng

20
.0
m
M

N
aC
l

7.
7
mM

–6
5.
3
mM

65
.3

mM
–3
84
.4

mM
LO

D
¼

2.
4
mM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(in

je
ct
io
n)
.

Th
e
in
te
ra
ct
io
n
of

ds
D
N
A

w
ith

5-
flu

or
ou

ra
ci
l.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,d

op
am

in
e,
ur
ic

ac
id
,u

re
a,
cr
ea
tin

e,
ca
ffe

in
e.

A
na

ly
ti
ca
l
si
gn

al
:

in
di
re
ct

5-
flu

or
ou

ra
ci
ls
en
si
ng

by
m
on

ito
rin

g
th
e
de
cr
ea
se

in
gu

an
in
e
ox
id
at
io
n
pe
ak

cu
rr
en
t
(E
p
g
u
an
in
e
�

þ0
.7
5
V

vs
Ag

jAg
Cl
jN
aC
l 3
M
).

[1
46
]

Ag
N
Ps

–
p-
AN

I/
PG

E
D
PV

40
.0
m
M

BR
B,

pH
8.
0

1.
0
mM

–3
00
.0

mM
LO

D
¼

60
.0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ox
al
ip
la
tin

,i
rin

ot
ec
an
,f
ol
ic

ac
id
,d

op
am

in
e,
ca
ffe

in
e,

gl
uc
os
e,
la
ct
os
e,

as
co
rb
ic
ac
id
,

ta
rt
ar
ic
ac
id
,c
itr
ic
ac
id
,

ur
ic
ac
id
.

A
na

ly
ti
ca
l
si
gn

al
:

5-
flu

or
ou

ra
ci
lo

xi
da
tio

n
(E
p
�

þ1
.1

V
vs

Ag
jAg

Cl
jKC

l sa
t).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
5-
flu

or
ou

ra
ci
l.

[1
05
]

G
O
–
M
W
CN

Ts
/
SP
CE

SW
V

20
0.
0
m
M

PB
,p

H
7.
0

50
.0
nM

–5
.0

mM
5.
0
mM

–1
.2
m
M

LO
D
¼

16
.0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
pl
as
m
a.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,u

ric
ac
id
,

do
pa
m
in
e,
ur
ea
,g

ly
ci
ne
,

be
nz
oa
te

so
di
um

,g
lu
co
se
,

fr
uc
to
se
,l
ac
to
se
,s
ta
rc
h,

su
lfa
te

am
m
on

iu
m
,c
af
fe
in
e,

ty
ro
si
ne
,c
itr
at
e
so
di
um

,
ph

en
yl
al
an
in
e,
gl
yc
er
ol
,

A
na

ly
ti
ca
l
si
gn

al
:

5-
flu

or
ou

ra
ci
lo

xi
da
tio

n
(E
p
�

þ1
.2

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
5-
flu

or
ou

ra
ci
l.

[1
06
]
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vi
ta
m
in

B 2
,v
ita
m
in

B 1
,v
ita
m
in

B 6
,v
ita
m
in

B 1
2,
N
aC
l,
Ba
Cl
2,

Fe
Cl
3,
Fe
(N
O
3)
3.

M
TB

/
/
CP

E
D
PV

20
0.
0
m
M

PB
,p

H
7.
0

10
0.
0
nM

–4
0.
0
mM

LO
D
¼

2.
0
nM

LO
Q
¼

6.
8
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(t
ab
le
ts
),

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ox
al
ic
ac
id
,c
itr
ic
ac
id
,l
ac
to
se
,

su
cr
os
e,
de
xt
ro
se
,g

lu
co
se
,

gu
m

ac
ac
ia
,s
ta
rc
h,

ca
ffe

in
e,

xa
nt
hi
ne
,u

ric
ac
id
,a
sc
or
bi
c

ac
id
,c
re
at
in
e,
5-

hy
dr
ox
yt
ry
pt
am

in
e.

A
na

ly
ti
ca
l
si
gn

al
:

5-
flu

or
ou

ra
ci
lo

xi
da
tio

n
(E
p
�

þ1
.1

V
vs

Ag
jAg

Cl
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
5-
flu

or
ou

ra
ci
l.

[1
07
]

G
lu

/
CP

E
D
PV

20
0.
0
m
M

PB
,p

H
7.
0

40
0.
0
nM

–1
0.
0
mM

LO
D
¼

5.
2
nM

LO
Q
¼

17
.2
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(t
ab
le
t)
,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ox
al
ic
ac
id
,c
itr
ic
ac
id
,l
ac
to
se
,

su
cr
os
e,
gu

m
ac
ac
ia
,s
ta
rc
h.

A
na

ly
ti
ca
l
si
gn

al
:

5-
flu

or
ou

ra
ci
lo

xi
da
tio

n
(E
p
�

þ1
.1

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

[1
08
]

IL
(B
Py
-P
F 6
)
/
CP

E
D
PV

20
0.
0
m
M

BR
B,

pH
7.
0

50
0.
0
nM

–2
.0

mM
2.
0
mM

–
80
0.
0
mM

LO
D
¼

13
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(in

je
ct
io
n)
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

L-
cy
st
ei
ne
,L
-v
al
in
e,
gl
yc
in
e,

su
cr
os
e,
St
ar
ch
,g

ua
ni
ne
,

ad
en
in
e,
cy
to
si
ne
,t
hy
m
in
e,

M
g2

þ
,Z

n2
þ
.

A
na

ly
ti
ca
l
si
gn

al
:

5-
flu

or
ou

ra
ci
lo

xi
da
tio

n
(E
p
�

þ1
.1

V
vs

SC
E)
.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
5-
flu

or
ou

ra
ci
l.

[1
09
]

(Z
nF
e 2
O
4)
N
Ps

–
IL
(D
PI
M
-

Br
)
/
CP

E
SW

V
10
0.
0
m
M

PB
,p

H
7.
0

10
0.
0
nM

–1
00
.0

mM
10
0.
0
mM

–1
.4
m
M

LO
D
¼

70
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(in

je
ct
io
n)
,

sp
ik
ed

ph
ar
m
ac
eu
tic
al

se
ru
m
,s
pi
ke
d
ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ly
si
ne
,m

et
hi
on

in
e,
le
uc
in
e,

fr
uc
to
se
,g

lu
co
se
,s
uc
ro
se
,

is
ol
eu
ci
ne
,p

he
ny
la
la
ni
ne
,

L-
th
re
on

in
e,
al
an
in
e,
la
ct
os
e,

ur
ic
ac
id
,a
lb
um

in
,g

ly
ci
ne
,

ur
ea
,a
sc
or
bi
c
ac
id
,d

op
am

in
e,

am
m
on

ia
,s
ta
rc
h,

Li
þ
,N

aþ
,

Ca
2þ
,C

l–
,F

–
.

A
na

ly
ti
ca
l
si
gn

al
:

5-
flu

or
ou

ra
ci
lo

xi
da
tio

n
(E
p
�

þ1
.2

V
vs

Ag
jAg

Cl
jKC

l sa
t).

[1
10
]

(P
r-
Er

2W
O
6)
N
Ps

/
CP

E
SW

V
10
0.
0
m
M

PB
,p

H
7.
0

10
.0
nM

–5
0.
0
mM

LO
D
¼

98
0.
0
pM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(in

je
ct
io
n)
,

sp
ik
ed

bl
oo
d,

sp
ik
ed

ur
in
e.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

5-
flu

or
ou

ra
ci
lo

xi
da
tio

n
(E
p
�

þ1
.1

V
vs

Ag
jAg

Cl
).

[1
11
]

M
W
CN

Ts
PE

D
PV

20
0.
0
m
M

PB
,p

H
7.
0

10
0.
0
nM

–5
.0

mM
LO

D
¼

39
.4
nM

LO
Q
¼

13
0.
0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(t
ab
le
t)
,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ci
tr
ic
ac
id
,d

ex
tr
os
e,
gl
uc
os
e,

gu
m

ac
ac
ia
,l
ac
to
se
,

st
ar
ch
,s
uc
ro
se
.

A
na

ly
ti
ca
l
si
gn

al
:

5-
flu

or
ou

ra
ci
lo

xi
da
tio

n
(E
p
�

þ1
.1

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

[1
12
]

Au
N
Ps

–
PF
R
/
G
CP

E
D
PV

40
.0
m
M

BR
B,

pH
8.
0

29
.9

mM
–2
34
.0

mM
LO

D
¼

67
0.
0
nM

LO
Q
¼

2.
2
mM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(in

je
ct
io
n)
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

D
-g
lu
co
se
,a
sc
or
bi
c
ac
id
,u

re
a,

al
bu

m
in
,N

aþ
,K

þ
.

A
na

ly
ti
ca
l
si
gn

al
:

5-
flu

or
ou

ra
ci
lo

xi
da
tio

n
(E
p
�

þ1
.0
5
V
vs

Ag
jAg

Cl
jKC

l sa
t).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
5-
flu

or
ou

ra
ci
l.

[1
13
]

M
IP

(A
M
B
–
EG

D
M
A
–

AI
BN

)
–
M
W
CN

Ts
/
Ag

E
D
PA

SV
10
0.
0
m
M

BB
,p

H
5.
6

10
.2
nM

–3
.1

mM
LO

D
¼

2.
6
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n,

sp
ik
ed

bl
oo
d
pl
as
m
a.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ad
en
in
e,
gu

an
in
e,
cy
to
si
ne
,

th
ym

in
e,
do

pa
m
in
e,

hy
po

xa
nt
hi
ne
,b

ar
bi
tu
ric

ac
id
,

as
co
rb
ic
ac
id
,c
af
fe
in
e,
ur
ic

ac
id
,c
re
at
in
e,
ur
ea
,g

lu
co
se
.

A
na

ly
ti
ca
l
si
gn

al
:

5-
flu

or
ou

ra
ci
lo

xi
da
tio

n
(E
p
�

–0
.8

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

[1
14
]

M
IP

(T
M
PM

–
D
AU

–
TE
A

–
CH

Cl
3
–
EG

D
M
A)

–

f(–
CO

O
H
)M

W
CN

Ts
/
CF
BE

D
PA

SV
10
0.
0
m
M

BB
,p

H
6.
0

76
.8
nM

–3
.3

mM
LO

D
¼

10
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n,

sp
ik
ed

bl
oo
d
pl
as
m
a.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ad
en
in
e,
gu

an
in
e,
th
ym

in
e,

cy
to
si
ne
,b

ar
bi
tu
ric

ac
id
,

hy
po

xa
nt
hi
ne
,c
af
fe
in
e,
ur
ic

A
na

ly
ti
ca
l
si
gn

al
:

5-
flu

or
ou

ra
ci
lo

xi
da
tio

n
(E
p
�

þ0
.6

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

[1
15
]

(c
on
tin
ue
d)
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Ta
bl
e
2.

Co
nt
in
ue
d.

D
ru
g
an
d

its
st
ru
ct
ur
e

M
od

ifi
ca
tio

n/
El
ec
tr
od

e
Te
ch
ni
qu

e
M
ed
iu
m

Li
ne
ar

ra
ng

e
LO

D
/L
O
Q

Ap
pl
ic
at
io
n

Se
le
ct
iv
ity

Co
m
m
en
ts

Re
f

ac
id
,a
sc
or
bi
c
ac
id
,d

op
am

in
e,

ur
ea
,g

lu
co
se
,c
re
at
in
e.

ca
pe

ci
ta
bi
ne

G
CE

D
PV

40
.0
m
M

BR
B,

pH
2.
5

80
0.
0
nM

–5
0.
0
mM

LO
D
¼

11
3.
0
nM

LO
Q
¼

37
8.
0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ta
lc
,g

lu
co
se
,s
ta
rc
h,

la
ct
os
e,

de
xt
ro
se
,g

um
ac
ac
ia
,

m
ag
ne
si
um

st
ea
ra
te
.

A
na

ly
ti
ca
l
si
gn

al
:

ca
pe
ci
ta
bi
ne

re
du

ct
io
n

(E
p
�

–0
.8

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

re
du

ct
io
n
m
ec
ha
ni
sm

of
ca
pe
ci
ta
bi
ne
.

[1
37
]

Au
N
Ps

–
G
N
FB
s
/
G
CE

D
PV

10
0.
0
m
M

PB
,p

H
2.
0

50
.0
nM

–1
0.
0
mM

10
.0

mM
–
80
.0

mM
LO

D
¼

17
.0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

ca
pe
ci
ta
bi
ne

re
du

ct
io
n

(E
p
�

–0
.7
5
V
vs

SC
E)
.

[1
39
]

M
IP
(M

AA
–
EG

D
M
A
–

AI
BN

)
–
Fe

3O
4N
Ps

–

G
O
/
G
CE

SW
V

10
0.
0
m
M

PB
,p

H
7.
0

1.
0
nM

–1
00
.0
nM

LO
D
¼

32
4.
0
pM

LO
Q
¼

1.
0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(t
ab
et
),

sp
ik
ed

bl
oo
d
pl
as
m
a.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

gl
uc
os
e,

ad
en
in
e,
cy
st
ei
ne
,

cy
tid

in
e,
rib

of
la
vi
n,

ni
tr
op

he
no

l,
as
co
rb
ic
ac
id
,

ci
tr
ic
ac
id
,u

ric
ac
id
,f
lu
ta
m
id
e,

5-
flu

or
ou

ra
ci
l.

A
na

ly
ti
ca
l
si
gn

al
:

ca
pe
ci
ta
bi
ne

re
du

ct
io
n

(E
p
�

–0
.3

V
vs

Ag
jAg

Cl
jKC

l sa
t).

[1
40
]

f(–
CO

O
H
)M

W
CN

Ts
–
p-
H
U

/p
-P
H
F–
PG

E
D
PV

50
.0
m
M

PB
,p

H
7.
0

7.
7
mM

–1
42
.0

mM
LO

D
¼

11
0.
0
nM

LO
Q
¼

33
0.
0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

na
il,
sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ch
ito

sa
n,

Tr
ito

n
X-
10
0.

A
na

ly
ti
ca
l
si
gn

al
:

ca
pe
ci
ta
bi
ne

ox
id
at
io
n

(E
p
�

þ1
.0

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

D
et
er
m
in
at
io
n
of

ca
pe
ci
ta
bi
ne

pe
rf
or
m
ed

in
th
e
pr
es
en
ce

of
er
lo
tin

ib
.

[1
17
]

Zn
O
N
Ps

–

f(–
CO

O
H
)M

W
CN

Ts
/
CP

E

D
PV

BR
B,

pH
2.
0

10
0.
0
nM

–1
0.
0
mM

10
.0

mM
–1
00
.0

mM
LO

D
¼

30
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(t
ab
le
ts
),

sp
ik
ed

bl
oo
d
se
ru
m
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

gl
uc
os
e,

su
cr
os
e,
fr
uc
to
se
,

la
ct
os
e,

as
co
rb
ic
ac
id
,c
itr
ic

ac
id
,u

ric
ac
id
,c
ys
te
in
eR,
N
aþ

,
N
H
4þ
,C

a2
þ
,K

þ
,N

O
3–
,

N
O
2–
,C

l–
.

A
na

ly
ti
ca
l
si
gn

al
:

ca
pe
ci
ta
bi
ne

re
du

ct
io
n

(E
p
�

–0
.8

V
vs

Ag
jAg

Cl
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

re
du

ct
io
n
m
ec
ha
ni
sm

of
ca
pe
ci
ta
bi
ne
.

[1
38
]

cy
ta
ra
bi
ne

(c
yt
os
in
e
ar
ab

in
os
e,

ta
ra
bi
ne

)
H
gF

/
G
CE

O
SW

AS
V

10
0.
0
m
M

SP
B,

pH
7.
7

5.
0
nM

–1
0.
0
mM

LO
D
¼

55
1.
0
pM

Re
al

sa
m
pl
e:

sp
ik
ed

ur
in
e.

Th
e
in
te
ra
ct
io
n
be
tw
ee
n

ss
D
N
A
an
d
cy
ta
ra
bi
ne
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,u

ric
ac
id
,a
m
in
o

ac
id
s,
ge
la
tin

,C
TA

B,
SD

S,
Tr
ito

n
X-
10
0,

Fe
3þ
,F
e2

þ
,

Zn
2þ
,C

d2
þ
,M

n2
þ
,

Pb
2þ
,C

u2
þ
.

A
na

ly
ti
ca
l
si
gn

al
:

cy
ta
ra
bi
ne

re
du

ct
io
n

(E
p
�–

1.
1
V
vs

Ag
jAg

Cl
).

[1
41
]

M
IP

(C
u2

þ
–
M
AC

–

EG
D
M
A
–
AI
BN

)
–

Au
N
Rs

/
PG

E

D
PA

SV
50
.0
m
M

PB
,p

H
7.
2

4.
1
nM

–5
21
.0
nM

LO
D
¼

78
1.
2
pM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n,

sp
ik
ed

bl
oo
d
pl
as
m
a,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

6-
m
er
ca
pt
op

ur
in
e,
6-

th
io
gu

an
in
e,
5-
flu

or
ou

ra
ci
l,

gl
yc
in
e,
cy
to
si
ne
,c
yt
id
in
e,

gl
uc
os
e,

ur
ic
ac
id
.

A
na

ly
ti
ca
l
si
gn

al
:

cy
ta
ra
bi
ne

ox
id
at
io
n

(E
p
�

–0
.1

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

[1
18
]

ds
D
N
A
–
(E
u3

þ
-C
u 2
O
)N
Ps

/
CP

E
D
PV

10
0.
0
m
M

Ac
B,

pH
4.
8

10
.0
nM

–9
0.
0
mM

LO
D
¼

9.
4
mM

LO
Q
¼

2.
8
mM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
ns
,s
pi
ke
d

ur
in
e.

Th
e
in
te
ra
ct
io
n
of

cy
ta
ra
bi
ne

w
ith

ds
D
N
A.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ur
ic
ac
id
,s
uc
ro
se
,c
itr
at
e,

as
co
rb
ic
ac
id
,e

pi
ne
ph

rin
e,

do
pa
m
in
e,
L-
ty
ro
si
ne
,

fo
lic

ac
id
.

A
na

ly
ti
ca
l
si
gn

al
:

in
di
re
ct

cy
ta
ra
bi
ne

se
ns
in
g
by

m
on

ito
rin

g
th
e
de
cr
ea
se

in
gu

an
in
e
ox
id
at
io
n
pe
ak

cu
rr
en
t
(E
p
g
u
an
in
e
�

þ0
.7
5
V

vs
Ag

jAg
Cl
).

[1
47
]

flo
xu
ri
di
ne

(5
-f
lu
or
od

eo
xy
ur
id
in
e)

SM
D
E

Am
p.

50
.0
m
M

BB
co
nt
ai
ni
ng

10
.0
m
M

KN
O
3

an
d
10
0.
0
m
M

H
N
O
3,
pH

7.
6

1.
0
mM

–1
5.
0
mM

N
/A

N
/A

N
/A

A
pp

lie
d
po

te
nt
ia
l
in

am
pe

ro
m
et
ry
:

E
¼

þ0
.2

V
vs

Ag
jAg

Cl
jKC

l sa
t.

[1
19
]
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ge
m
ci
ta
bi
ne

BD
D
E

Am
p.

10
0.
0
m
M

PB
S,

pH
5.
5

1.
9
mM

–2
47
.0

mM
LO

D
¼

57
0.
0
nM

LO
Q
¼

1.
9
mM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(in

je
ct
io
n)
.

N
/A

A
pp

lie
d
po

te
nt
ia
l
in

am
pe

ro
m
et
ry
:

E
�

þ2
.0

V
vs

Ag
jAg

Cl
).

[1
20
]

CP
E

D
PS
V

PB
,p

H
6.
0

50
.0
nM

–3
00
.0

mM
LO

D
¼

9.
0
nM

LO
Q
¼

29
.8
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
ns

(v
ia
ls
),

sp
ik
ed

ur
in
e,

sp
ik
ed

bl
oo
d
se
ru
m
.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

ge
m
ci
ta
bi
ne

ox
id
at
io
n

(E
p
�

þ1
.0

V
vs

Ag
jAg

Cl
).

D
et
er
m
in
at
io
n
of

ge
m
ci
ta
bi
ne

pe
rf
or
m
ed

in
th
e
pr
es
en
ce

of
an

an
io
ni
c
su
rf
ac
ta
nt

so
di
um

do
de
cy
ls
ul
fa
te

(8
00
.0

mM
)
in

th
e
su
pp

or
tin

g
el
ec
tr
ol
yt
e
so
lu
tio

n.

[1
23
]

M
IP

–
ds
D
N
A
–
Ag

N
Ps

–

M
W
CN

Ts
/
CP

E
D
PV

50
0.
0
m
M

Ac
B,

pH
4.
8

1.
5
mM

–9
3.
0
mM

(a
)
LO

D
¼1

2.
5
nM

(b
)
LO

D
¼

48
.8
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,u

ric
ac
id
.

A
na

ly
ti
ca
l
si
gn

al
:

in
di
re
ct

ge
m
ci
ta
bi
ne

se
ns
in
g

by
m
on

ito
rin

g
th
e
de
cr
ea
se

in
ox
id
at
io
n
pe
ak

cu
rr
en
ts

of
(a
)

gu
an
in
e
(E
p
g
u
an
in
e
�

þ1
.0

V
vs

Ag
jAg

Cl
jKC

l 3
M
)
an
d
(b
)

ad
en
in
e
(E
p
ad
en
in
e
�

þ1
.3

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

[1
24
]

Bi
N
Ps

–
ER
G
O
/
G
CE

D
PV

PB
,p

H
3.
0

10
0.
0
nM

–5
1.
1
mM

LO
D
¼

50
.0
nM

LO
Q
¼

15
0.
0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(in

je
ct
io
n)
,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

gl
uc
os
e,

ce
llu
lo
se
,s
ta
rc
h,

as
co
rb
ic
,u

ric
ac
id
.

A
na

ly
ti
ca
l
si
gn

al
:

ge
m
ci
ta
bi
ne

ox
id
at
io
n

(E
p
�

þ1
.1

V
vs

Ag
jAg

Cl
jKC

l 3
.5
M
).

[1
22
]

ds
D
N
A
–
p-
PD

CA
/
G
CE

D
PA

dS
V

50
0.
0
m
M

Ac
B,

pH
4.
8

3.
8
mM

–1
14
.0

mM
LO

D
¼

1.
1
mM

LO
Q
¼

3.
5
mM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n,

sp
ik
ed

bl
oo
d
se
ru
m
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,u

ric
ac
id
,

D
-g
lu
co
se
,L
-c
ys
te
in
e.

A
na

ly
ti
ca
l
si
gn

al
:

in
di
re
ct

ge
m
ci
ta
bi
ne

se
ns
in
g

by
m
on

ito
rin

g
th
e
de
cr
ea
se

in
gu

an
in
e
ox
id
at
io
n
pe
ak

cu
rr
en
t
(E
p
g
u
an
in
e
�

þ0
.7
5
V

vs
Ag

jAg
Cl
jN
aC
l 3
M
).

[1
48
]

Au
E

D
PV

20
0.
0
m
M

PB
,

pH
10
.4

10
0.
0
nM

–1
5.
0
mM

LO
D
¼

60
.0
nM

LO
Q
¼

20
0.
0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n,

sp
ik
ed

ur
in
e.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

ge
m
ci
ta
bi
ne

ox
id
at
io
n

(E
p
�

þ1
.5
5
V
vs

Ag
jAg

Cl
).

[1
96
]

M
IP
(p
-(
p-
AT

Ph
))
–

M
O
F(
Au

N
Ps
)
/
Au

E
LS
V

PB
S,
pH

7.
2

3.
8
fM

–3
8.
0
nM

LO
D
¼

3.
0
fM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(in

je
ct
io
n)
,

sp
ik
ed

di
lu
te
d
se
ru
m

(c
om

m
er
ci
al
ly
av
ai
la
bl
e

ca
lf
se
ru
m
).

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

ge
m
ci
ta
bi
ne

re
du

ct
io
n

E p
�

þ0
.1

V
vs

SC
E)
.

[1
42
]

M
od

ifi
ca
ti
on

:
2-
CB

F
–
2-
ch
lo
ro
be
nz
oy
l
fe
rr
oc
en
e;

A
gN

Ps
–
si
lv
er

na
no

pa
rt
ic
le
s;

A
H
M
T-
A
g

–
4-
am

in
o-
3-
hy
dr
az
in
o-
5-
m
er
ca
pt
o-
1,
2,
4-
tr
ia
zo
le

co
or
di
na
te
d
si
lv
er
(I)

io
ns
;
A
IB
N

–
2-
20
-a
zo
bi
s
(is
ob

ut
yr
on

itr
ile
);
A
M
B

–
N
-

ac
ry
lo
yl
-2
-m

er
ca
pt
ob

en
za
m
id
e;

A
PS

–
am

m
on

iu
m

pe
rs
ul
fa
te
;
A
uN

Ps
–
go

ld
na
no

pa
rt
ic
le
s;

A
uN

Rs
–
go

ld
na
no

ro
ds
;
Bi
F
–
bi
sm

ut
h
fil
m
;
Bi
N
Ps

–
bi
sm

ut
h
na
no

pa
rt
ic
le
s;

BM
–
na
tu
ra
l
po

ly
m
er

(O
rb
ig
ny
a
ph
al
er
at
a)

ba
ba
ss
u
m
es
oc
ar
p;

BM
B
–
br
om

ot
hy
m
ol

bl
ue
;
BM

IM
-B
F 4

–
1-
bu

ty
l-3
-m

et
hy
lim

id
az
ol
iu
m

te
tr
af
lu
or
ob

ar
at
e;

BM
IM

-B
r
–
1-
bu

ty
l-3
-m

et
hy
lim

id
az
ol
iu
m

br
om

id
e;

BM
IM

-P
F 6

–
1-
bu

ty
l-3
-m

et
hy
lim

id
az
ol
iu
m

he
xa
flu
or
op

ho
s-

ph
at
e;

BP
y-
PF

6
–
1-
bu

ty
lp
yr
id
in
iu
m

he
xa
flu
or
op

ho
sp
ha
te
;C
H
Cl
3
–
ch
lo
ro
fo
rm

;
CH

IT
–
ch
ito

sa
n;

CN
FB

s
–
ca
rb
on

na
no

fib
er
s;
CQ

D
s
–
ca
rb
on

qu
an
tu
m

do
ts
;
CT

A
B
–
he
xa
de
cy
l(t
rim

et
hy
l)
am

m
on

iu
m

br
om

id
e;

Cu
N
Ps

–
co
op

er
na
no

pa
rt
ic
le
s;
CB

–
ca
rb
on

bl
ac
k;

Cy
A
–
cy
st
ea
m
in
e;

D
A
U
–
di
ac
ry
l
ur
ea
;
D
BS

A
–
4-
do

de
cy
lb
en
ze
ne
su
lfo
ni
c
ac
id
;
D
N
A
–
de
ox
yr
ib
on

uc
le
ic

ac
id
;
D
PI
M
-B
r
–
1,
3-
di
pr
op

yl
im
id
az
ol
iu
m

br
om

id
e;

ds
D
N
A
–
do

ub
le
-

st
ra
nd

ed
de
ox
yr
ib
on

uc
le
ic

ac
id
;
ED

C
–
N
-(
3-
di
m
et
yl
am

in
op

ro
py
l)
-N

0 -e
th
yl
ca
rb
od

im
id
e;

eG
CP

–
el
ec
tr
og

ra
ft
ed

ca
rb
ox
yp
he
ny
l;
EG

D
M
A

–
et
hy
le
ne

gl
yc
ol

di
m
et
ha
cr
yl
at
e;

ER
G
O

–
el
ec
tr
oc
he
m
ic
al
ly

re
du

ce
d
gr
ap
he
ne

ox
id
e;

f(
-C
O
O
H
)
M
W
CN

Ts
–
fu
nc
tio

na
liz
ed

(c
ar
bo

xy
l)
m
ul
ti-
w
al
le
d
ca
rb
on

na
no

tu
be
s;
f(
–
N
H
2)

M
W
CN

Ts
–
fu
nc
tio

na
liz
ed

(a
m
in
e)

m
ul
ti-
w
al
le
d
ca
rb
on

na
no

tu
be
s;
f(
Q
)
M
W
CN

Ts
–
fu
nc
tio

na
liz
ed

(q
ua
te
rn
ar
y
am

in
e)

m
ul
ti-
w
al
le
d
ca
rb
on

na
no

tu
be
s;
FD

C
–
fe
rr
oc
en
ed
ic
ar
bo

xy
lic

ac
id
;
Fe

2O
3N
Ps

–
fe
rr
ite

na
no

pa
rt
ic
le
s;
Fe

3O
4N
Ps

–
m
ag
ne
tit
e
na
no

pa
rt
ic
le
s;
FM

–
fo
rm

al
de
hy
de
;
G
lu

–
gl
uc
os
e;

G
N
FB

s
–
gr
ap
he
ne

na
no

fib
er
s;
G
O

–
gr
a-

ph
en
e
ox
id
e;

G
Q
D
s
–
gr
ap
he
ne

qu
an
tu
m

do
ts
;G

r-
C 3
N
4
–
gr
ap
hi
te
-li
ke

ca
rb
on

ni
tr
id
e;

G
rO

–
gr
ap
hi
te

ox
id
e;

G
TA

–
gl
ut
ar
al
de
hy
de
;H

gF
–
m
er
cu
ry

fil
m
;H

gF
–
m
er
cu
ry

fil
m
;H

M
IM

-P
F 6

–
1-
he
xy
l-3
-m

et
hy
lim

id
az
ol
iu
m

he
xa
flu
or
op

ho
sp
ha
te
;
Ig
G
-M

tx
-A
b
–
im
m
un

og
lo
bu

lin
G
m
et
ho

tr
ex
at
e
an
tib

od
y;

IL
–
io
ni
c
liq
ui
d;

L-
A
A
O
D

–
L-
am

in
o
ac
id

ox
id
as
e;

L-
G
lo
x
–
L-
gl
ut
am

at
e:

ox
yg
en

ox
id
o
re
du

ct
as
e;

M
A
A
–
m
et
ha
cr
yl
ic

ac
id
;
M
A
C
–
N
-

m
et
ha
cr
yl
oy
l-L
-c
ys
te
in
e;
M
BA

–
N
,N
-m

et
hy
le
ne

bi
s(
ac
ry
la
m
id
e)
;M

el
–
m
el
am

in
e;
M
IP

–
m
ol
ec
ul
ar
ly
im
pr
in
te
d
po

ly
m
er
;M

O
F
–
m
et
al
or
ga
ni
c
fr
am

ew
or
k;
M
oS

2
–
m
ol
yb
de
nu

m
di
su
lfi
de
;M

oS
2N
FL
s
–
m
ol
yb
de
nu

m
di
su
l-

fid
e
na
no

flo
w
er
s;
M
oW

S 2
–
m
ol
yb
de
nu

m
tu
ng

st
en

di
su
lfi
de
;M

TB
–
m
et
hy
le
ne

bl
ue
;M

W
CN

Ts
–
m
ul
ti-
w
al
le
d
ca
rb
on

na
no

tu
be
s;
M
W
CN

Ts
–
m
ul
ti-
w
al
le
d
ca
rb
on

na
no

tu
be
s;
N
-A
A
sp

–
N
-a
cr
yl
oy
l
as
pa
rt
ic
ac
id
;
N
CC

P
–

CRITICAL REVIEWS IN ANALYTICAL CHEMISTRY 25



na
no

cr
ys
ta
lli
ne

co
or
di
na
tio

n
po

ly
m
er
s;
N
-C
Q
D
s
–
ni
tr
og

en
-d
op

ed
ca
rb
on

qu
an
tu
m

do
ts
;
N
-C
SN

S
–
ni
tr
og

en
-d
op

ed
ca
rb
on

-s
ili
ca

na
no

sp
he
re
s;
N
FM

F2
A
–
N
-(
fe
rr
oc
en
yl
m
et
hy
lid
en
e)

flu
or
en
-2
-a
m
in
e;

N
H
S
–
N
-h
yd
ro
xy
-

su
cc
in
im
id
e;

N
iO
N
Ps

–
ni
ck
el
(II
)
ox
id
e
na
no

pa
rt
ic
le
s;
N
A
F
–
N
af
io
n;

N
-R
G
O
–
ni
tr
og

en
-d
op

ed
re
du

ce
d
gr
ap
he
ne

ox
id
e;

O
D
A
–
oc
ta
de
cy
la
m
in
e;

oo
p-
Py

–
ov
er
-o
xi
di
ze
d
po

ly
-p
yr
ro
le
;o

-P
D
–
o-
ph

en
yl
ed
ia
m
in
e;

p-
(L
-C
ys
)

–
po

ly
-(
L-
Cy
st
ei
ne
);
p-
(L
-L
ys
)
–
po

ly
-(
L-
ly
si
ne
);
p-
(p
-A
BS
A)

–
po

ly
-(
p-
am

in
ob

en
ze
ne

su
lfo
ni
c
ac
id
);
p-
(p
-A
TP
h)

–
po

ly
-(
p-
am

in
ot
hi
op

he
no

l);
p-
(P
D
CA

)
–
po

ly
-(
2,
6-
py
rid

in
ed
ic
ar
bo

xy
lic

ac
id
);
p-
A
N
I
–
po

ly
-a
ni
lin
e;

p-
BC

P
–

po
ly
-b
ro
m
oc
re
so
l
pu

rp
le
;p

-D
A
–
po

ly
-d
op

am
in
e;

Pd
N
Ps

–
pa
lla
di
um

na
no

pa
rt
ic
le
s;
p-
ED

O
T
–
po

ly
-(
3,
4-
et
hy
le
ne
di
ox
yt
hi
op

he
ne
);
p-
EI

–
po

ly
-e
th
yl
en
ei
m
in
e;

PF
R
–
po

rp
hy
rin

;p
-H
U
–
po

ly
-(
hy
dr
ox
y
ur
et
ha
ne
);
p-
M
A
A
–

po
ly
-m

et
ha
cr
yl
ic
ac
id
;p

-N
IP
A
–
po

ly
-(
N
-is
op

ro
py
la
cr
yl
am

id
e)
;p

-N
R
–
po

ly
-n
eu
tr
al

re
d;

p-
Py

–
po

ly
-p
yr
ro
le
;P

r 2
O
3N
Ps

–
pr
as
eo
dy
m
iu
m
(II
I)
ox
id
e
na
no

pa
rt
ic
le
s;
PT
C
–
pe
ry
le
ne

te
tr
ac
ar
bo

xy
lic

de
riv
at
iv
e;
PT
EO

S
–
ph

en
yl
-

tr
ie
th
ox
ys
ila
ne
;
pT

H
M
M
A
A
–
N
-[
tr
is
(h
yd
ro
xy
l-m

et
hy
l)
m
et
hy
l]a
cr
yl
am

id
e;

Pt
N
Ps

–
pl
at
in
um

na
no

pa
rt
ic
le
s;
p-
VS

–
po

ly
-v
in
yl

so
di
um

su
lfo
na
te
;
RE

S
–
re
so
rc
in
ol
;
RG

O
–
re
du

ce
d
gr
ap
he
ne

ox
id
e;

SD
S
–
so
di
um

do
de
cy
l

su
lfa
te
;
Si
O
2N
Ps

–
si
lic
on

di
ox
id
e
na
no

pa
rt
ci
le
s;
Sm

2S
3
–
sa
m
ar
iu
m
(II
I)
su
lfi
de
;
Sn

S 2
N
PL
s
–
tin

di
su
lfi
de

na
no

pl
at
el
et
s;
SW

CN
Ts

–
si
ng

le
-w
al
le
d
ca
rb
on

na
no

tu
be
s;
TE
A
–
tr
ie
th
yl
am

in
e;

TE
O
S
–
te
tr
ae
th
ox
ys
ila
ne
;
TF
A
–

tr
ifl
uo

ro
ac
et
ic

ac
id
;
Ti
O
2N
Ps

–
tit
an
iu
m

di
ox
id
e
na
no

pa
rt
ic
le
s;

TM
PM

–
3-
(t
rim

et
ho

xy
si
ly
l)
pr
op

yl
m
et
ha
cr
yl
at
e;

W
P-
N
-f
(-
CO

O
H
)
M
W
CN

Ts
–
tu
ng

st
en

ph
os
ph

id
e
em

be
dd

ed
ni
tr
og

en
-d
op

ed
fu
nc
tio

na
liz
ed

(c
ar
bo

xy
l)

m
ul
ti-
w
al
le
d
ca
rb
on

na
no

tu
be
s;
Zn

O
-G
Q
D
s
–
co
re
-s
he
ll
zi
nc

ox
id
e
-
gr
ap
he
ne

qu
an
tu
m

do
ts
;
Zn

O
N
Ps

–
zi
nc

ox
id
e
na
no

pa
rt
ic
le
s;
b-
CD

–
b
-c
yc
lo
de
xt
rin

;
(C
e-
Zn

O
)
N
FL
s
–
ce
riu

m
-d
op

ed
zi
nc

ox
id
e
na
no

flo
w
er
s;
(C
FL
-

H
o3

1
-N
iO
)
N
Ps

–
ca
bb

ag
e
flo
w
er
-li
ke

ho
lm
iu
m
-d
op

ed
ni
ck
el
(II
)
ox
id
e
na
no

pa
rt
ic
le
s;
(C
oF
e 2
O
4)

N
Ps

–
co
ba
lt-
do

pe
d
fe
rr
ite

na
no

pa
rt
ic
le
s;
(C
uC

r 2
O
4-
Cu

O
)
N
FB

s
–
co
op

er
ch
ro
m
at
e-
co
pp

er
ox
id
e
na
no

fib
er
s;
(E
u3

1
-C
u 2
O
)

N
Ps

–
eu
ro
pi
um

(II
I)
-d
op

ed
co
pp

er
(I)

ox
id
e
na
no

pa
rt
ic
le
s;
(P
d-
A
g)

A
–
pa
lla
di
um

-s
ilv
er

al
lo
y;

(P
r-
Er

2W
O
6)

N
Ps

–
pr
as
eo
dy
m
iu
m
-e
rb
iu
m
(II
I)
tu
ng

st
at
e
na
no

pa
rt
ic
le
s;
(p
-S
ty
r)
M
S
–
po

ly
-s
ty
re
ne

m
ic
ro
sp
he
re
s;
(Z
nF
e 2
O
4)

N
Ps

–
zi
nc
-d
op

ed
fe
rr
ite

na
no

pa
rt
ic
le
s;
(Z
nO

-C
uO

)
N
PL
s
–
zi
nc

ox
id
e-
co
pp

er
ox
id
e
na
no

pl
at
es
;[
Co

(II
I)
-S
al
]
–
co
ba
lt(
III
)
sa
lo
ph

en
co
m
pl
ex
;[
Co

(p
he

n)
2(
ta
tp
)
]3
1
–
co
ba
lt
(II
I)
co
m
pl
ex
,w

he
re

ph
en

is
1,
10
-p
he
na
nt
hr
o-

lin
e
an
d
ta
tp

is
1,
4,
8,
9-
te
tr
a-
az
a-
tr
ip
he
ny
le
ne
);
[C
o(
ph

en
)
3]
31

–
tr
is
(1
,1
0-
ph

en
an
th
ro
lin
e)

co
ba
lt(
iii
)
co
m
pl
ex
;[
M

3O
A
]1
[N
TF

2]
2
–
m
et
hy
l(
tr
io
ct
yl
)
am

m
on

iu
m

bi
s(
tr
ifl
uo

ro
m
et
hy
ls
ul
fo
ny
l)
im
id
e.

El
ec
tr
od

e:
Ag

E
–
si
lv
er

el
ec
tr
od

e;
A
P-
BD

D
E
–
an
od

ic
al
ly

pr
et
re
at
ed

bo
ro
n-
do

pe
d
di
am

on
d
el
ec
tr
od

e;
A
P-
G
CE

–
an
od

ic
al
ly

pr
et
re
at
ed

gl
as
sy

ca
rb
on

el
ec
tr
od

e.
A
uE

–
go

ld
el
ec
tr
od

e;
BD

D
E
–
bo

ro
n-
do

pe
d
di
am

on
d
el
ec
-

tr
od

e;
CF
BE

–
ca
rb
on

fib
er

el
ec
tr
od

e;
CF
BU

M
E
–
ca
rb
on

fib
er

ul
tr
am

ic
ro
el
ec
tr
od

e;
CP

E
–
ca
rb
on

(g
ra
ph

ite
)
pa
st
e
el
ec
tr
od

e;
CS

E
–
ca
rb
os
ita
ll
el
ec
tr
od

e;
Cu

E
–
co
pp

er
el
ec
tr
od

e;
G
CE

–
gl
as
sy

ca
rb
on

el
ec
tr
od

e;
G
CP

E
–

gl
as
sy

ca
rb
on

pa
st
e
el
ec
tr
od

e;
H
Cu

A
D
E
–
ha
ng

in
g
co
pp

er
am

al
ga
m

dr
op

pi
ng

el
ec
tr
od

e;
H
M
D
E
–
ha
ng

in
g
m
er
cu
ry

dr
op

el
ec
tr
od

e;
IT
O
E
–
in
di
um

tin
ox
id
e
el
ec
tr
od

e;
m
-A
gS

A
E
–
m
en
is
cu
s
m
od

ifi
ed

si
lv
er

so
lid

am
al
-

ga
m

el
ec
tr
od

e;
M
W
CN

Ts
PE

–
m
ul
ti-
w
al
le
d
ca
rb
on

na
no

tu
be
s
pa
st
e
el
ec
tr
od

e;
PG

E
–
pe
nc
il
gr
ap
hi
te

el
ec
tr
od

e;
p-
A
gS

A
E
–
po

lis
he
d
m
od

ifi
ed

si
lv
er

so
lid

am
al
ga
m

el
ec
tr
od

e;
p-
PH

F–
PG

E
–
po

ly
-p
ro
py
le
ne

ho
llo
w

fib
er

pe
nc
il
gr
ap
hi
te

el
ec
tr
od

e;
Py
G
E
–
py
ro
ly
tic

gr
ap
hi
te

el
ec
tr
od

e;
SM

D
E
–
st
at
ic
m
er
cu
ry

dr
op

el
ec
tr
od

e;
SP
CE

–
sc
re
en

pr
in
te
d
ca
rb
on

(g
ra
ph

ite
)
el
ec
tr
od

e;
SP
E
–
sc
re
en

pr
in
te
d
el
ec
tr
od

e.
Te
ch
ni
qu

e:
AC

Ad
SV

–
al
te
rn
at
in
g
cu
rr
en
t
ad
so
rp
tiv
e
st
rip

pi
ng

vo
lta
m
m
et
ry
;A

dS
V
–
ad
so
rp
tiv
e
st
rip

pi
ng

vo
lta
m
m
et
ry
;A

dS
V
–
ad
so
rp
tiv
e
st
rip

pi
ng

vo
lta
m
m
et
ry
;A

m
p.

–
am

pe
ro
m
et
ry
;C

CP
SV

–
co
ns
ta
nt

cu
rr
en
t
po

te
nt
io
-

m
et
ric

st
rip

pi
ng

vo
lta
m
m
et
ry
;
CV

–
cy
cl
ic

vo
lta
m
m
et
ry
;
D
PA

dC
SV

–
di
ffe

re
nt
ia
l
pu

ls
e
ad
so
rp
tiv
e
ca
th
od

ic
st
rip

pi
ng

vo
lta
m
m
et
ry
;
D
PA

dS
V
–
di
ffe

re
nt
ia
l
pu

ls
e
ad
so
rp
tiv
e
st
rip

pi
ng

vo
lta
m
m
et
ry
;
D
PA

SV
–
di
ffe

re
nt
ia
l

pu
ls
e
an
od

ic
st
rip

pi
ng

vo
lta
m
m
et
ry
;D

PS
V
–
di
ffe

re
nt
ia
lp

ul
se

st
rip

pi
ng

vo
lta
m
m
et
ry
;D

PV
–
di
ffe

re
nt
ia
lp

ul
se

vo
lta
m
m
et
ry
;E

CL
–
el
ec
tr
oc
he
m
ilu
m
in
es
ce
nc
e;
EI
S-
M
VA

–
el
ec
tr
oc
he
m
ic
al
im
pe
da
nc
e
sp
ec
tr
os
co
py

-
m
ul
ti-

va
ria
te

da
ta

an
al
ys
is
;
LS
V
–
lin
ea
r
sw

ee
p
vo
lta
m
m
et
ry
;
FI
A
-A
m
p.

–
flo
w

in
je
ct
io
n
an
al
ys
is
co
up

le
d
w
ith

am
pe
ro
m
et
ry
;
LS
A
dS

V
–
lin
ea
r
sw

ee
p
ad
so
rp
tiv
e
st
rip

pi
ng

vo
lta
m
m
et
ry
;
O
SW

A
SV

–
O
st
er
yo
un

g
sq
ua
re
-w
av
e

an
od

ic
st
rip

pi
ng

vo
lta
m
m
et
ry
;
SC

V
–
st
ai
rc
as
e
vo
lta
m
m
et
ry
;
SW

A
dS

V
–
sq
ua
re
-w
av
e
ad
so
rp
tiv
e
st
rip

pi
ng

vo
lta
m
m
et
ry
;
SW

A
SV

–
sq
ua
re
-w
av
e
an
od

ic
st
rip

pi
ng

vo
lta
m
m
et
ry
;
SW

CS
V
–
sq
ua
re
-w
av
e
ca
th
od

ic
st
rip

pi
ng

vo
lta
m
m
et
ry
;S

W
SV

–
sq
ua
re
-w
av
e
st
rip

pi
ng

vo
lta
m
m
et
ry
;S

W
V
–
sq
ua
re
-w
av
e
vo
lta
m
m
et
ry
.

M
ed

iu
m
:A

cB
–
ac
et
at
e
bu

ffe
r;
A
m
A
cB

–
am

m
on

iu
m

ac
et
at
e
bu

ffe
r;
BB

–
bo

ra
te

bu
ffe

r;
BR

B
–
Br
itt
on

-R
ob

in
so
n
bu

ffe
r;
Et
O
H
–
et
ha
no

l;
PB

–
ph

os
ph

at
e
bu

ffe
r;
PB

S
–
ph

os
ph

at
e
bu

ffe
re
d
sa
lin
e;

SP
B
–
So
re
ns
en
’s
ph

os
-

ph
at
e
bu

ffe
r;
Tr
is
B
–
tr
is
(h
yd
ro
xy
m
et
hy
l)
am

in
om

et
ha
ne

hy
dr
oc
hl
or
id
e
bu

ffe
r.

Se
le
ct
iv
it
y:
w
he
n
un

de
rl
in
ed

–
ex
hi
bi
te
d
in
te
rf
er
en
ce
.

Co
m
m
en

ts
:A

gjA
gC

l
–
si
lv
er
jsil

ve
r
ch
lo
rid

e
el
ec
tr
od

e;
A
g-
ps
eu

do
RE

–
si
lv
er

ps
eu
do

-r
ef
er
en
ce

el
ec
tr
od

e;
SC

E
–
sa
tu
ra
te
d
ca
lo
m
el

el
ec
tr
od

e.
N
/A

–
no

t
ap
pl
ic
ab
le
.

26 M. BRYCHT ET AL.



multianalytes, i.e., methotrexate (therapeutic drug),
urea, uric acid (both being side effect indicators), and
lactate dehydrogenase (being excellent prognostic indi-
cator), which has been performed in the microfluidic
device equipped with electrochemical sensor array.[83]

This sensing chip exhibited LOD of 35.0 nM towards
methotrexate which is much lower than the minimum
therapeutic human serum concentration.

The best analytical parameters for pemetrexed (folic
acid analog) (LOD of 330.0 pM; good recovery from
spiked real samples; selectivity study) were achieved on
CPE modified with palladium NPs (PdNPs), carbon
nanofibers (NFBs), ionic liquid (IL), and NAF.[84]

Two MIP-based sensors applied for 6-mercaptopur-
ine (purine analog) detection are certainly worth men-
tioning.[85,86] First MIP sensor based on PGE modified
with core-shell zinc oxide (ZnO) - graphene quantum
dots (GQDs) leads to a relatively low LOD of 5.7 nM
and two LRs,[85] while nanohybrid-based MIP consist-
ing of nitrogen-doped carbon silica nanospheres,
PdNPs, and IL modified PGE allowed trace level detec-
tion of 6-mercaptopurine (LOD of 722.8 pM) within a
wide continuous LR.[86] Both sensors exhibited excel-
lent selectivity to other interfering agents; however, the
sensor proposed in [86] was especially selective towards
ANAs, i.e., chlorambucil, ifosfamide, temozolomide
(which belong to alkylating agents), 5-fluorouracil, 6-

thioguanine (which belong to antimetabolites).
Nevertheless, other configurations, such as GCE modi-
fied with MWCNTs and cationic surfactant (hexade-
cyl(trimethyl)ammonium bromide),[87] CPE modified
with platinum NPs (PtNPs), MWCNTs and IL,[88] and
SPCE modified with Fe3O4NPs, poly-pyrrole (p-Py)
and PtNPs,[89] do exist and allow the determination of
6-mercaptopurine at LOD levels < 10 nM. These exam-
ples provide simple surface modification protocols with
LODs holding the same order of magnitude as the
MIP-based sensor proposed in,[85] while maintaining
satisfactory selectivity.

Similar to the compound above, superior analytical
characteristics (LOD of 119.6 pM) for 6-thioguanine
(purine analog) were achieved with the MIP sensor
based on PGE modified with poly-neutral red and elec-
trochemically reduced graphene oxide (ERGO).[90]

Also, notable is the work describing the determination
of 6-thioguanine in the presence of folic acid on ferro-
cenedicarboxylic acid and MWCNTs modified CPE
(LOD of 8.5 nM).[91]

Our attention was also paid to cladribine, fludara-
bine, and clofarabine (all purine analogs). The deter-
mination of clofarabine [92] and fludarabine [93] on
bare GCE enabled the detection of these drugs with
acceptable LOD values of 80 nM and 280 nM, respect-
ively. As expected, modifying a GCE surface with a

Figure 3. (A) The steps of the preparation of immunosensor based on AuE modified with cysteamine (CyA), glutaraldehyde (GTA) as a linker, immunoglobulin G
methotrexate antibody (IgG-Mtx-Ab), and N-[tris(hydroxyl-methyl)methyl]acrylamide (pTHMMAA) to block pinholes. The immunosensor was used for the methotrex-
ate sensing. Prepared based on [80]; (B) Schematic representation of the GCE surface modification procedure with N-CQDs, Fe2O3NPs, and MWCNTs used for the sim-
ultaneous electrochemical detection of 5-fluorouracil, uric acid, and xanthine. Voltammograms reprinted from [101] with permission from Elsevier; (C) MIP sensor
based on electropolymerized molecularly imprinted MOF used for the detection of gemcitabine. The sensor was prepared by immersing the AuE in p-aminothiophe-
nol (p-ATPh) solution, and further by electropolymerization of the aniline moieties of p-ATPh functionalized with AuNPs on AuE modified with p-ATPh in the pres-
ence of gemcitabine as a template molecule. Prepared based on [142]; (D) Molybdenum disulfide nanoflowers (MoS2NFLs) as signal-promoter of p-EI functionalized
PTC and S2O8

2� system for fabricating an electrochemiluminescence methotrexate sensor. Prepared based on [149].
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layer of functionalized MWCNTs led to a lower LOD
value of 29.0 nM for fludarabine.[94] Further, a catalytic
adsorptive stripping voltammetric (AdSV) method has
been developed for cladribine [95] and fludarabine [96]

determination. This non-conventional approach was
based on the oxidation products (adsorbed on the sur-
face of PGEs) of the two compounds manifesting elec-
trocatalytic activity towards reduced form of
nicotinamide adenine dinucleotide (NADH) oxidation.
Briefly, the obtained catalytic current of NADH was
linearly dependent on the immobilized oxidation prod-
ucts, which were related to the concentration of the
parent molecule (NADH) in the analyzed solution. The
proposed sensors were successfully utilized for cladri-
bine and fludarabine determination in blood serum [95]

and urine samples [95,96] obtained from patients treated
with these drugs.

Electroanalytical sensing strategies for 5-fluorouracil
(pyrimidine analog) are predominantly based on its
oxidation,[97–116] and superior analytical parameters for
5-fluorouracil were obtained on HMDE in the presence
of Cu2þ;[116] particularly, an extremely low LOD value
of 7.7 pM was obtained as a result of the ability of 5-
fluorouracil to create a stable complex with Cu2þ,
which made this protocol unbeatable compared to
other described electroanalytical systems. Despite this,
it is worth mentioning the report where CPE modified
with praseodymium-erbium(III) tungstate NPs enables
the detection of 5-fluorouracil at the LOD of
980.0 pM.[111] In addition, the determination of 5-fluo-
rouracil on GCEs modified with p-ANI, zinc oxide
NPs (ZnONPs), and GQDs,[99] as well as with nitro-
gen-doped carbon quantum dots (N-CQDs), ferrite
NPs (Fe2O3NPs), and MWCNTs (for preparation see
Figure 3B) [101] was possible in the presence of ANA,
i.e., irinotecan (which belongs to plant alkaloids and
other natural products),[99] as well as uric acid and
xanthine.[101]

Capecitabine (pyrimidine analog) sensing protocol
based on its oxidation signal was proposed on poly-
propylene hollow fiber PGE modified with functional-
ized MWCNTs and poly-(hydroxy urethane).[117] The
sensor exhibited not only a low LOD value of
110.0 nM but also enabled capecitabine determination
in the presence of ANA, i.e., erlotinib (which belongs
to protein kinase inhibitors; see Chapter 5).
Rather limited attention has been drawn from the
point of view of electroanalysis to the determination of
cytarabine (pyrimidine analog). Sensing protocol based
on direct oxidation of this molecule was proposed and
is based on MIP sensor prepared on PGE modified
with Au nanorods (AuNRs).[118] The MIP-based sensor
was very selective, especially towards ANAs, i.e., 6-mer-
captopurine, 6-thioguanine, 5-fluorouracil (which
belong to antimetabolites).

Amperometric determination of floxuridine (pyr-
imidine analog) was performed with the use of a static
mercury drop electrode (SMDE).[119] The analytical

utility of the mentioned report is rather low since the
LOD value and selectivity studies are simply missing.
Amperometric sensing of gemcitabine (pyrimidine
analog) carried out on a bare boron-doped diamond
electrode (BDDE) allowed the drug detection with a
relatively low LOD value of 570.0 nM.[120] Although
gemcitabine was stated to be not electrochemically oxi-
dizable or reducible on bare GCE,[121] its direct detec-
tion was possible on GCE modified with ERGO and
bismuth NPs.[122] Better parameters (LOD of 9.0 nM)
were achieved on bare CPE in the presence of anionic
surfactant sodium dodecyl sulfate (SDS),[123] and MIP
sensor based on dsDNA, silver NPs (AgNPs), and
MWCNTs (LOD of 12.5 nM).[124]

Even though raltitrexed (pyrimidine analog) can be
directly irreversibly oxidized on GCE under a pH-
dependent and predominantly diffusion-controlled pro-
cess,[125] to the best of our knowledge, there is no elec-
troanalytical sensing protocol for this drug.

For more than half of the antimetabolites studied up
to now (i.e., 8), also reduction signal was favorably
used to develop a reliable voltammetric method for
their electroanalysis. A range of electrodes was tested
and most of them provided truly impressive parame-
ters, predominantly in the form of very low LOD val-
ues, while the major drawback of most of the
approaches based on reduction signals remains poorer
selectivity (this issue was tackled for some compounds
as discussed below).

Impressively low LOD values (nM or even pM) for
methotrexate (folic acid analog) have been reported for
electrodes using Hg, either in (i) a pure form, i.e.
HMDE,[126–128] (ii) in combination with silver to form
silver SAEs, after polishing,[129] or in a form of menis-
cus,[130] or (iii) as a modifier to prepare Hg film-coated
carbon fiber ultramicroelectrode.[131] Similarly, deter-
minations of 6-thioguanine,[132] nelarabine [133] (both
purine analogs), 5-fluorouracil [68] (pyrimidine analog)
were carried out only on traditional Hg dropping elec-
trodes. However, the more advanced approach based
on polypyridyl cobalt complexes used as modifiers
[134,135] was utilized for 6-mercaptopurine (purine ana-
log) detection. Also, one sensing protocol utilized the
reduction signal of the 6-mercaptopurine-Cu2þ com-
plex, which was formed on a hanging copper amalgam
drop electrode.[136] The formation of such complex at
the electrode surface decreased the LOD value to
unbeatable 120.0 pM, allowed the analysis of 6-mercap-
topurine to be performed in the presence of 6-thiogua-
nine (belonging to the same group of purine analogs).
Next, capecitabine (pyrimidine analog) was electro-
chemically reduced on a bare GCE,[137] however,
improved LOD (by one order of magnitude) values
were obtained when a modification layer, either con-
sisting of ZnONPs and functionalized MWCNTs [138]

or AuNPs and graphene NFBs,[139] was applied to a
surface of CPE or GCE, respectively. Nevertheless, the
lowest LOD of 324.0 pM was achieved on the MIP
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sensor based on GCE modified with Fe3O4NPs and
graphene oxide (GO). The sensor was found to be
selective towards other compounds including ANA,
i.e., 5-fluorouracil (which belongs to antimetabo-
lites).[140] Sensing protocol based on direct reduction of
cytarabine was carried out using GCE coated with a
Hg film, and a very low LOD value of 551.0 pM was
achieved.[141] In addition, this drug can be successfully
detected in the presence of potentially interfering
organic compounds, e.g., ascorbic acid and uric acid, at
the same time being problematic in the presence of
some metal ions. Finally, a complex MIP-based sensor
utilizing electropolymerized metal organic framework
(MOF) [142] (Figure 3C) was developed for the detec-
tion of gemcitabine (pyrimidine analog) based on its
reduction signal. Importantly, an impressively low
LOD equal to 3.0 fM (!) was reported, and hence, this
sensor completely outperformed other procedures pro-
posed for the detection of this drug. Even though the
methodology was successfully verified in spiked diluted
serum and pharmaceutical formulation, the weakness
of this work originates from missing studies focused on
influence of potentially interfering substances on the
gemcitabine signal.

ii. indirect detection on dsDNA biosensors by monitor-
ing a decrease in the oxidation peak currents of pur-
ine bases.
Indirect approaches have been employed for 5 antime-
tabolic agents. Two sensing protocols for indirect
determination of methotrexate (folic acid analogs)
were proposed and are based on dsDNA modified
GCE [143] and DNA-based GCE modified with GO.[144]

The results revealed that the sensor proposed by Chen
et al.[144] showed improved analytical parameters (LOD
of 7.6 nM; good recovery in pharmaceutical formula-
tion and spiked urine samples; selectivity study) when
compared to sensor developed by Rafique et al.[143]

Indirect determination of three antimetabolites, namely
6-mercaptopurine (purine analog),[145] 5-fluoroura-
cil,[146] and cytarabine [147] (both pyrimidine analogs),
was performed on DNA sensors based on PGE modi-
fied with p-Py, 4-dodecylbenzenesulfonic acid, and
functionalized MWCNTs,[145] GCE modified with
poly-bromocresol purple (p-BCP),[146] and CPE modi-
fied with europium(III)-doped copper(I) oxide NPs
((Eu3þ-Cu2O)NPs),

[147] respectively. Moreover, two
electroanalytical systems for indirect gemcitabine (pyr-
imidine analog) detection were developed, also using
dsDNA sensors based on GCE modified with poly-
(2,6-pyridinedicarboxylic acid) [148] and CPE modified
with AgNPs, MWCNTs, and MIP.[124] Despite the add-
ition of a modifier, the proposed sensors performed
averagely, compared to other protocols presented in
Table 2. It should be pointed out that in the case of 5-
fluorouracil, the indirect method enabled its determin-
ation within the widest LR spanning over 5 orders of
magnitude.[146]

iii. electrochemiluminescence reactions.
Electrochemiluminescent (ECL) biosensors were pro-
posed for methotrexate (folic acid analog) detec-
tion,[149,150] giving very wide LR (7 orders of
magnitude) and impressive LOD values of 150.0 fM [149]

and 270.0 fM,[150] respectively. Such incredible parame-
ters originate from the electrochemiluminescence reac-
tion between poly-ethyleneimine (p-Ei) functionalized
perylene tetracarboxylic derivative (PTC) [149] or graph-
ite-like carbon nitride [150] and peroxysulfate ion
(S2O8

2�) through catalyzing the electroreduction of the
S2O8

2� to produce sulfate radical anions (the biosensor
preparation proposed in [149] is presented in Figure 3D).
Methotrexate had an inhibitory effect on these ECL sys-
tems; in principle, in the presence of methotrexate less
sulfate radical anions are produced, which then subse-
quently decreases the intensity of the used ECL emitters.
Also, the ECL biosensors showed enhanced selectivity.
Furthermore, electrochemical techniques were favorably
used for detailed investigation of:

iv. enantiopurity of selected antimetabolites.
Interestingly, 10 amperometric biosensors based on dif-
ferent enzymes (immobilized on CPE) were proposed
for the individual determination of L- and D- enan-
tiomers of methotrexate (folic acid analog),[151] having
substantially different pharmacokinetic performance.
D-methotrexate has much lower anticancer effect than
its L- antipode. All designed enzyme-based biosensors
had exceptional enantioselective characteristics, which
thus enabled performing the enantiopurity analysis of
L- and D-methotrexate in various pharmaceutical for-
mulations. Extremely low LOD values for the L-
(4.0 fM) and D-methotrexate assay (10.0 fM) were
obtained using biosensors based on L-glutamate and L-
amino acid oxidase, respectively.

v. the interactions of antimetabolic agents with ss-/ds-
DNA molecules.
In situ evaluation of the interaction of methotrexate
(folic acid analog) with dsDNA was carried out using
DPV on a highly oriented pyrolytic graphite electrode
(HOPGE) showing that the dsDNA-methotrexate inter-
action leads to structural modifications of dsDNA in a
time-dependent manner.[152] The dsDNA bending pro-
cess imposes kinking of the strands, which facilitates
the methotrexate intercalation between dsDNA base
pairs, causing unwinding of the dsDNA structure and
exposing the purine bases to HOPGE surface (thus, the
increase of purine oxidation peaks is observed).
Besides, the preferred affinity of methotrexate for A-
rich segments (explained by the weakness of the H-
bonds between A and T) was confirmed using ssDNA.
The dsDNA modified HOPGE was characterized by
atomic force microscopy, and the reorganization of the
DNA self-assembled network on the HOPGE surface
after incubation with methotrexate and the formation
of a more densely packed and slightly thicker metho-
trexate-dsDNA lattice with many aggregates embedded
into the network film was observed.
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The study performed using a multilayer dsDNA-
based biosensor proved that raltitrexed (folic acid ana-
log) strongly interacts and binds to the dsDNA by vari-
ous interaction modes, suggesting intercalation in
between the DNA base pairs leading to defects in DNA
structure.[125]

Several modified electrodes have been employed to
study the interaction of 6-mercaptopurine (purine
analog) with dsDNA; particularly: carbositall electrode
modified by AuNPs, chitosan (CHIT), GO and IL (by
CV),[153] PGE modified with p-Py and functionalized
MWCNTs (by DPV),[145] and GCE modified with
MWCNTs and CHIT (by DPV).[154] The results con-
firmed that 6-mercaptopurine binds to the dsDNA
causing its serious damage (the damage to A was more
severe than to G), and the interaction process mainly
occurs through the intercalation mode, rather than the
electrostatic interactions.

The results obtained on bare PGE by DPV,[155] PGE
modified with single-walled carbon nanotubes
(SWCNTs) by DPV,[156] and HMDE by SWV [132]

indicated that 6-thioguanine (purine analog) interacts
and bonds with DNA, and the most probable inter-
action mechanism is an intercalation mode, which par-
tially neutralizes the negatively charged phosphate
backbone in dsDNA.

The interactions of clofarabine,[92] fludarabine,[93]

and cladribine [157] (all purine analogs) with dsDNA in
incubated solutions using dsDNA modified GCE were
investigated by DPV. All three compounds interacted
with dsDNA and caused morphological changes and
strand breaking in the structure of dsDNA in a time-
dependent manner (condensation of the dsDNA struc-
ture), however, these drugs did not cause dsDNA oxi-
dative damage.

Moreover, an examination performed by DPV on
dsDNA sensor based on p-BCP modified GCE revealed
that 5-fluorouracil (pyrimidine analog) interacts and
binds to the G base, and the binding mode is mainly
based on intercalation (hydrophobic interaction) and
partially on the electrostatic effect.[146]

Also, Hg film modified GCE and Osteryoung
square-wave anodic AdSV method were used to study
the interaction of ssDNA with cytarabine (pyrimidine
analog).[141] The results revealed that ssDNA strongly
interacts with the oxidized form of cytarabine, and the
carbonyl group - in the oxidized form - is the predom-
inant functionality responsible for ssDNA-cytarabine
interaction. Moreover, the elucidation of the interaction
mechanism of dsDNA with cytarabine was made using
CPE modified with dsDNA and (Eu3þ-Cu2O)NPs by
DPV.[147] Results showed condensation of the DNA
double helix being a consequence of a complex forma-
tion. Authors pointed out that the binding mode of
cytarabine to dsDNA cannot occur via intercalative
binding or electrostatic interaction. Thus, the groove
binding mechanism of cytarabine with dsDNA was
indicated based on the results obtained by UV-vis

spectroscopy, viscosimetric, and docking results.
Finally, the interaction of gemcitabine (pyrimidine
analog) with dsDNA and DNA bases was investigated
using GCE modified with dsDNA [121] and dsDNA-
based GCE modified with functionalized
MWCNTs.[158] It was found that gemcitabine caused
modifications in the morphological structure of DNA
and did not induce its oxidative damage. The inter-
action mechanism occurred in two consecutive steps:
the initial process was independent of the DNA
sequence and led to the condensation/aggregation fol-
lowed by the formation of a rigid structure; this pro-
moted a second step that favors the interaction
between the hydrogen atom of G in the C–G base pair
and the fluorine atoms in the gemcitabine ribose moi-
ety and causes the release and/or exposure of G resi-
dues to the DNA modified GCE surface.

vi. detection of cancer cells.
A sensor fabricated by conjugating raltitrexed (folic
acid analog) with a positively charged lipid phosphat-
idylcholine was used for quantitative electrochemical
detection of acute human T-cell leukemia cells (using
both chronoamperometry (CA) and EIS).[159] It was
found that the raltitrexed lipid-modified sensor could
detect cancer cells (without the aid of any indicator
molecule) and differentiate between low concentrations
of cancerous leukemia cells and healthy cells.

Plant alkaloids and other natural products
The third section is focused on plant alkaloids and other
natural products. This group is composed of 6 subgroups,
namely vinca alkaloids and analogs, podophyllotoxin deriva-
tives, colchicine derivatives, taxanes, topoisomerase 1 inhibi-
tors, and other plant alkaloids and natural products. The
alkaloids derived from plants affect cancer cells by stabiliz-
ing microtubules, which influence DNA replication and/or
protein synthesis, causing apoptosis of these cells.[197]

This group represents a relatively small part of ANAs as
it involves only 18 compounds, while 7 of them have been
studied with electrochemical techniques so far. A compre-
hensive summary of the electroanalytical parameters for the
tested compounds is provided in Table 3. Clearly, a large
electroanalytical gap consisting of more than half of the rep-
resentatives of plant alkaloids and other natural products
(presented in Table S1) exists. As such, we strongly encour-
age the electroanalytical society to fill missing knowledge in
the near future.

Electrochemical detection of plant alkaloids and other
natural products was carried out:

i. predominantly directly (30 out of 38 sensing proto-
cols), using either oxidation or reduction processes,
on both non-modified and modified electrodes.
For electrooxidation of selected compounds, which is a
substantially prevalent approach (27 direct oxidations
vs. 4 reductions according to Table 3), most commonly
sp2 carbon-based electrodes were employed along with,
however to a lesser extent, metallic (micro)electrodes.
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�
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at
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n
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p
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C
N
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�
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5
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E)
.

[2
08
]
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n
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s

et
op

os
id
e
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O
/
G
CE
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Ad

SV
10
0.
0
m
M

BR
B,
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4.
0

42
.5
nM

–8
49
.5
nM

LO
D
¼

3.
9
nM

LO
Q
¼

13
.1
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
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al
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at
io
n.

Te
st
ed
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te
rf
er
in
g

ag
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:
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e,
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to
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,
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rin
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ro
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,
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id
,
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m
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e,
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,

N
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þ
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þ
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þ
.

A
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l
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:
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e
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p
�

þ0
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V
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M
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m
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al
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at
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n
m
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e.

[2
21
]
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D
s
/
G
CE

D
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B,
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6.
0
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.0
nM

–1
0.
0
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LO
D
¼
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0
nM
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Q
¼
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.0
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m
pl
e:
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os
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lin
e
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N
/A

A
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l
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e
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p
�

þ0
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V
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M
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m
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at
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n
m
ec
ha
ni
sm

of
et
op

os
id
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[2
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]
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–
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O
–
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N
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–
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N
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/A
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E

D
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B,
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0
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0
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1.
0
mM

–4
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D
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m
ac
eu
tic
al

fo
rm

ul
at
io
n,

sp
ik
ed

bl
oo
d
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in
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þ
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M
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þ
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O
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.
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l
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e
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p
�
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at
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]
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23
]

(c
on
tin
ue
d)

CRITICAL REVIEWS IN ANALYTICAL CHEMISTRY 31



Ta
bl
e
3.

Co
nt
in
ue
d.

D
ru
g
an
d

its
st
ru
ct
ur
e

M
od

ifi
ca
tio

n/
El
ec
tr
od

e
Te
ch
ni
qu

e
M
ed
iu
m

Li
ne
ar

ra
ng

e
LO

D
/L
O
Q

Ap
pl
ic
at
io
n

Se
le
ct
iv
ity

Co
m
m
en
ts

Re
f

D
N
A
–
CH

IT
–
G
O
–

(C
oF
e 2
O
4)
N
Ps
–
(Z
n-

Al
)-
LD

H
/
FT
O
E

20
.0
m
M

PB
,p

H
7.
4,

co
nt
ai
ni
ng

0.
9%

N
aC
l

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
pl
as
m
a,

sp
ik
ed

ur
in
e.

ur
ic
ac
id
,g

lu
co
se
,

as
co
rb
ic
ac
id
,c
itr
ic

ac
id
,m

et
hi
on

in
e,

va
lin
e,
ca
ffe

in
e,

ib
up

ro
fe
n,

ac
et
am

in
op

he
n,

N
aþ

,
Kþ

,C
a2

þ
,M

g2
þ
,F
e2

þ
.

(E
p
�

–0
.1

V
vs

Ag
jAg

Cl
).

Ta
xa
ne

s
pa

cl
it
ax
el

(t
ax
ol
)

H
M
D
E

SW
CS
V

50
.0
m
M

BB
,p

H
9.
0

4.
1
nM

–1
38
.2
nM

LO
D
¼

6.
1
nM

LO
Q
¼

12
.9
nM

Re
al

sa
m
pl
e:

sp
ik
ed

ur
in
e.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

pa
cl
ita
xe
lr
ed
uc
tio

n
(E
p
�

–1
.6

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

[2
07
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A
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E
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M
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H
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M

N
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5
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)
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p
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e
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5
V
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]
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O
H
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W
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–
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O
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–
Zr
O
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–
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/
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E

D
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10
0.
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M
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ng

20
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M
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0.
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m
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at
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os
e,
la
ct
os
e,
ur
ea
,

as
pa
rt
ic
ac
id
,c
itr
at
e,

as
co
rb
ic
ac
id
,N

aþ
,

M
g2

þ
,C

a2
þ
,K

þ
,B

r�
,

F�
,N

O
3�
,

N
O
2�
,S
O
42�

.

A
na

ly
ti
ca
l
si
gn

al
:

pa
cl
ita
xe
lo

xi
da
tio

n
(E
p
�

þ1
.2
5
V

vs
Ag

jAg
Cl
).
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]
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D
N
A
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D
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os
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M

TB
AH

FP
co
nt
ai
ni
ng

AC
N
,

73
0.
0
mM

Bo
ra
x

25
0.
0
nM

–9
.0

mM
LO

D
¼

11
0.
0
nM

LO
Q
¼

37
4.
0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
pl
as
m
a

co
lle
ct
ed

fr
om

he
al
th
y

vo
lu
nt
ee
rs
,b

lo
od

pl
as
m
a
co
lle
ct
ed

fr
om

a
pa
tie
nt

un
de
rg
oi
ng

ch
em

ot
he
ra
pe
ut
ic

tr
ea
tm

en
t.

Te
st
ed

in
te
rf
er
in
g

sp
ec
ie
s:

iri
no

te
ca
n
m
et
ab
ol
ite
s.

A
na

ly
ti
ca
l
si
gn

al
:

iri
no

te
ca
n
ox
id
at
io
n

(E
p
�

þ1
.0

V
vs

Ag
-p
se
ud

oR
E)
.

[2
28
]

p-
M
TB

–
f(–

CO
O
H
)M

W
CN

Ts
/G
CE

D
PV

40
.0
m
M

BR
B,

pH
10
.0

8.
0
mM

–8
0.
0
mM

LO
D
¼

21
4.
0
nM

LO
Q
¼

65
0.
0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(in

je
ct
io
n)
.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

iri
no

te
ca
n
ox
id
at
io
n

(E
p
�

þ0
.6

V
vs

Ag
jAg

Cl
jKC

l sa
t).

[2
29
]

(c
on
tin
ue
d)

CRITICAL REVIEWS IN ANALYTICAL CHEMISTRY 33



Ta
bl
e
3.

Co
nt
in
ue
d.

D
ru
g
an
d

its
st
ru
ct
ur
e

M
od

ifi
ca
tio

n/
El
ec
tr
od

e
Te
ch
ni
qu

e
M
ed
iu
m

Li
ne
ar

ra
ng

e
LO

D
/L
O
Q

Ap
pl
ic
at
io
n

Se
le
ct
iv
ity

Co
m
m
en
ts

Re
f

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
iri
no

te
ca
n.

G
Q
D
s
–
p-
AN

I–
Zn

O
N
Ps

/
G
CE

D
PV

BR
B,

pH
10
.0

50
.0
nM

–3
0.
0
mM

LO
D
¼

11
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(in

je
ct
io
n)
,

sp
ik
ed

se
ru
m
,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g

sp
ec
ie
s:

la
ct
os
e,
de
xt
ro
se
,

gl
uc
os
e,
ur
ic
ac
id
,c
itr
ic

ac
id
,a
sc
or
bi
c
ac
id
,

fo
lic

ac
id
,c
af
fe
in
e,

do
pa
m
in
e,
ifo
sf
am

id
e,

flu
ta
m
id
e,
et
op

os
id
e,

ox
al
ip
la
tin

,K
þ
,N

aþ
,

M
g2

þ
,C

a2
þ
,

CO
32–

,N
O
3–
.

A
na

ly
ti
ca
l
si
gn

al
:

iri
no

te
ca
n
ox
id
at
io
n

(E
p
�

þ0
.8

V
vs

Ag
jAg

Cl
).

D
et
er
m
in
at
io
n
of

iri
no

te
ca
n
pe
rf
or
m
ed

in
th
e
pr
es
en
ce

of
5-

flu
or
ou

ra
ci
l(
20
.0

mM
).

[9
9]

ds
D
N
A
–
p-
(M

W
CN

Ts
-

CT
AB

)
/
PG

E
D
PV

50
.0
m
M

Ac
B,

pH
4.
8,

co
nt
ai
ni
ng

20
.0
m
M

N
aC
l

3.
4
mM

–1
7.
1
mM

17
.1

mM
–8
52
.2

mM
LO

D
¼

1.
8
mM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
.

Th
e
in
te
ra
ct
io
n
of

iri
no

te
ca
n
w
ith

ds
D
N
A.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

in
di
re
ct

iri
no

te
ca
n

se
ns
in
g
by

m
on

ito
rin

g
th
e
de
cr
ea
se

in
gu

an
in
e
ox
id
at
io
n

pe
ak

cu
rr
en
t
(E
p
g
u
an
in
e

�
þ0

.9
5
V
vs

SC
E)
.

[2
13
]

o-
PD

–
AC

hE
–
Ch

O
x

–
p-
EI

–
BS
A
–
G
TA

/
Pt
E

CA
PB
,p

H
7.
4

17
.1
nM

–1
7.
1
mM

LO
D
¼

2.
7
nM

LO
Q
¼

8.
0
nM

Re
al

sa
m
pl
e:

fe
ta
lb

ov
in
e
se
ru
m
.

Te
st
ed

in
te
rf
er
in
g

sp
ec
ie
s:

ac
et
am

in
op

he
n,

iri
no

te
ca
n
m
et
ab
ol
ite
s.

A
na

ly
ti
ca
l
si
gn

al
:

ac
et
yl
ch
ol
in
e
es
te
ra
se

in
hi
bi
tio

n
by

iri
no

te
ca
n

m
on

ito
re
d
by

dr
op

pi
ng

H
2O

2

ox
id
at
io
n
cu
rr
en
t.

A
pp

lie
d
po

te
nt
ia
l
in

CA
:

E
¼

þ0
.7

V
(v
s
Ag

jAg
Cl
).

[2
14
]

Au
M
E

FF
TC
CV

w
ith

ac
cu
m
ul
at
io
n
st
ep

50
.0
m
M

H
3P
O
4

3.
2
nM

–9
0.
3
mM

LO
D
¼

60
.5
pM

LO
Q
¼

34
0.
9
pM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

iri
no

te
ca
n
ox
id
at
io
n.

[2
03
]

to
po

te
ca
n

AB
N
Ps

/
G
CE

D
PS
V

10
0.
0
m
M

PB
,p

H
7.
0

4.
8
nM

–9
49
.1
nM

LO
D
¼

3.
4
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
.

Te
st
ed

in
te
rf
er
in
g

sp
ec
ie
s:

gl
uc
os
e,
ur
ic
ac
id
,

gl
yc
in
e,
hi
st
id
in
e,

hy
po

xa
nt
hi
ne
,

do
pa
m
in
e,

ph
en
yl
al
an
in
e,

ad
en
in
e,
vi
ta
m
in

C.

A
na

ly
ti
ca
l
si
gn

al
:

to
po

te
ca
n
ox
id
at
io
n

(E
p
�

þ0
.6

V
vs

SC
E)
.

[2
30
]

Ti
O
2N
Ps

–
G
–
CH

IT
/
G
CE

SW
V

BR
B,

pH
5.
6

23
7.
3
nM

–2
.9

mM
LO

D
¼

28
9.
6
nM

LO
Q
¼

87
7.
7
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

to
po

te
ca
n
ox
id
at
io
n

(E
p
�

þ0
.7
5
V
vs

Ag
jAg

Cl
jKC

l 3
M
).

[2
31
]

W
I-C

PE
D
PS
V

10
0.
0
m
M

PB
,p

H
4.
0

2.
0
pM

–1
0.
0
pM

80
.0
pM

–8
00
.0
pM

LO
D
¼

64
0.
0
fM

Re
al

sa
m
pl
e:

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g

sp
ec
ie
s:

ur
ea
,u

ric
ac
id
,F
e3

þ
,

Al
3þ
,N

aþ
,Z

n2
þ
,K

þ
,

Cu
2þ
,P

b2
þ
,A

gþ
,

M
g2

þ
,S
O
42–

.

A
na

ly
ti
ca
l
si
gn

al
:

to
po

te
ca
n
ox
id
at
io
n

(E
p
�

þ0
.8

V
vs

SC
E)
.

D
et
er
m
in
at
io
n

pe
rf
or
m
ed

in
th
e

pr
es
en
ce

of
so
di
um

do
de
cy
l

su
lfa
te

(1
0.
0
nM

).

[2
01
]

N
-R
G
O
–
IL
(O
M
IM
-C
l)

/
CP

E
SW

V
PB
,p

H
5.
5

60
0.
0
nM

–8
00
.0

mM
LO

D
¼

27
0.
0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(in

je
ct
io
n)
,

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

to
po

te
ca
n
ox
id
at
io
n

(E
p
�

þ0
.9
5
V)
.

Si
m
ul
ta
ne
ou

s

[2
32
]
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sp
ik
ed

ph
ar
m
ac
eu
tic
al
se
ru
m
.

de
te
rm

in
at
io
n
of

to
po

te
ca
n
an
d

do
xo
ru
bi
ci
n.

ds
D
N
A
–
G
Q
D
s
–
IL

(B
Py
-P
F 6
)
/
CP

E
D
PS
V

50
0.
0
m
M

Ac
B,

pH
4.
8

35
0.
0
nM

–1
00
.0

mM
LO

D
¼

10
0.
0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
,

sp
ik
ed

ur
in
e.

Th
e
in
te
ra
ct
io
n
of

to
po

te
ca
n
w
ith

ds
D
N
A.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

to
po

te
ca
n
ox
id
at
io
n

(E
p
�

þ0
.7

V
vs

Ag
jAg

Cl
jKC

l).

[2
18
]

Cu
O
N
Ps

–
IL
(B
P-
PF

6)
/
CP

E
SW

V
10
0.
0
m
M

PB
,p

H
7.
0

70
0.
0
nM

–8
00
.0

mM
LO

D
¼

30
0.
0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(in

je
ct
io
n)
.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

to
po

te
ca
n
ox
id
at
io
n

(E
p
�

þ0
.9
5
V
vs

Ag
jAg

Cl
jKC

l sa
t).

Si
m
ul
ta
ne
ou

s
de
te
rm

in
at
io
n
of

to
po

te
ca
n

an
d
ep
iru

bi
ci
n.

[2
33
]

ds
D
N
A
–
G
/
CP

E
D
PS
V

50
0.
0
m
M

Ac
B,

pH
4.
8

70
0.
0
nM

–9
0.
0
mM

LO
D
¼

37
0.
0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

ur
in
e,
sp
ik
ed

bl
oo
d
se
ru
m
.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

to
po

te
ca
n
ox
id
at
io
n

(E
p
�

þ0
.7

V
vs

Ag
jAg

Cl
jKC

l sa
t).

[2
34
]

Au
N
Ps

–
AB

N
Ps

/
G
CP

E
SW

SV
20
0.
0
m
M

PB
,p

H
6.
0

2.
0
nM

–6
71
.0
nM

LO
D
¼

16
.4
pM

Re
al

sa
m
pl
e:

sp
ik
ed

se
ru
m
,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g

sp
ec
ie
s:

ur
ic
ac
id
.

A
na

ly
ti
ca
l
si
gn

al
:

to
po

te
ca
n
ox
id
at
io
n

(E
p
�

þ0
.7

V
vs

Ag
jAg

Cl
).

[2
02
]

CT
AB

-A
uN

Rs
–
G
/
SP
E

D
PA

dS
V

10
0.
0
m
M

PB
S,
pH

7.
0

10
0.
0
nM

–1
6.
0
mM

LO
D
¼

22
.0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
.

Te
st
ed

in
te
rf
er
in
g

sp
ec
ie
s:

as
co
rb
ic
ac
id
,

do
pa
m
in
e,

gl
uc
os
e,

ur
ic
ac
id
,K

þ
,N

aþ
,

Ca
2þ
,C

l–
,N

O
3–
,S
O
42–

.

A
na

ly
ti
ca
l
si
gn

al
:

to
po

te
ca
n
ox
id
at
io
n

(E
p
�

þ0
.4

V)
.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
to
po

te
ca
n.

[2
35
]

IT
IE
S

D
PS
V

10
.0
m
M

Tr
is
-A
cB
,

pH
4.
0

10
0.
0
nM

–1
50
.0

mM
LO

D
¼

10
0.
0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

se
ru
m
.

Te
st
ed

in
te
rf
er
in
g

sp
ec
ie
s:

az
ac
yt
id
in
e,

ca
rb
op

la
tin

,
ge
m
ci
ta
bi
ne
,a
sc
or
bi
c

ac
id
,g

lu
co
se
,p

ol
y-
L-

ly
si
ne
,M

g2
þ
.

A
na

ly
ti
ca
l
si
gn

al
:

pr
ot
on

at
ed

to
po

te
ca
n

in
te
rf
ac
ia
li
on

tr
an
sf
er

(E
p
þ
�

þ0
.7
5
V

vs
Ag

jAg
Cl
).

[2
15
]

M
od

ifi
ca
ti
on

:A
BN

Ps
–
ac
et
yl
en
e
bl
ac
k
na
no

pa
rt
ic
le
s;
A
Ch

E
–
ac
et
yl
ch
ol
in
e
es
te
ra
se
;A

H
T
–
1-
az
id
oh

ex
an
e-
6-
th
io
l;
A
IB
N
–
2-
20
-a
zo
bi
s
(is
ob

ut
yr
on

itr
ile
);
A
uN

Ps
–
go

ld
na
no

pa
rt
ic
le
s;
BP

-P
F 6

–
1-
bu

ty
lp
yr
id
in
iu
m

he
xa
flu
or
-

op
ho

sp
ha
te
;
BP

y-
PF

6
–
1-
bu

ty
lp
yr
id
in
iu
m

he
xa
flu
or
op

ho
sp
ha
te
;
BS

A
–
bo

vi
ne

se
ru
m

al
bu

m
in
;
CH

IT
–
ch
ito

sa
n;

Ch
O
x
–
ch
ol
in
e
ox
id
as
e;

CQ
D
s
–
ca
rb
on

qu
an
tu
m

do
ts
;
CT

A
B-
A
uN

Rs
–
he
xa
de
cy
l(t
rim

et
hy
l)a
m
m
on

iu
m

br
om

id
e-
ca
pp

ed
go

ld
na
no

ro
ds
;C

uO
N
Ps

–
co
pp

er
ox
id
e
na
no

pa
rt
ic
le
s;
D
N
A
–d

eo
xy
rib

on
uc
le
ic
ac
id
;d

sD
N
A
–
do

ub
le
-s
tr
an
de
d
de
ox
yr
ib
on

uc
le
ic
ac
id
;E

D
C
–
N
-(
3
di
m
et
hy
la
m
in
op

ro
py
l)-
N
0 -e

th
yl
ca
rb
od

iim
id
e;

EG
M
RA

–
et
hy
le
ne

gl
yc
ol

m
al
ei
c
ro
si
na
te

ac
ry
la
te
;f
(-
CO

O
H
)M

W
CN

Ts
–
fu
nc
tio

na
liz
ed

(c
ar
bo

xy
l)
m
ul
ti-
w
al
le
d
ca
rb
on

na
no

tu
be
s;
G
–
gr
ap
he
ne
;G

O
–
gr
ap
he
ne

ox
id
e;

G
Q
D
s
–
gr
ap
he
ne

qu
an
tu
m

do
ts
;G

TA
–
gl
ut
ar
al
de
hy
de
;I
L
–

io
ni
c
liq
ui
d;

M
A
A
–
m
et
hy
l
ac
ry
lic

ac
id
;
M
IP

–
m
ol
ec
ul
ar
ly

im
pr
in
te
d
po

ly
m
er
;
M
PA

–
3-
m
er
ca
pt
op

ro
pi
on

ic
ac
id
;
M
W
CN

Ts
–
m
ul
ti-
w
al
le
d
ca
rb
on

na
no

tu
be
s;
N
H
S
–
N
-h
yd
ro
xy

su
cc
in
im
id
e;

N
-R
G
O

–
ni
tr
og

en
-d
op

ed
re
du

ce
d
gr
ap
he
ne

ox
id
e;

O
M
IM

-C
l
–
1-
m
et
hy
l-3
-o
ct
yl
im
id
az
ol
iu
m

ch
lo
rid

e;
o-
PD

–
o-
ph

en
yl
ed
ia
m
in
e;

p-
(L
-C
ys
)
–
po

ly
-(
L-
cy
st
ei
ne
);
p-
(M

W
CN

Ts
-C
TA

B)
–
po

ly
-(
m
ul
ti-
w
al
le
d
ca
rb
on

na
no

tu
be
s
-
he
xa
de
cy
l(t
rim

et
hy
l)a
m
-

m
on

iu
m

br
om

id
e)
;p

-A
N
I
–
po

ly
-a
ni
lin
e;

Pd
N
Ps

–
pa
lla
di
um

na
no

pa
rt
ic
le
s;
p-
ED

O
T
–
po

ly
-(
3,
4-
et
hy
le
ne
di
ox
yt
hi
op

he
ne
);
p-
EI

–
po

ly
-e
th
yl
en
ei
m
in
e;

p-
M
TB

–
po

ly
-m

et
hy
le
ne

bl
ue
;R

G
O
–
re
du

ce
d
gr
ap
he
ne

ox
id
e;

SA
M

–
se
lf-
as
se
m
bl
ed

m
on

ol
ay
er
;T

iO
2N
Ps

–
tit
an
iu
m

di
ox
id
e
na
no

pa
rt
ic
le
s;
TU

B
–
tu
bu

lin
;Z

nO
N
Ps

–
zi
nc

ox
id
e
na
no

pa
rt
ic
le
s;
Zr
O
2N
Ps

–
zi
rc
on

iu
m

di
ox
id
e
na
no

pa
rt
ic
le
s;
(C
oF
e 2
O
4)
N
Ps

–
co
ba
lt-
do

pe
d
fe
rr
ite

na
no

pa
rt
ic
le
s;

(Z
n-
A
l)-
LD

H
–
zi
nc
-a
lu
m
in
um

la
ye
re
d
do

ub
le

hy
dr
ox
id
e.

El
ec
tr
od

e:
A
P-
PG

E
–
an
od

ic
al
ly

pr
et
re
at
ed

pe
nc
il
gr
ap
hi
te

el
ec
tr
od

e;
A
uE

–
go

ld
el
ec
tr
od

e;
A
uM

E
–
go

ld
m
ic
ro
el
ec
tr
od

e;
CP

E
–
ca
rb
on

(g
ra
ph

ite
)
pa
st
e
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The majority of developed procedures include various
modifications; interestingly, two dominant modifiers
are NPs and MWCNTs, sometimes even combined
within one sensing protocol. For example, modification
of GCE with AuNPs and MWCNTs resulted in a sen-
sor for docetaxel (taxane) determination (the only
example reported in the literature up to now) with
LOD value of 12.0 nM and satisfactory selectivity, veri-
fied in spiked urine and serum samples.[198]

Among all sensing protocols reported for etoposide
(podophyllotoxin derivative) determination, particularly
noteworthy is a sensor based on PGE modified with
poly-(L-cysteine) (p-(L-Cys)) and nanocomposite con-
sisting of RGO, AuNPs, and PdNPs (see Figure 4A).
This sensor not only offered a very low LOD value of
718.0 pM for etoposide individual sensing, but also
allowed simultaneous determination of etoposide and
ifosfamide (group of alkylating agents).[199]

The best result for paclitaxel (taxane) was obtained on
PGE modified with functionalized MWCNTs,
TiO2NPs, zirconium dioxide NPs (ZrO2NPs) and
CHIT (LOD of 10.0 pM).[200]

Impressive analytical parameters for topotecan
(topoisomerase 1 inhibitor) sensing were obtained on
wax impregnated CPE in the presence of SDS surfac-
tant (LOD of 640.0 fM),[201] and on glassy carbon paste
electrode modified with AuNPs and acetylene black
NPs (LOD of 16.4 pM).[202] However, in [202] reported

LOD is questionable since it is 2 orders of magnitude
lower than the first (still impressively low for such
straightforward surface modification protocol) studied
concentration equal to 2.0 nM.

For irinotecan (topoisomerase 1 inhibitor), the most
significant results were achieved on Au microelectrode
by fast Fourier transform continuous CV with accumu-
lation step.[203] Although interesting, missing selectivity
studies must be completed to evaluate the proposed
protocol utility.

Moreover, sensing procedures based on the reduction
signals have been described for irinotecan (topoisomerase
1 inhibitor), vincristine (vinca alkaloids and analogs), and
paclitaxel (taxane). Particularly, irinotecan electroreduc-
tion was carried out on SMDE [204] and bare PGE [205]

providing comparable parameters. However, for [204] the
real samples analysis and/or selectivity studies were miss-
ing, while in [205] possible determination of irinotecan in
the presence of flutamide was verified. Reduction of vin-
cristine [206] and paclitaxel [207] was performed on drop-
ping mercury electrode (DME) and HMDE, respectively,
at highly negative potentials.

ii. indirectly (7 sensing protocols) via three different
approaches: a change in impedance of a redox probe,
a change in peak currents of purine bases, and
enzyme inhibition.
Indirect determination of vincristine [208] and vinblast-
ine [209] (both vinca alkaloids and analogs) was realized

Figure 4. (A) Scheme depicting the PGE modified with RGO further decorated with AuNPs, PdNPs, and p-(L-Cys used for the simultaneous determination of ifosfa-
mide and etoposide. DP voltammograms reprinted from [199] with permission from Elsevier; (B) GCE surface sequential modification with AuNPs, MPA layer further
used as the TUB anchor. The presented architecture was employed as the impedimetric vinblastine sensor. Prepared based on [209]; (C) Electrified liquid-liquid inter-
face miniaturization protocol based on p-ET film micro punched with a sharp needle. Formed micro aperture served as the support for the soft junction. The signals
recorded at the corresponding DP voltammograms originate from the topotecan simple interfacial ion transfer reaction. Voltammograms reprinted from [215] with
permission from American Chemical Society; (D) Series of DP voltammograms for topotecan recorded at bare CPE (bottom left corner) and bulk-modified CPE with
IL and GQDs (bottom right corner) and additionally decorated with dsDNA (upper right corner). DP voltammograms reprinted from [218] with permission
from Elsevier.
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by the monitoring of the increasing resistance of
[Fe(CN)6]

3–/4– redox reaction. Vinblastine determin-
ation was performed with an impedimetric biosensor
based on a GCE modified with AuNPs, 3-mercaptopro-
pionic acid (MPA) with attached TUB. The schematic
representation of the sensor preparation is shown in
Figure 4B.[209] Given protocol allowed for the vinblast-
ine determination with LOD of 84.0 pM. In another
report, MIP sensor based on GCE modified with RGO
and AuNPs nanocomposite allowed for vincristine
determination down to 26.0 nM.[208] Although very
good analytical parameters were achieved for
both compounds, the selectivity studies were not satis-
factory.

Indirect sensing of paclitaxel (taxane) was per-
formed by monitoring a decrease in oxidation peak
currents of G [210–212] and/or A [210] on modified
DNA-based electrodes, and the best result was
obtained on AuE with dsDNA immobilized onto the
1-azidohexane-6-thiol based self-assembled monolayer
(SAM).[211] Similarly, indirect irinotecan (topoisomer-
ase 1 inhibitor) sensing by monitoring a decrease in G
oxidation current on dsDNA-based modified PGE has
been proposed. Irinotecan determination was carried
out in spiked blood serum;[213] however, it should be
emphasized that dsDNA-modified PGE did not show
improved LOD value when compared to bare
PGE,[205] and the selectivity of the sensor was not
tested.
Interesting work aims at providing a tool for indirect
chronoamperometric irinotecan (topoisomerase 1
inhibitor) monitoring which is based on two cascade
reactions: (i) acetylcholine conversion to choline via
the action of acetylcholine esterase and further (ii)
choline conversion to betaine aldehyde and H2O2

detectable at the platinum electrode (PtE).[214] The
working principle of the sensor was based on the
acetylcholine esterase inhibition by irinotecan moni-
tored by dropping H2O2 oxidation current. In add-
ition, the applicability of the proposed sensor in fetal
bovine serum was verified and the influence of poten-
tial interferents including irinotecan metabolites was
investigated.

iii. via ionic currents monitoring at the interface
between two immiscible electrolyte solutions.
Electrochemically controlled simple ion transfer reac-
tion occurring at the electrified soft interface – electri-
fied liquid-liquid interface – formed between acidified
water phase (assuring protonation of the tertiary amine
or nitrogen heterocycle present within topotecan struc-
ture) and gelled solution of 2-nitrophenyloctyl ether
was employed to develop an alternative electroanalyti-
cal procedure for topotecan (topoisomerase 1 inhibitor)
sensing.[215] In addition to electroanalytical study,
Mehdinia et al. provided pharmacochemical under-
standing of the topotecan derived from its interfacial
behavior. The final sensing platform was constructed
from the poly-ethylene terephthalate (p-ET) film

punched with a sharp needle (Figure 4C shows the
miniaturization protocol).

Besides developing sensing protocols, electrochemical
approaches were favorably used to study:

i. interactions with tubulin.
The binding of vincristine (vinca alkaloids and ana-
logs) to TUB was examined by linear sweep voltamme-
try (LSV) and CV.[206] The results showed that (i)
vincristine and TUB create an electrochemically active
complex (dimer) prone to surface adsorption; (ii) the
reduction of vincristine-TUB dimer complex is irre-
versible.

The binding mechanism of paclitaxel (taxane) to
TUB dimer was identified with LSV-based method-
ology.[216] Based on the obtained results Yu and Li
concluded that TUB dimer has two binding sites for
paclitaxel resulting in electrochemically inactive 2:2
complex units. In addition, the experiment showed that
paclitaxel interacts with bovine serum albumin in a
ratio equal to 2:1.

ii. interactions with DNA molecules.
The interaction of etoposide (podophyllotoxin deriva-
tive) with dsDNA was studied on dsDNA modified
SPCE by DPV and CV [217] (UV–vis spectroscopy was
also employed). The results indicated that etoposide
binds to a double helix of DNA through the combined
effect of intercalation and electrostatic interaction with
the anionic phosphate group, and 1:1 complex of eto-
poside with DNA is formed.

The interaction between paclitaxel (taxane) and
dsDNA at (a) the AuE modified with dsDNA immobi-
lized onto the SAM,[211] (b) dsDNA-based PGE modi-
fied with functionalized MWCNTs, TiO2NPs,
ZrO2NPs, and CHIT,[200] (c) PGE decorated with
dsDNA, MWCNTs and poly-(3,4-ethylenedioxythio-
phene),[212] and finally, (d) PGE modified with dsDNA
[210] has been studied by DPV. All studies (a-d) indi-
cated that paclitaxel strongly interacts with dsDNA. In
some works, the mode of interaction between paclitaxel
and dsDNA helix is considered as groove binding
[200,211] (the finding further confirmed by UV-vis spec-
troscopy [211]), whereas others indicated possible inter-
calation.[210] Interestingly, the contrary findings were
proposed by Yu and Li who investigated the interaction
of paclitaxel and dsDNA on DME.[216] They have
stated that the DNA cannot bind to paclitaxel as the
change in the paclitaxel reduction peak current was
unaffected.

The interaction between dsDNA and irinotecan
(topoisomerase 1 inhibitor) and evaluation of the
formed complex binding constant were studied by
DPV on dsDNA modified PGE.[213] The results clearly
showed that the interaction between irinotecan and
dsDNA leads to condensation of the DNA double
helix, and a groove binding of drug within dsDNA
mainly via electrostatic interactions (the results con-
firmed by UV–vis spectroscopy).
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Electrochemical investigation of topotecan (topo-
isomerase 1 inhibitor) by DPV at the dsDNA-based
CPE sensor modified with GQDs and IL (Figure 4D)
provided an alternative electrified bio-interface.[218]

The results revealed the topotecan intercalation activity
into DNA double helix, which was manifested by the
topotecan peak current decrease recorded in the pres-
ence of dsDNA. This is related to a significant decrease
in apparent diffusion coefficient caused by the
“crowding effect” and resulting from topotecan gradual
intercalation into bulky DNA molecules. Moreover,
topotecan was labeled via iodogen method with iodine-
131 (131I; radioactive isotope of iodine that emits radi-
ation and is used for medical purposes was subjected
to interactions with dsDNA isolated from healthy and
cancerous cells). This model system was then investi-
gated using SPCE with immobilized dsDNA by
EIS.[219] Although the 131I-topotecan affected the struc-
ture of both, DNA isolated from healthy and cancerous
cells, the latter were affected in a significantly more
effective manner. This conclusion was derived from the
impedimetric results that were in good agreement with
the results obtained by intracellular uptake study with
human lung adenocarcinoma cell line (A-549) and
human lung fibroblast cell line (WI-38)). In addition,
131I-topotecan impacted the structure of cancerous
DNA to a greater extent than non-labeled topotecan,
and in both cases, the specific interaction between top-
otecan and 131I- topotecan and cancerous DNA was a
result of the damage caused by the drug intercalation
into dsDNA helix. As such, it can be concluded that
131I-topotecan can be used as a better anticancer drug
and a promising agent in nuclear imaging for
lung cancer.

iii. pharmacokinetics.
Interestingly, the development of a specially prepared
electrochemical aptamer-based sensor for in-vivo irino-
tecan (topoisomerase 1 inhibitor) sensing, that upon
drug binding folds into G-quadruplex consequently
positioning methylene blue (MTB) redox probe (pre-
sent at the aptamer terminus) close to the electrode
surface, was described.[220] The developed aptamer-
based sensor achieves 20 s-resolved, multi-hour meas-
urements of irinotecan when emplaced in the jugular
veins of living rats, thus providing an unprecedentedly
high-precision view into the pharmacokinetics of this
class of chemotherapeutics.

Cytotoxic antibiotics and related substances

The fourth section is focused on cytotoxic antibiotics and
related substances group which is composed of 3 subgroups,
namely: actinomycines, anthracyclines and related substan-
ces, and other cytotoxic antibiotics. These compounds pos-
sess different mechanisms of action; however, a common
theme, which connects the display to chemotherapy, is based
on the damage of the structure of DNA, production of free

radicals and direct damage to the plasma membrane of can-
cerous cells.[236]

In total, 16 compounds belong to cytotoxic antibiotics
and related substances, and so far, 10 have been tested using
electrochemical techniques. The comprehensive summary of
the electroanalytical parameters obtained for this group of
chemical species is provided in Table 4 (while untested
drugs are listed in Table S1). In addition, Table 4 clearly
shows that different approaches have been employed to
develop reliable sensing procedures, which can be, in prin-
ciple, divided into 3 groups:

i. direct sensing protocols based on oxidation and/or
reduction signals of studied compounds.
Interestingly, for 9 out of 10 studied cytotoxic antibiot-
ics and related substances, procedures based on oxida-
tion and/or reduction signals have been developed and
the first part of this section discusses the detection
based on the oxidation signals.

A large number of works have been reported for
doxorubicin (anthracyclines and related substances)
which is the most frequently studied compound from
this subgroup of ANAs. Particularly noteworthy are
works with relatively simple modification procedures to
design reliable and sensitive doxorubicin sensors: GCE
modified with AuNPs and functionalized MWCNTs
[237] or poly-(2-amino-5-mercapto-1,3,4-thiadiazole),
AuNPs, and RGO [238] were developed, which enabled
the determination of doxorubicin at low LOD of
6.5 pM and 9.0 pM, respectively. Also, CPE modified
with cobalt-doped Fe2O3NPs and functionalized
MWCNTs [239] allowed for a low LOD value of
10.0 pM. Another interesting solution for the determin-
ation of doxorubicin is a sensor with GCE modified by
electrodepositing copper nanowires on magnesium-alu-
minum layered double hydroxide which resulted in an
impressive LOD of 20.0 pM.[240] It is also worth men-
tioning that LOD of 78.8 pM, obtained using the
unmodified GCE,[241] is an astonishing result, espe-
cially since several subsequent studies, even with the
use of complex GCE surface modifications, did not
provide such low LOD values. Contrarily, regardless of
the electrode used in the methods reported for deter-
mination of epirubicin (anthracyclines and related sub-
stances), the LOD values were in the range of
1.0–79.1 nM, and the lowest LOD of 1.0 nM was
obtained on GCE modified with a composite composed
of AgNPs and functionalized MWCNTs.[242] Worth
mentioning are also sensing protocols that are focused
on the simultaneous determination of epirubicin and
ANAs, i.e., topotecan (belonging to plant alkaloids and
other natural products) [233] and methotrexate (belong-
ing to cytotoxic antibiotics).[163,177]

The protocols using CPE modified with various
types of metallic NPs allowed the detection of idarubi-
cin [243] and valrubicin [244] (both anthracyclines and
related substances) at the nM levels (LOD of 3.0 nM
and 1.6 nM, respectively). In contrast, for
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(E
p
�

–0
.8

V
vs

SC
E)
.

[2
37
]

o-
M
W
CN

Ts
–
SD

S
/
G
CE

SW
Ad

SV
BR

B,
pH

5.
0

40
.0
nM

–2
.0

mM
2.
0
mM

–9
0.
0
mM

LO
D
¼

9.
4
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

gl
uc
os
e,
ty
ro
si
ne
,L
-c
ys
te
in
e,

ac
et
am

in
op

he
n,

ci
tr
ic
ac
id
,

as
co
rb
ic
ac
id
,u

ric
ac
id
,

le
vo
do

pa
,c
ar
bi
do

pa
,

tr
yp
to
ph

an
,N

aC
l,
KC

l,
Ca
Cl
2,

M
gS
O
4,
Zn

Cl
2.

A
na

ly
ti
ca
l
si
gn

al
:

do
xo
ru
bi
ci
n
ox
id
at
io
n

(E
p
�

þ0
.5

V
vs

Ag
jAg

Cl
jKC

l sa
t).

D
et
er
m
in
at
io
n
of

do
xo
ru
bi
ci
n

pe
rf
or
m
ed

in
th
e
pr
es
en
ce

of
do

pa
m
in
e
(2
.0

mM
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
do

xo
ru
bi
ci
n.

[3
05
]

G
Q
D
s
/
G
CE

D
PV

20
.0
m
M

PB
,p

H
4.
0

18
.0
nM

–3
.6

mM
LO

D
¼

16
.0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
pl
as
m
a.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

do
xo
ru
bi
ci
n
ox
id
at
io
n

(E
p
�

–0
.5
5
V
vs

Ag
jAg

Cl
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
do

xo
ru
bi
ci
n.

[3
06
,3
07
]

b-
CD

–
G
O
/
G
CE

D
PV

10
0.
0
m
M

PB
,p

H
8.
0

10
.0
nM

–2
00
.0
nM

LO
D
¼

10
0.
0
pM

N
/A

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,u

ric
ac
id
.

A
na

ly
ti
ca
l
si
gn

al
:

do
xo
ru
bi
ci
n
ox
id
at
io
n

(E
p
�

–0
.7

V
vs

SC
E)
.

[1
73
]

Ag
N
Ps

–
CH

IT
/
G
CE

SW
V

10
0.
0
m
M

PB
,p

H
5.
8

10
3.
0
nM

–8
.6

mM
LO

D
¼

10
3.
0
nM

Re
al

sa
m
pl
e:

un
tr
ea
te
d
pl
as
m
a.

D
et
er
m
in
at
io
n
of

do
xo
ru
bi
ci
n

in
m
ur
in
e
m
el
an
om

a
ce
ll

lin
e
(B
16
F1
0)
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ar
gi
ni
ne
,l
eu
ci
ne
,t
yr
os
in
e,

ac
et
at
e,
as
pa
rt
ic
ac
id
,p

ro
lin
e,

N
aC
l,
KC

l,
Cu

þ
.

A
na

ly
ti
ca
l
si
gn

al
:

do
xo
ru
bi
ci
n
ox
id
at
io
n

(E
p
�

–0
.5

V
vs

Ag
jAg

Cl
jKC

l sa
t).

[3
08
]

p-
TB

/
G
CE

D
PV

10
0.
0
m
M

PB
,p

H
6.
5

17
.0
nM

–8
.6

mM
LO

D
¼

17
.0
nM

Re
al

sa
m
pl
e:

un
tr
ea
te
d
pl
as
m
a,
pl
as
m
a

ta
ke
n
fr
om

pa
tie
nt
s
tr
ea
te
d

w
ith

do
xo
ru
bi
ci
n.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,a
sp
ar
tic

ac
id
,

ar
gi
ni
ne
,m

et
hi
on

in
e,

ty
ro
si
ne
,d

op
am

in
e,

se
rin

e,
ac
et
at
e,
pr
ol
in
e,
le
uc
in
e,

gl
yc
in
e,
cy
st
ei
ne
,g

lu
co
se
,

A
na

ly
ti
ca
l
si
gn

al
:

do
xo
ru
bi
ci
n
ox
id
at
io
n

(E
p
�

–0
.5
5
V
vs

Ag
jAg

Cl
jKC

l sa
t).

Po
ss
ib
le

de
te
rm

in
at
io
n
of

do
xo
ru
bi
ci
n
in

m
ou

se
br
ea
st

ca
nc
er

ce
ll
lin
e
(4
T1
),
hu

m
an

[3
09
]

(c
on
tin
ue
d)
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Ta
bl
e
4.

Co
nt
in
ue
d.

D
ru
g
an
d

its
st
ru
ct
ur
e

M
od

ifi
ca
tio

n/
El
ec
tr
od

e
Te
ch
ni
qu

e
M
ed
iu
m

Li
ne
ar

ra
ng

e
LO

D
/L
O
Q

Ap
pl
ic
at
io
n

Se
le
ct
iv
ity

Co
m
m
en
ts

Re
f.

N
aC
l,
KC

l,
Cu

þ
,A

l3
þ
,

Fe
3þ
,N

H
4þ
.

br
ea
st

ca
nc
er

ce
ll
lin
e
(M

D
A-

M
B-
23
1)
.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
do

xo
ru
bi
ci
n.

Ag
N
Ps

–
CQ

D
s
–

RG
O
/
G
CE

D
PV

1.
0
m
M

PB
,p

H
7.
0

10
.0
nM

–2
.5

mM
LO

D
¼

2.
0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

bo
vi
ne

se
ru
m

al
bu

m
in
,

ly
so
zy
m
e,
gl
uc
os
e
ox
id
as
e,

5-
flu
or
ou

ra
ci
l,
m
et
ho

tr
ex
at
e.

A
na

ly
ti
ca
l
si
gn

al
:

do
xo
ru
bi
ci
n
ox
id
at
io
n

(E
p
�

þ0
.5
5
V
vs

SC
E)
.

[3
10
]

(P
d-
Pt
)N
Ps

–
M
W
CN

Ts
/
G
CE

SW
Ad

SV
10
0.
0
m
M

PB
S,
pH

6.
0

3.
8
nM

–8
.4

mM
LO

D
¼

73
0.
0
pM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

da
sa
tin

ib
,b

ov
in
e
se
ru
m

al
bu

m
in
,g

lu
co
se
,s
uc
ro
se
,

la
ct
os
e,
as
co
rb
ic
ac
id
,u

re
a,

as
pa
rt
ic
ac
id
,K

Cl
,N

aC
l.

A
na

ly
ti
ca
l
si
gn

al
:

do
xo
ru
bi
ci
n
ox
id
at
io
n

(E
p
�

þ0
.5

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

Si
m
ul
ta
ne
ou

s
de
te
rm

in
at
io
n

of
do

xo
ru
bi
ci
n
an
d
da
sa
tin

ib
.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
do

xo
ru
bi
ci
n.

[3
11
]

RG
O
–
Au

N
Ps

–
p-
Py

/
G
CE

CV
1.
0
m
M

PB
,p

H
5.
5

20
.0
nM

–5
.2
m
M

5.
2
m
M
–2
5.
0
m
M

LO
D
¼

20
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(in

je
ct
io
n)
.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

do
xo
ru
bi
ci
n
ox
id
at
io
n

(E
p
�

þ0
.4

V
vs

Ag
jAg

Cl
jKC

l sa
t).

[3
12
]

Cu
N
Ps

–
N
AF

–
CB

/
G
CE

SW
V

10
0.
0
m
M

BR
B,

pH
3.
0

45
0.
0
nM

–5
.1
lM

LO
D
¼

24
.0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

ur
in
e,
sp
ik
ed

riv
er

w
at
er
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ur
ea
,K

Cl
,N

aC
l,
KH

2P
O
4,

Ca
Cl
2,
N
H
4C
l.

A
na

ly
ti
ca
l
si
gn

al
:

do
xo
ru
bi
ci
n
ox
id
at
io
n

(E
p
�

þ0
.6
5
V
vs

Ag
jAg

Cl
jKC

l 3
M
).

Si
m
ul
ta
ne
ou

s
de
te
rm

in
at
io
n

of
do

xo
ru
bi
ci
n
an
d

m
et
ho

tr
ex
at
e.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
do

xo
ru
bi
ci
n.

[3
13
]

Fe
VO

4N
Ps

–
S-
CN

FB
s

/
G
CE

Am
p.

10
0.
0
m
M

PB
S,
pH

7.
0

20
.0
nM

–5
42
.5

mM
LO

D
¼

5.
2
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n,

sp
ik
ed

bl
oo
d
se
ru
m
,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

fo
lic

ac
id
,d

op
am

in
e,
ur
ic

ac
id
,a
sc
or
bi
c
ac
id
,g

lu
co
se
,

flu
ta
m
id
e,
m
et
ho

tr
ex
at
e,

rib
of
la
vi
n,

py
rim

et
ha
m
in
e,

ep
in
ep
hr
in
e,
av
ila
m
yc
in
,

et
ho

pa
ba
te
,c
lo
pi
do

l,
5-

flu
or
ou

ra
ci
l,
ro
be
ni
di
ne
,

ha
lo
fu
gi
no

ne
,e
to
po

si
de
,

H
2O

2,
ni
tr
ite
,i
m
at
In
ib
.

A
pp

lie
d
po

te
nt
ia
l
in

am
pe

ro
m
et
ry
:

E
�

þ0
.2
5
V
vs

Ag
jAg

Cl
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
do

xo
ru
bi
ci
n.

[3
14
]

Cu
N
W
s
–
(M

g 2
-A
l)-

LD
H
/
G
CE

D
PV

10
0.
0
m
M

PB
,p

H
7.
0

10
.0
nM

–2
.1

mM
LO

D
¼

20
.0
pM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n

(in
je
ct
io
n)
,s
pi
ke
d
ur
in
e,

sp
ik
ed

bl
oo
d.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

gl
uc
os
e,
fr
uc
to
se
,s
uc
ro
se
,

la
ct
os
e,
ur
ea
,a
sp
ar
tic

ac
id

ci
tr
at
e,
as
co
rb
ic
ac
id
,N

aþ
,

Cl
–
,F

–
,C

a2
þ
,K

þ
,

N
O
3�
,S
O
42–

.

A
na

ly
ti
ca
l
si
gn

al
:

do
xo
ru
bi
ci
n
ox
id
at
io
n

(E
p
�

þ0
.5

V
vs

Ag
jAg

Cl
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
do

xo
ru
bi
ci
n.

[2
40
]

Ti
O
2N
Ps

–
N
AF

/
G
CE

LS
Ad

SV
10
0.
0
m
M

PB
,p

H
8.
0

5.
0
nM

–2
.0

mM
LO

D
¼

1.
0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
pl
as
m
a.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ur
ic
ac
id
,a
sc
or
bi
c
ac
id
,

xa
nt
hi
ne
,L
-c
ys
te
in
e,
hi
st
id
in
e,

gl
uc
os
e,
vi
ta
m
in

B6
.

A
na

ly
ti
ca
l
si
gn

al
:

do
xo
ru
bi
ci
n
re
du

ct
io
n

(E
p
�

–0
.6

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

D
et
er
m
in
at
io
n
of

do
xo
ru
bi
ci
n

pe
rf
or
m
ed

in
th
e
pr
es
en
ce

of
a
ca
tio

ni
c
su
rf
ac
ta
nt

ce
ty
ltr
im
et
hy
la
m
m
on

iu
m

br
om

id
e
(8
0.
0
mM

).

[2
54
]

p-
St
yr

–
BP
O
–
SD

S
–
Fe

3O
4N
Ps

–
f(-

SO
3H
)G
O
/
G
CE

D
PV

20
.0
m
M

PB
,p

H
2.
0

a)
43
.0
nM

–3
.5
lM

b)
26
.0
nM

–3
.5
lM

c)
86
0.
0
nM

–1
3.
0
lM

a)
LO

D
¼

4.
9
nM

b)
LO

D
¼

4.
3
nM

c)
LO

D
¼

14
.0
nM

Re
al

sa
m
pl
e:

a)
sp
ik
ed

bl
oo
d
pl
as
m
a,

b)
sp
ik
ed

ur
in
e,

c)
sp
ik
ed

ce
re
br
os
pi
na
lf
lu
id
s.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,g

lu
co
se
,

L-
cy
st
ei
ne
,t
yr
os
in
e.

A
na

ly
ti
ca
l
si
gn

al
:

do
xo
ru
bi
ci
n
ox
id
at
io
n

(E
p
�

–0
.4

V
vs

Ag
jAg

Cl
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
do

xo
ru
bi
ci
n.

[3
15
]
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p-
Ar
g
/
G
CE

D
PV

12
0.
0
m
M

PB
,p

H
7.
4

a)
69
.0
nM

–1
.1
lM

b)
10
3.
0
nM

–3
.5
lM

a)
LO

D
¼

69
.0
nM

b)
LO

D
¼

10
3.
0
nM

Re
al

sa
m
pl
e:

a)
bl
oo
d
pl
as
m
a,

b)
bl
oo
d.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

al
an
in
e,
ar
gi
ni
ne
,a
sp
ar
tic

ac
id
,c
ys
te
in
e,
gl
yc
in
e,

hi
st
id
in
e,

le
uc
in
e,
ly
si
ne
,

m
et
hi
on

in
e,

ph
en
yl
al
an
in
e,

pr
ol
in
e,

tr
yp
to
ph

an
,t
yr
os
in
e,

va
lin
e,
gl
uc
os
e,
do

pa
m
in
e,

as
co
rb
ic
ac
id
,a
ce
ta
te
,N

aþ
,

Kþ
,Z

n2
þ
,C

a2
þ
,N

H
4þ
,A

l3
þ
,

M
g2

þ
,F
e3

þ
,C

l�
,

C 2
O
42�

,N
O
3–
.

A
na

ly
ti
ca
l
si
gn

al
:

do
xo
ru
bi
ci
n
ox
id
at
io
n

(E
p
�

–0
.7

V
vs

Ag
jAg

Cl
jKC

l sa
t).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
do

xo
ru
bi
ci
n.

[3
16
]

N
-C
N
O
s
/
G
CE

D
PV

10
0.
0
m
M

PB
,p

H
7.
0

20
0.
0
pM

–1
0.
0
mM

LO
D
¼

60
.0
pM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

gl
uc
os
e,
ur
ea
,u

ric
ac
id
,

as
co
rb
ic
ac
id
,d

op
am

in
e,

bi
lir
ub

in
,c
re
at
in
in
e,
vi
ta
m
in

B6
,N

aþ
,K

þ
,C

a2
þ
,

M
g2

þ
,C

O
32–

.

A
na

ly
ti
ca
l
si
gn

al
do

xo
ru
bi
ci
n
ox
id
at
io
n

(E
p
�

–0
.6

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
do

xo
ru
bi
ci
n.

[3
17
]

M
SN

Ps
–
ER
G
O
/
G
CE

D
PV

10
0.
0
m
M

PB
,p

H
6.
0

1.
0
nM

–2
0.
0
mM

LO
D
¼

77
0.
0
pM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d.

N
/A

A
na

ly
ti
ca
l
si
gn

al
do

xo
ru
bi
ci
n
ox
id
at
io
n

(E
p
�

–0
.6

V
vs

Ag
jAg

Cl
jKC

l sa
t).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
do

xo
ru
bi
ci
n.

[3
18
]

p-
AM

T
–
Au

N
Ps

–
RG

O
/
G
CE

D
PV

10
0.
0
m
M

PB
,p

H
7.
0

30
.0
pM

–3
0.
0
nM

30
.0
nM

–3
0.
0
lM

LO
D
¼

9.
0
pM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

gl
uc
os
e,
fr
uc
to
se
,v
al
in
e,
ur
ea
,

as
co
rb
ic
ac
id
,u

ric
ac
id
,

ca
ffe

in
e,
xa
nt
hi
ne
,

th
eo
ph

yl
lin
e,
Ca

2þ
,

N
O
3�
,S
O
42�

.

A
na

ly
ti
ca
l
si
gn

al
do

xo
ru
bi
ci
n
ox
id
at
io
n

(E
p
�

–0
.6

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

[2
38
]

Cy
st

–
L-
G
SH

–
M
oS

2N
Ps

/
G
CE

D
PV

10
0.
0
M

PB
S,
pH

6.
0

10
0.
0
nM

–7
8.
3
lM

98
.3
lM

–1
.2
m
M

LO
D
¼

31
.0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

D
op

am
in
e,
gl
uc
os
e,
ly
si
ne
,

ur
ic
ac
id
,f
ru
ct
os
e,
ad
en
in
e,

su
cr
os
e,
fo
lic

ac
id
,g

ua
ni
neR
,

as
co
rb
ic
ac
id
.

A
na

ly
ti
ca
l
si
gn

al
do

xo
ru
bi
ci
n
ox
id
at
io
n

(E
p
�

þ0
.5

V
vs

Ag
jAg

Cl
jKC

l sa
t).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
do

xo
ru
bi
ci
n.

[3
19
]

D
N
A
–
O
A
–
p-
AN

I
/
G
CE

CV
H
BS
,p

H
7.
0

10
0.
0
pM

–1
0.
0
nM

10
.0
nM

–2
00
.0
lM

LO
D
¼

10
.0
pM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al
fo
rm

ul
at
io
n.

Th
e
in
te
ra
ct
io
n
be
tw
ee
n
D
N
A

an
d
do

xo
ru
bi
ci
n.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

su
lfa
ni
la
m
id
e,
al
bu

m
in
,b

lo
od

pl
as
m
a
el
ec
tr
ol
yt
es
.

A
na

ly
ti
ca
l
si
gn

al
:

In
di
re
ct

do
xo
ru
bi
ci
n
se
ns
in
g

by
m
on

ito
rin

g
th
e
de
cr
ea
se
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[F
e(
CN

) 6
]3
�/

4�
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du

ct
io
n
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en
t
(E
p
[F
e(
C
N
)6
]3
�/

4�
�

–0
.5

V
vs
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jAg
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[2
67
]

D
N
A
–
p-
Pr
of
/G
CE

EI
S

10
.0
m
M

[F
e(
CN

) 6
]3
–
/4
–

1.
0
nM

–1
00
.0
nM

LO
D
¼

30
0.
0
pM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al
fo
rm

ul
at
io
n,

sp
ik
ed

so
lu
tio

n
si
m
ul
at
in
g
th
e

pl
as
m
a
el
ec
tr
ol
yt
es
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

Ri
ng

er
-L
oc
ke
’s
so
lu
tio

n,
bo

vi
ne

se
ru
m

al
bu

m
in
.

A
na

ly
ti
ca
l
si
gn

al
In
di
re
ct

do
xo
ru
bi
ci
n
se
ns
in
g

by
m
on

ito
rin

g
th
e
re
do

x
re
ac
tio

n
of

[F
e(
CN

) 6
]3
�/

4�
.

[2
66
]

ds
D
N
A
–
Pt
N
Ps

–
Ag

N
Ps

/
SP
CE

D
PV

10
0.
0
m
M

Ac
B,

pH
4.
7

18
4.
0
nM

–9
20
.0
nM

N
/A

Th
e
in
te
ra
ct
io
n
be
tw
ee
n
D
N
A

an
d
do

xo
ru
bi
ci
n.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

in
di
re
ct

do
xo
ru
bi
ci
n
se
ns
in
g

by
m
on

ito
rin

g
th
e
de
cr
ea
se

in
gu

an
in
e
(E
p
g
u
an
in
e
�

þ0
.7
5
V
vs

Ag
-p
se
ud

oR
E)

an
d

ad
en
in
e
(E
p
ad
en
in
e
�

þ1
.0

V
vs

Ag
-p
se
ud

oR
E)
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id
at
io
n

pe
ak
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rr
en
ts
.

[2
72
]

M
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/
AP

-G
CE

D
PV

10
0.
0
m
M

PB
,p

H
6.
0

50
0.
0
pM

–2
.0
lM

2.
0
lM

–2
3.
0
lM
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D
¼

20
0.
0
pM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

gl
uc
os
e,
ci
tr
ic
ac
id
,L
-le
uc
in
e,

L-
th
re
on

in
e,
gl
yc
in
e,

ac
et
am

in
op

he
n,

ur
ic
ac
id
,

as
co
rb
ic
ac
id
,d

op
am

in
e,

bo
vi
ne

se
ru
m

al
bu

m
in
,N

aþ
,

Kþ
,M

g2
þ
.

A
na

ly
ti
ca
l
si
gn

al
:

do
xo
ru
bi
ci
n
ox
id
at
io
n

(E
p
�

–0
.6

V
vs

Ag
jAg

Cl
jKC

l sa
t).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
do

xo
ru
bi
ci
n.

[3
20
]

CP
E

D
PA

dS
V

20
0.
0
m
M

Ac
B,

pH
4.
5

10
0.
0
nM

–1
0.
0
mM

LO
D
¼

10
.0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

ur
in
e,
ur
in
e
fr
om

a
pa
tie
nt

w
ith

ca
nc
er

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

do
xo
ru
bi
ci
n
ox
id
at
io
n

(E
p
�

þ0
.5

V
vs

SC
E)
.

[3
21
]

(c
on
tin
ue
d)
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Ta
bl
e
4.
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nt
in
ue
d.

D
ru
g
an
d
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ru
ct
ur
e

M
od
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tio

n/
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tr
od

e
Te
ch
ni
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e
M
ed
iu
m

Li
ne
ar

ra
ng

e
LO

D
/L
O
Q

Ap
pl
ic
at
io
n

Se
le
ct
iv
ity

Co
m
m
en
ts

Re
f.

un
de
rg
oi
ng

tr
ea
tm

en
t
w
ith

do
xo
ru
bi
ci
n.

CP
E

D
PA

dS
V

40
.0
m
M

BR
B,

pH
7.
0

2.
0
nM

–2
0.
0
mM

LO
D
¼

2.
8
nM

N
/A

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

do
xo
ru
bi
ci
n
ox
id
at
io
n

(E
p
�

þ0
.4
5
V
vs

Ag
jAg

Cl
jKC

l 1
M
).

[3
22
]

SD
S
/
CP

E
D
PV

20
0.
0
m
M

PB
S,
pH

6.
2

2.
0
mM

–2
4.
0
mM

LO
D
¼

39
0.
0
nM

Th
e
in
te
ra
ct
io
n
be
tw
ee
n
D
N
A

an
d
do

xo
ru
bi
ci
n.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ci
tr
ic
ac
id
,o

xa
lic

ac
id
,

gl
uc
os
e,
st
ar
ch
,s
uc
ci
ni
c
ac
id
.

A
na

ly
ti
ca
l
si
gn

al
:

do
xo
ru
bi
ci
n
ox
id
at
io
n

(E
p
�

þ0
.4
5
V
vs

SC
E)
.

Po
ss
ib
le

si
m
ul
ta
ne
ou

s
de
te
rm

in
at
io
n
of

do
xo
ru
bi
ci
n

w
ith

da
ca
rb
az
in
e.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
do

xo
ru
bi
ci
n.

[7
6]

f(-
CO

O
H
)M

W
CN

Ts
–

(C
oF
e 2
O
4)
N
Ps

/
CP

E
D
PV

10
0.
0
m
M

PB
,p

H
6.
0

50
.0
pM

–1
.2

mM
LO

D
¼

10
.0
pM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n

(in
je
ct
io
n)
,s
pi
ke
d
bl
oo
d

se
ru
m
,s
pi
ke
d
ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

gl
uc
os
e,
fr
uc
to
se
,s
uc
ro
se
,

la
ct
os
e,
ur
ea

as
pa
rt
ic
ac
id

ci
tr
at
e,
as
co
rb
ic
ac
id
,N

aþ
,

Ca
2þ
,K

þ
,C

l–
,F

–
,

N
O
3�
,S
O
42–

.

A
na

ly
ti
ca
l
si
gn

al
:

do
xo
ru
bi
ci
n
ox
id
at
io
n

(E
p
�

þ0
.5

V
vs

Ag
jAg

Cl
jKC

l).

[2
39
]

Zn
O
N
Ps

–
IL
(B
M
IM
-

BF
4)
/
CP

E
SW

V
pH

5.
0

70
.0
nM

–5
00
.0
l
M

LO
D
¼

9.
0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n

(in
je
ct
io
n)
,s
pi
ke
d

ph
ar
m
ac
eu
tic
al

se
ru
m
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

gl
uc
os
e,
al
an
in
e,

ph
en
yl
al
an
in
e,
m
et
hi
on

in
e,

gl
yc
in
e,
va
lin
e,
tr
yp
to
ph

an
.

A
na

ly
ti
ca
l
si
gn

al
:

do
xo
ru
bi
ci
n
ox
id
at
io
n

(E
p
�

þ0
.7

V
vs

Ag
jAg

Cl
jKC

l sa
t).

Po
ss
ib
le

si
m
ul
ta
ne
ou

s
de
te
rm

in
at
io
n
of

do
xo
ru
bi
ci
n

an
d
da
sa
tin

ib
.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
do

xo
ru
bi
ci
n.

[3
23
]

(P
tF
e 3
O
4)
N
Ps

–
M
W
CN

Ts
/
CP

E
D
PV

10
0.
0
m
M

PB
,p

H
8.
0

50
.0
nM

–1
.0
lM

1.
0
lM

–7
0.
0
lM

LO
D
¼

1.
0
nM

LO
Q
¼

33
.0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

ur
in
e.

Te
st
ed

nt
er
fe
ri
ng

ag
en

ts
:

la
ct
os
e
m
on

oh
yd
ra
te
,u

re
a,

gl
uc
os
e,
Ca

2þ
,N

aþ
,K

þ
,

M
g2

þ
,N

O
2–
,C

l–
,

SO
42–

,C
O
32–

.

A
na

ly
ti
ca
l
si
gn

al
:

do
xo
ru
bi
ci
n
ox
id
at
io
n

(E
p
�

þ0
.4

V
vs

Ag
jAg

Cl
jKC

l sa
t).

[3
24
]

BP
PD

N
i/(
Pt
-C
o)
N
Ps

/
CP

E
SW

V
PB
,p

H
7.
4

50
0.
0
nM

–3
00
.0

mM
LO

D
¼

10
0.
0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n

(in
je
ct
io
n)
,s
pi
ke
d

ph
ar
m
ac
eu
tic
al

se
ru
m
,s
pi
ke
d

he
m
ol
yz
ed

er
yt
hr
oc
yt
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

vi
ta
m
in

C,
vi
ta
m
in

B 2
,v
ita
m
in

K 1
,a
la
ni
ne
,m

et
hi
on

in
e,

gl
yc
in
e,
te
m
ad
ol
,t
am

ox
ife
n,

tr
yp
to
ph

an
,

ep
in
ep
hr
in
e,
do

pa
m
in
e.

A
na

ly
ti
ca
l
si
gn

al
:

do
xo
ru
bi
ci
n
ox
id
at
io
n

(E
p
�

þ0
.4
5
V
vs

Ag
jAg

Cl
jKC

l sa
t).

Po
ss
ib
le

si
m
ul
ta
ne
ou

s
de
te
rm

in
at
io
n
of

do
xo
ru
bi
ci
n,

gl
ut
at
hi
on

e,
an
d
ty
ro
si
ne
.

[3
25
]

N
-R
G
O
–
IL
(O
M
IM
Cl
)

/
CP

E
SW

V
PB
,p

H
5.
5

6.
0
nM

–7
50
.0
l
M

LO
D
¼

3.
1
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n

(in
je
ct
io
n)
,s
pi
ke
d

ph
ar
m
ac
eu
tic
al

se
ru
m
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

flu
ta
m
id
e,
da
sa
tin

ib
,5

-
flu
or
ou

ra
ci
l,
ix
ab
ep
ilo
ne
,N

aþ
,

Kþ
,C

a2
þ
,N
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þ
,C

l–
.

A
na

ly
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ca
l
si
gn

al
:
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ru
bi
ci
n
ox
id
at
io
n

(E
p
�

þ0
.6
5
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.

Po
ss
ib
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si
m
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ta
ne
ou

s
de
te
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in
at
io
n
of

do
xo
ru
bi
ci
n

an
d
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te
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n.

Pr
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ed
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ec
tr
oc
he
m
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al

ox
id
at
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n
m
ec
ha
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of
do

xo
ru
bi
ci
n.

[2
32
]

ds
D
N
A/
AP

-B
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yG

E
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P

Ac
B,

pH
5.
0
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.0
nM
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.0
lM
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D
¼
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.0
pM

N
/A

N
/A

A
na

ly
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ca
l
si
gn
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:

do
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ru
bi
ci
n
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n
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d
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g
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p
�
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V
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M
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[2
55
]
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–
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N
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–
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/
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E
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S
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,p

H
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4.
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.8
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6
pM
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¼
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m
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e:
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d
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m
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ik
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N
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A
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l
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:

In
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n
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x
re
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n
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.

[2
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]
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2
–
H
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N
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–
AG

–
BS
A
–
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1
–P
rA
–

D
PV
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.0
m
M
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H
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pM
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¼

1.
2
pM
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m
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n
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m
on

ito
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g
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e
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[2
65
]
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n
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g
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n
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p
�
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.6
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V
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N
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–
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i-A
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H
/
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D
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H
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nM
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[2
56
]
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E
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[3
26
]
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E
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V
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m
M
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m
.
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g
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en
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:
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ra
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id
,
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m
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e,
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e,
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,

N
aþ

,M
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þ
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O
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A
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ci
n
ox
id
at
io
n

(E
p
�

þ0
.4
5
V
vs

Ag
-p
se
ud

oR
E)
.

[3
27
]

Au
N
Ps

–
AL

–
ds
D
N
A

–
p-
TT
CA

–
Au

N
Ps

/
SP
E

Am
p.

10
0.
0
m
M

PB
S,
pH

7.
4

7.
5
pM

–5
0.
0
pM

LO
D
¼

3.
6
fM

Re
al

sa
m
pl
e:

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,u

ric
ac
id
,

ac
et
am

in
op

he
n,

do
pa
m
in
e.

A
pp

lie
d
po

te
nt
ia
l
in

am
pe

ro
m
et
ry
:

E
�

–0
.7

V
vs

Ag
jAg

Cl
).

Si
m
ul
ta
ne
ou

s
de
te
rm

in
at
io
n

of
do

xo
ru
bi
ci
n,

da
un

or
ub

ic
in
,

Id
ar
ub

ic
in
,a
nd

m
ito

xa
nt
ro
ne
.

[2
49
]

IT
IE
S

D
PV

1.
0
m
M

H
Cl
,p

H
3.
0

1.
0
lM

–4
0.
0
l
M

LO
D
¼

84
0.
0
nM

N
/A

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

pr
ot
on

at
ed

do
xo
ru
bi
ci
n

in
te
rf
ac
ia
li
on

tr
an
sf
er

(E
p
þ
�

þ0
.6
5
V
vs

Ag
jAg

Cl
).

[2
50
]

da
un

or
ub

ic
in

H
M
D
E

D
PA

dS
V

10
0.
0
m
M

Ac
B,

pH
4.
4

20
.0
nM

–1
40
.0
nM

N
/A

Re
al

sa
m
pl
e:

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

flu
or
ou

ra
ci
l,
m
et
ho

tr
ex
at
e,

do
de
cy
ls
od

iu
m

su
lfa
te
,

ca
m
ph

or
,a
lb
um

in
,g

el
at
in
,

as
co
rb
ic
ac
id
,C

u2
þ
.

A
na

ly
ti
ca
l
si
gn

al
:

da
un

or
ub

ic
in

re
du

ct
io
n

(E
p
�

–0
.6

V
vs

Ag
jAg

Cl
jKC

l sa
t).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

m
ec
ha
ni
sm

of
da
un

om
yc
in
.

[3
28
]

D
N
A
–
p-
Pr
of

/
G
CE

EI
S

10
.0
m
M

[F
e(
CN

) 6
]3
–
/4
–

1.
0
pM

–1
0.
0
nM

LO
D
¼

1.
0
pM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al
fo
rm

ul
at
io
n,

sp
ik
ed

so
lu
tio

n
si
m
ul
at
in
g
th
e

pl
as
m
a
el
ec
tr
ol
yt
es
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

Ri
ng

er
-L
oc
ke
’s
so
lu
tio

n,
bo

vi
ne

se
ru
m

al
bu

m
in
.

A
na

ly
ti
ca
l
si
gn

al
In
di
re
ct

da
un

or
ub

ic
in

se
ns
in
g

by
m
on

ito
rin

g
th
e
re
do

x
re
ac
tio

n
of

[F
e(
CN

) 6
]3
�/

4�
.

[2
66
]

D
N
A
–
O
A
–
p-
AN

I
/
G
CE

CV
H
BS
,p

H
7.
0

50
0.
0
pM

–1
0.
0
lM

LO
D
¼

10
0.
0
pM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al
fo
rm

ul
at
io
n.

Th
e
in
te
ra
ct
io
n
be
tw
ee
n
D
N
A

an
d
da
un

or
ub

ic
in
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

su
lfa
ni
la
m
id
e,
al
bu

m
in
,b

lo
od

pl
as
m
a
el
ec
tr
ol
yt
es
.

A
na

ly
ti
ca
l
si
gn

al
:

In
di
re
ct

da
un

or
ub

ic
in

se
ns
in
g

by
m
on

ito
rin

g
th
e
de
cr
ea
se

in
[F
e(
CN

) 6
]3
�/

4�
re
du

ct
io
n

pe
ak

cu
rr
en
t
(E
p
[F
e(
C
N
)6
]3
�
/4
�

�
–0
.5

V
vs

Ag
jAg

Cl
).

[2
67
]

Au
N
Ps

–
PT
TB
A
–
PS

–A
uN

Ps
/
G
CE

D
PV

10
0.
0
m
M

PB
,p

H
7.
4,

co
nt
ai
ni
ng

0.
9%

N
aC
l

10
0.
0
pM

–6
0.
0
nM

LO
D
¼

52
.3
pM

Re
al

sa
m
pl
e:

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

te
tr
ac
yc
lin
e,
ka
na
m
yc
in
,

ch
lo
ra
m
ph

en
ic
ol
,n

eo
m
yc
in
,

an
th
ra
qu

in
on

e,
do

xo
ru
bi
ci
n.

A
na

ly
ti
ca
l
si
gn

al
:

da
un

or
ub

ic
in

re
du

ct
io
n

(E
p
�

–0
.6

V
vs

Ag
jAg

Cl
jKC

l sa
t).

[2
57
]

ds
D
N
A
–
Pt
N
Ps

–
SW

CN
Ts

/
G
CE

D
PV

Tr
is
B,

pH
7.
4

4.
0
nM

–2
50
.0
lM

LO
D
¼

1.
0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al
fo
rm

ul
at
io
n

(in
je
ct
io
n)
.

Th
e
in
te
ra
ct
io
n
be
tw
ee
n
D
N
A

an
d
da
un

or
ub

ic
in
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

gl
yc
in
e,
va
lin
e,
m
et
hi
on

in
e,

vi
ta
m
in

B6
,v
ita
m
in

C,
Kþ

,
N
aþ

,C
l�
,F

�
.

A
na

ly
ti
ca
l
si
gn

al
:

in
di
re
ct

do
xo
ru
bi
ci
n
se
ns
in
g

by
m
on

ito
rin

g
th
e
de
cr
ea
se

in
gu

an
in
e
ox
id
at
io
n
pe
ak

cu
rr
en
t
(E
p
g
u
an
in
e
�

þ0
.9

V
vs

Ag
jAg

Cl
jKC

l sa
t).

[2
76
]

ds
D
N
A
–
4-
AT

P
–

Ag
N
Ps

–
f(-

CO
Cl
)M

W
CN

Ts
/
CP

E

D
PA

dS
V

50
0.
0
m
M

Ac
B,

pH
5.
5

1.
0
nM

–1
0.
0
lM

LO
D
¼

30
0.
0
pM

LO
Q
¼

1.
0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
,s
pi
ke
d

ur
in
e.

Th
e
in
te
ra
ct
io
n
be
tw
ee
n

ds
D
N
A
an
d
da
un

or
ub

ic
in
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

fo
lic

ac
id
,g

lu
co
se
,u

re
a,

as
co
rb
ic
ac
id
.

A
na

ly
ti
ca
l
si
gn

al
:

da
un

or
ub

ic
in

ox
id
at
io
n

(E
p
�

–0
.6
5
V
vs

Ag
jAg

Cl
jKC

l sa
t).

[2
79
]

Au
N
Ps

–
AL

–
ds
D
N
A

–
p-
TT
CA

–
Au

N
Ps

/
SP
E

Am
p.

10
0.
0
m
M

PB
S,
pH

7.
4

8.
0
pM

–5
0.
0
pM

LO
D
¼

5.
5
fM

Re
al

sa
m
pl
e:

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,u

ric
ac
id
,

ac
et
am

in
op

he
n,

do
pa
m
in
e.

A
pp

lie
d
po

te
nt
ia
l
in

am
pe

ro
m
et
ry
:

E
�

–0
.7

V
vs

Ag
jAg

Cl
).

Si
m
ul
ta
ne
ou

s
de
te
rm

in
at
io
n

of
da
un

or
ub

ic
in
,I
da
ru
bi
ci
n,

[2
49
]

(c
on
tin
ue
d)
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Ta
bl
e
4.

Co
nt
in
ue
d.

D
ru
g
an
d

its
st
ru
ct
ur
e

M
od

ifi
ca
tio

n/
El
ec
tr
od

e
Te
ch
ni
qu

e
M
ed
iu
m

Li
ne
ar

ra
ng

e
LO

D
/L
O
Q

Ap
pl
ic
at
io
n

Se
le
ct
iv
ity

Co
m
m
en
ts

Re
f.

m
ito

xa
nt
ro
ne
,a
nd

do
xo
ru
bi
ci
n.

RG
O
/
PG

E
D
PV

Ac
B,

pH
4.
8

1.
0
nM

–6
.0
lM

LO
D
¼

55
0.
0
nM

Th
e
in
te
ra
ct
io
n
be
tw
ee
n
D
N
A

an
d
da
un

or
ub

ic
in
.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

da
un

or
ub

ic
in

ox
id
at
io
n
(E
p

�þ
0.
5
V
vs

Ag
jAg

Cl
jKC

l 3
M
).

[2
77
]

p-
AM

AM
/
PG

E
D
PV

50
.0
m
M

PB
,p

H
7.
4

N
/A

LO
D
¼

12
8.
0
nM

N
/A

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

da
un

or
ub

ic
in

ox
id
at
io
n
(E
p

�þ
0.
5
V
vs

Ag
jAg

Cl
jKC

l).

[3
29
]

CO
O
H
/
IT
O
E

LS
Ad

SV
5.
0
m
M

PB
,p

H
7.
1

20
0.
0
nM

–5
.0
lM

LO
D
¼

10
0.
0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

ur
in
e.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

da
un

or
ub

ic
in

re
du

ct
io
n
(E
p

�–
0.
65

V
vs

Ag
jAg

Cl
).

[3
30
]

IT
IE
S

D
PV

10
.0
m
M

Tr
is
B,

pH
7.
2

12
.0
lM

–8
2.
0
lM

LO
D
¼

80
0.
0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
pl
as
m
a.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,a
sp
ar
tic

ac
id
,

ar
gi
ni
ne
,g

ly
ci
ne
,l
ys
in
e,

gl
uc
os
e,
su
cr
os
e,
Kþ

,
Zn

2þ
,M

g2
þ
.

A
na

ly
ti
ca
l
si
gn

al
:

pr
ot
on

at
ed

da
un

or
ub

ic
in

in
te
rf
ac
ia
li
on

tr
an
sf
er

(E
p
þ
�

þ0
.8

V
vs

Ag
jAg

Cl
).

[2
71
]

ep
ir
ub

ic
in

BD
D
E

D
PV

10
0.
0
m
M

H
2S
O
4,

co
nt
ai
ni
ng

an
d
20

%
of

M
eO

H

92
0.
0
nM

–7
3.
6
lM

LO
D
¼

79
.1
nM

LO
Q
¼

26
1.
3
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(in

je
ct
io
n)
.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

ep
iru

bi
ci
n
ox
id
at
io
n

(E
p
�

þ0
.9
5
V
vs

Ag
jAg

Cl
jKC

l sa
t).

D
et
er
m
in
at
io
n
of

ep
iru

bi
ci
n
in

th
e
pr
es
en
ce

of
1.
0
m
M

so
di
um

do
de
cy
ls
ul
ph

at
e.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
ep
iru

bi
ci
n.

[3
31
]

(C
e-
Zn

O
)N
FL
s
/
G
CE

D
PV

10
0.
0
m
M

PB
S,
pH

7.
0

10
.0
nM

–6
00
.0
l
M

LO
D
¼

2.
3
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n

(in
je
ct
io
n)
,s
pi
ke
d
bl
oo
d

se
ru
m
,s
pi
ke
d
ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ur
ic
ac
id
,r
ut
in
,a
sc
or
bi
c
ac
id
,

gl
uc
os
e,
ty
ro
si
ne
,

tr
yp
to
ph

an
,m

or
ph

in
e.

A
na

ly
ti
ca
l
si
gn

al
:

ep
iru

bi
ci
n
ox
id
at
io
n

(E
p
�

þ0
.7

V
vs

SC
E)
.

Po
ss
ib
le

si
m
ul
ta
ne
ou

s
de
te
rm

in
at
io
n
of

ep
iru

bi
ci
n

an
d
m
et
ho

tr
ex
at
e.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
ep
iru

bi
ci
n.

[1
63
]

Ag
N
Ps

–
f(-

CO
O
H
)M

W
CN

Ts
/
G
CE

SW
Ad

SV
10
0.
0
m
M

Ac
B,

pH
4.
7

3.
0
nM

–2
50
.0
nM

LO
D
¼

1.
0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n

(in
je
ct
io
n)
,s
pi
ke
d
ur
in
e,

sp
ik
ed

bl
oo
d.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,g

lu
co
se
,u

ric
ac
id
,c
af
fe
in
e,

vi
ta
m
in

A,
vi
ta
m
in

E,
do

pa
m
in
e,

N
aþ

,
Kþ

,F
e2

þ
,F
e3

þ
,C

u2
þ
,H

g2
þ
,

Pb
2þ
,C

a2
þ
,Z

n2
þ
,C

l–
,

SO
42�

,N
O
3–
.

A
na

ly
ti
ca
l
si
gn

al
:

ep
iru

bi
ci
n
ox
id
at
io
n

(E
p
�

–0
.5

V
vs

SC
E)
.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
ep
iru

bi
ci
n.

[2
42
]

Cu
O
N
Ps

–
IL
(B
M
IM
-

BF
4)
/
CP

E
SW

V
10
0.
0
m
M

PB
,p

H
7.
0

30
.0
nM

–8
00
.0
l
M

LO
D
¼

8.
0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(in

je
ct
io
n)
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,g

ly
ci
ne
,

am
pi
ci
lli
n,

Li
þ
,K

þ
,B

r–
.

A
na

ly
ti
ca
l
si
gn

al
:

ep
iru

bi
ci
n
ox
id
at
io
n

(E
p
�

þ0
.6

V
vs

Ag
jAg

Cl
jKC

l sa
t).

Si
m
ul
ta
ne
ou

s
de
te
rm

in
at
io
n

of
ep
iru

bi
ci
n
an
d
to
po

te
ca
n.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
ep
iru

bi
ci
n.

[2
33
]

Fe
3O

4N
Ps

–
SW

CN
Ts

–
IL
(O
M
IM
Cl
)
/
CP

E
SW

V
PB
,p

H
5.
0

20
.0
nM

–7
00
.0
l
M

LO
D
¼

7.
0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n

(in
je
ct
io
n)
,s
pi
ke
d

ph
ar
m
ac
eu
tic
al

se
ru
m
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

m
et
hi
on

in
e,
m
et
hi
on

in
e,

al
an
in
e,
ph

en
yl
al
an
in
e,

da
sa
tin

ib
,a
be
m
ac
ic
lib
,

an
as
tr
oz
ol
e.

A
na

ly
ti
ca
l
si
gn

al
:

ep
iru

bi
ci
n
ox
id
at
io
n

(E
p
�

þ0
.7
5
V
vs

Ag
jAg

Cl
jKC

l sa
t).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
ep
iru

bi
ci
n.

[3
32
]

(C
oF
e 2
O
4)
N
Ps

–
IL
(D
PI
M
-B
r)
/
CP

E
SW

V
10
0.
0
m
M

PB
,p

H
7.
0

40
.0
nM

–4
50
.0
l
M

LO
D
¼

10
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n

(in
je
ct
io
n)
,s
pi
ke
d

ph
ar
m
ac
eu
tic
al

se
ru
m
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

gl
uc
os
e,
as
co
rb
ic
ac
id
,

ph
en
yl
al
an
in
e,
is
ol
uc
in
,

tr
yp
to
ph

an
,g

ly
ci
ne
,s
ta
rc
h,

Kþ
,L
iþ
,F

–
,N

O
3–
,B

r–
.

A
na

ly
ti
ca
l
si
gn

al
:

ep
iru

bi
ci
n
ox
id
at
io
n

(E
p
�

þ0
.6

V)
.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
ep
iru

bi
ci
n.

[3
33
]
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50
H
S
�
D
N
A3

0 –
Au

N
Ps

–
(F
e 3
O
4-

Si
O
2)
N
Ps
-

D
AB

CO
/S
PC

E

LS
V

10
0.
0
m
M

PB
,p

H
7.
4,

co
nt
ai
ni
ng

10
0.
0
m
M

KC
l

70
.0
nM

–1
.0

mM
3.
0
l
M
–2
1.
0
mM

LO
D
¼

40
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al
fo
rm

ul
at
io
n

(in
je
ct
io
n)
,s
pi
ke
d

bl
oo
d
se
ru
m
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

pa
cl
ita
xe
l,
do

ce
ta
xe
l,

ta
m
ox
ife
n,

im
at
in
ib
.

A
na

ly
ti
ca
l
si
gn

al
:

ep
iru

bi
ci
n
re
du

ct
io
n

(E
p
�

–0
.7

V
vs

Ag
-p
se
ud

oR
E)
.

[3
34
]

Au
N
Ps
–
f(-

CO
O
H
)M

W
CN

Ts
–C

TA
B
–
Zn

O
N
Ps

/
SP
CE

SW
V

10
0.
0
m
M

Ac
B,

pH
4.
5

5.
0
nM

–2
00
.0
nM

LO
D
¼

2.
5
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al
fo
rm

ul
at
io
n

(in
je
ct
io
n)
,s
pi
ke
d
an
d

di
lu
te
d
bl
oo
d.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

gl
uc
os
e,
as
co
rb
ic
ac
id
,

do
pa
m
in
e,
ur
ic
ac
id
.

A
na

ly
ti
ca
l
si
gn

al
:

ep
iru

bi
ci
n
re
du

ct
io
n

(E
p
�

–0
.6

V
vs

Ag
jAg

Cl
).

D
et
er
m
in
at
io
n
of

ep
iru

bi
ci
n

pe
rf
or
m
ed

in
th
e
pr
es
en
ce

of
m
et
ho

tr
ex
at
e
(5
00
.0
nM

).

[1
77
]

ds
D
N
A
–
Au

N
Cs

/
SP
CE

D
PV

10
.0
m
M

Tr
is
B,

pH
7.
2

40
.0
nM

–8
00
.0
nM

80
0.
0
nM

–2
0.
0
lM

LO
D
¼

10
.0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
.

Th
e
in
te
ra
ct
io
n
be
tw
ee
n
D
N
A

an
d
ep
iru

bi
ci
n.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

do
ce
ta
xe
l,

ta
m
ox
ife
n,

pa
cl
ita
xe
l.

A
na

ly
ti
ca
l
si
gn

al
:

ep
iru

bi
ci
n
re
du

ct
io
n

(E
p
�

–0
.7
5
V
vs

Ag
-p
se
ud

oR
E)
.

[2
83
]

ds
D
N
A
–
Pt
N
Ps

–
Ag

N
Ps

/
SP
CE

D
PV

10
0.
0
m
M

Ac
B,

pH
4.
7

55
2.
0
nM

–1
.8
l
M

N
/A

Th
e
in
te
ra
ct
io
n
be
tw
ee
n
D
N
A

an
d
ep
iru

bi
ci
n.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

in
di
re
ct

ep
iru

bi
ci
n
se
ns
in
g
by

m
on

ito
rin

g
th
e
de
cr
ea
se

in
gu

an
in
e
(E
p
g
u
an
in
e
�

þ0
.8

V
vs

Ag
-p
se
ud

oR
E)

ox
id
at
io
n

pe
ak

cu
rr
en
t.

[2
72
]

ds
D
N
A
–
N
-R
G
O
–
p-

Py
/
PG

E
D
PV

50
0.
0
m
M

Ac
B,

pH
4.
8

4.
0
nM

–5
5.
0
lM

LO
D
¼

1.
0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al
fo
rm

ul
at
io
n

(in
je
ct
io
n)
,s
pi
ke
d
ur
in
e.

Th
e
in
te
ra
ct
io
n
be
tw
ee
n

ds
D
N
A
an
d
ep
iru

bi
ci
n.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

tr
yp
to
ph

an
,t
yr
os
in
e,
al
an
in
e,

gl
uc
os
e,
Kþ

,
N
aþ

,M
g2

þ
,B

r�
,C

l�
.

A
na

ly
ti
ca
l
si
gn

al
:

in
di
re
ct

ep
iru

bi
ci
n
se
ns
in
g
by

m
on

ito
rin

g
th
e
de
cr
ea
se

in
gu

an
in
e
ox
id
at
io
n
pe
ak

cu
rr
en
t
(E
p
g
u
an
in
e
�

þ0
.9

V
vs

Ag
jAg

Cl
jKC

l sa
t).

[2
69
]

id
ar
ub

ic
in

Ru
–
CB

/
G
CE

D
PA

dS
V

PB
,p

H
1.
5

50
.0
nM

–1
.0
l
M

LO
D
¼

9.
3
nM

LO
Q
¼

28
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al
fo
rm

ul
at
io
n

(v
ia
l),

sp
ik
ed

bl
oo
d
se
ru
m
.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

id
ar
ub

ic
in

ox
id
at
io
n

(E
p
�

þ0
.7

V
vs

Ag
jAg

Cl
).

[3
35
]

M
W
CN

Ts
/G
CE

D
PA

dS
V

20
0.
0
m
M

PB
,p

H
3.
0

93
.6
nM

–1
.9
l
M

LO
D
¼

18
.7
nM

LO
Q
¼

74
.9
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al
fo
rm

ul
at
io
n.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

do
pa
m
in
e,
as
co
rb
ic

ac
id
,a
sp
iri
n.

A
na

ly
ti
ca
l
si
gn

al
:

id
ar
ub

ic
in

ox
id
at
io
n

(E
p
�

þ0
.6

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
id
ar
ub

ic
in
.

[3
36
]

D
N
A
–
O
A
–
p-
AN

I
/
G
CE

CV
H
BS
,p

H
7.
0

1.
0
nM

–1
00
.0
lM

LO
D
¼

20
0.
0
pM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al
fo
rm

ul
at
io
n.

Th
e
in
te
ra
ct
io
n
be
tw
ee
n
D
N
A

an
d
id
ar
ub

ic
in
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

su
lfa
ny
la
m
id
es
,a
lb
um

in
,

bl
oo
d
pl
as
m
a
el
ec
tr
ol
yt
es
.

A
na

ly
ti
ca
l
si
gn

al
:

In
di
re
ct

id
ar
ub

ic
in

se
ns
in
g
by

m
on

ito
rin

g
th
e
de
cr
ea
se

in
[F
e(
CN

) 6
]3
�/

4�
re
du

ct
io
n
pe
ak

cu
rr
en
t
(E
p
[F
e(
C
N
)6
]3
�/

4�
�

–0
.5

V
vs

Ag
jAg

Cl
).

[2
67
]

ds
D
N
A
–
Pt
N
Ps

–
Ag

N
Ps

/
SP
CE

D
PV

10
0.
0
m
M

Ac
B,

pH
4.
7

20
1.
0
nM

–1
.0
l
M

N
/A

Th
e
in
te
ra
ct
io
n
be
tw
ee
n
D
N
A

an
d
id
ar
ub

ic
in
.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

in
di
re
ct

id
ar
ub

ic
in

se
ns
in
g
by

m
on

ito
rin

g
th
e
de
cr
ea
se

in
gu

an
in
e
(E
p
g
u
an
in
e
�

þ0
.7
5
V

vs
Ag

-p
se
ud

oR
E)

an
d
ad
en
in
e

(E
p
ad
en
in
e
�

þ1
.0

V
vs

Ag
-

ps
eu
do

RE
)
ox
id
at
io
n

pe
ak

cu
rr
en
ts
.

[2
72
]

Au
N
Ps

–
AL

–
ds
D
N
A

–
p-
TT
CA

–
Au

N
Ps

/
SP
E

Am
p.

10
0.
0
m
M

PB
S,
pH

7.
4

5.
0
pM

–5
5.
0
pM

LO
D
¼

2.
2
fM

Re
al

sa
m
pl
e:

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,u

ric
ac
id
,

ac
et
am

in
op

he
n,

do
pa
m
in
e.

A
pp

lie
d
po

te
nt
ia
l
in

am
pe

ro
m
et
ry
:

E
�

–0
.7

V
vs

Ag
jAg

Cl
).

Si
m
ul
ta
ne
ou

s
de
te
rm

in
at
io
n

of
.I
da
ru
bi
ci
n,

m
ito

xa
nt
ro
ne
,

da
un

or
ub

ic
in
,a
nd

do
xo
ru
bi
ci
n.

[2
49
]

Ti
O
2N
Ps

–
CN

FB
s

/
CP

E
SW

V
10
0.
0
m
M

PB
,p

H
2.
0

12
.0
nM

–1
0.
0
lM

LO
D
¼

3.
0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

ep
iru

bi
ci
n,

do
xo
ru
bi
ci
n,

da
un

or
ub

ic
in
,c
ys
te
in
e,

as
co
rb
ic
ac
id
,g

lu
co
se
,

la
ct
os
e,
fr
uc
to
se
,c
itr
ic
ac
id
,

ur
ic
ac
id
,u

re
a,

ac
et
am

in
op

he
n,

Ca
2þ
,M

g2
þ
,

Fe
2þ
,F
e3

þ
,C

l–
.

A
na

ly
ti
ca
l
si
gn

al
:

id
ar
ub

ic
in

ox
id
at
io
n

(E
p
�

þ0
.7
5
V
vs

Ag
jAg

Cl
jKC

l sa
t).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
id
ar
ub

ic
in
.

[2
43
]

M
W
CN

Ts
/
EP
Py
G
E

D
PA

dS
V

20
0.
0
m
M

PB
,p

H
3.
0

93
.6
nM

–9
36
.0
nM

[3
36
]

(c
on
tin
ue
d)
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Ta
bl
e
4.

Co
nt
in
ue
d.

D
ru
g
an
d

its
st
ru
ct
ur
e

M
od

ifi
ca
tio

n/
El
ec
tr
od

e
Te
ch
ni
qu

e
M
ed
iu
m

Li
ne
ar

ra
ng

e
LO

D
/L
O
Q

Ap
pl
ic
at
io
n

Se
le
ct
iv
ity

Co
m
m
en
ts

Re
f.

LO
D
¼

37
.5
nM

LO
Q
¼

93
.6
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al
fo
rm

ul
at
io
n.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

do
pa
m
in
e,
as
co
rb
ic

ac
id
,a
sp
iri
n.

A
na

ly
ti
ca
l
si
gn

al
:

id
ar
ub

ic
in

ox
id
at
io
n

(E
p
�

þ0
.6

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
id
ar
ub

ic
in
.

m
it
ox
an

tr
on

e
G
CE

SW
V

16
0.
0
m
M

BR
B,

pH
2.
0,

co
nt
ai
ni
ng

1.
3
M

KC
l

an
d
30
%

Et
O
H

10
0.
0
nM

–1
.0
lM

LO
D
¼

10
0.
0
nM

N
/A

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

m
ito

xa
nt
ro
ne

ox
id
at
io
n

(E
p
�

þ0
.7
5
V
vs

Ag
jAg

Cl
jKC

l 3
M
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
m
ito

xa
nt
ro
ne
.

[3
37
]

f(-
SO

3H
)S
iO

2N
Ps

/
G
CE

D
PV

50
.0
m
M

Tr
is
B,

pH
7.
4

50
0.
0
nM

–1
73
.0

mM
LO

Q
¼

50
0.
0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

m
ito

xa
nt
ro
ne

ox
id
at
io
n

(E
p
�

þ0
.5
5
V
vs

Ag
jAg

Cl
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
m
ito

xa
nt
ro
ne
.

[3
38
]

M
IP
(b
-C
D
)
/
G
CE

D
PV

10
0.
0
m
M

PB
,p

H
6.
0

60
.0
nM

–1
0.
0
lM

LO
D
¼

30
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al
fo
rm

ul
at
io
ns
,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

1,
4-
di
am

in
oa
nt
hr
aq
ui
no

ne
,

p-
1-
am

in
o-
an
th
ra
qu

in
on

e,
di
hy
dr
ox
yb
en
ze
ne
,

ke
to
pr
of
en
,p

iro
xi
ca
m
,

su
lfa
m
et
ho

xa
zo
le
,t
en
ox
ic
am

,
ga
tif
lo
xa
ci
n,

gl
uc
os
e,
as
co
rb
ic

ac
id
,u

ric
ac
id
.

A
na

ly
ti
ca
l
si
gn

al
:

m
ito

xa
nt
ro
ne

ox
id
at
io
n

(E
p
�

þ0
.4
5
V
vs

SC
E)
.

[2
46
]

CP
E

AC
Ad

SV
10
0.
0
m
M

H
Cl
O
4

5.
0
nM

–1
50
.0
l
M

N
/A

Re
al

sa
m
pl
e:

sp
ik
ed

ur
in
e.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

m
ito

xa
nt
ro
ne

ox
id
at
io
n.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
m
ito

xa
nt
ro
ne
.

[3
39
]

CP
E

AC
Ad

SV
10
0.
0
m
M

H
Cl
O
4

50
.0
pM

–7
00
.0
pM

70
0.
0
pM

–2
.0
nM

LO
D
¼

50
.0
pM

Re
al

sa
m
pl
e:

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

su
rf
ac
ta
nt
s
(S
D
S,
CT
AC

,T
rit
on

X-
10
0,

ge
la
tin

).

A
na

ly
ti
ca
l
si
gn

al
:

m
ito

xa
nt
ro
ne

ox
id
at
io
n

(E
p
�

þ0
.6
5
V
vs

SC
E)
.

[2
45
]

ds
D
N
A
–
IL
(B
M
IM
-

M
eS
O
3)
–
ZI
F-
8
/
CP

E
D
PV

50
.0
.m

M
Ac
B,

pH
4.
8

8.
0
nM

–1
10
.0
l
M

LO
D
¼

3.
0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al
fo
rm

ul
at
io
ns

(in
je
ct
io
n)
.

Th
e
in
te
ra
ct
io
n
be
tw
ee
n

ds
D
N
A
an
d
m
ito

xa
nt
ro
ne
.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

m
et
hi
on

in
e,
al
an
in
e,

ph
en
yl
al
an
in
e,
vi
ta
m
in

C,
vi
ta
m
in

B 2
,N

aþ
,L
iþ
,

Br
–
,N

O
3–
.

A
na

ly
ti
ca
l
si
gn

al
:

in
di
re
ct

m
ito

xa
nt
ro
ne

se
ns
in
g

by
m
on

ito
rin

g
th
e
de
cr
ea
se

in
gu

an
in
e
ox
id
at
io
n
pe
ak

cu
rr
en
t
(E
p
g
u
an
in
e
�

þ0
.8

V
vs

Ag
jAg

Cl
jKC

l sa
t).

[2
70
]

Au
N
Ps

–
AL

–
ds
D
N
A

–
p-
TT
CA

–
Au

N
Ps

/
SP
E

Am
p.

10
0.
0
m
M

PB
S,
pH

7.
4

2.
0
pM

–6
0.
0
pM

LO
D
¼

1.
2
fM

Re
al

sa
m
pl
e:

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,u

ric
ac
id
,

ac
et
am

in
op

he
n,

do
pa
m
in
e.

A
pp

lie
d
po

te
nt
ia
l
in

am
pe

ro
m
et
ry
:

E
�

–0
.7

V
vs

Ag
jAg

Cl
).

Si
m
ul
ta
ne
ou

s
de
te
rm

in
at
io
n

of
m
ito

xa
nt
ro
ne
,

da
un

or
ub

ic
in
,d

ox
or
ub

ic
in
,

an
d
id
ar
ub

ic
in
.

[2
49
]

Co
2þ

/
CF
BU

M
E

LS
Ad

SV
5.
0
m
M

Tr
is
B,

pH
7.
1

20
0.
0
nM

–6
.0
lM

LO
D
¼

42
.0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

ur
in
e.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

m
ito

xa
nt
ro
ne

re
du

ct
io
n

(E
p
�

–0
.8

V
vs

SC
E)
.

[3
40
]

va
lr
ub

ic
in

Au
N
Ps

–
Ce
O
2N
Ps

–
f(-
O
H
)M

W
CN

Ts
–
f(-

O
H
)G
CM

Ss
/
CP

E

SW
V

20
0.
0
m
M

PB
,p

H
11
.2

71
.0
nM

–5
80
.0
nM

LO
D
¼

1.
6
nM

LO
Q
¼

5.
2
nM

Re
al

sa
m
pl
e:

sp
ik
ed

ur
in
e,
sp
ik
ed

bl
oo
d

se
ru
m
.

Th
e
in
te
ra
ct
io
n
be
tw
ee
n

ds
D
N
A
an
d
va
lru

bi
ci
n.

Te
st
ed

in
te
rf
er
in
g
ag

en
ts
:

as
co
rb
ic
ac
id
,g

lu
ta
m
ic
ac
id
,

as
pa
rt
ic
ac
id
,c
af
fe
in
e,

su
cr
os
e,
gl
uc
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mitoxantrone (anthracyclines and related substances)
sensing, unmodified CPE was employed [245] giving a
very low LOD of 50.0 pM, however, the results showed
rather a poor sensor selectivity. The platform which is
based on the MIP prepared by electrochemical poly-
merization of b-cyclodextrin (b-CD) and mitoxantrone
on GCE surface was developed for mitoxantrone.[246]

The schematic representation of the sensor preparation
is shown in Figure 5A. A great advantage of this MIP-
based sensor is that the template molecules could be
easily removed by voltammetric cycling, and moreover,
good reproducibility, repeatability, and stability of the
sensor were obtained. In addition, the selectivity of this
sensor has been the most widely studied (compared to
other papers within this group of ANAs), and the
results proved that the produced MIP-based sensor
possesses excellent recognition ability towards template.
Two electroanalytical approaches for bleomycin (other
cytotoxic antibiotic) determination were based on bleo-
mycin-Fe2þ complex oxidation and utilized a DNA
probe labeled with MTB at the 5’ terminus modified
ITOE [247] and ferrocene-labelled ssDNA,
zirconium(IV)-based MOF (Zr(IV)-MOF) modified
GCE.[248] The modified electrodes allowed to reach low
LOD values of 33.0 pM and 4.0 pM, respectively, and
the detection of bleomycin was successfully tested in
spiked blood serum and in the presence of potentially
interfering species including ANAs, i.e., mitomycin,
daunorubicin, and dactinomycin (belonging to cyto-
toxic antibiotics and related substances).

As already mentioned, cytotoxic antibiotics and related
substances are also reducible. In fact, the best analytical
assay for simultaneous detection of four compounds,
namely doxorubicin, daunorubicin, idarubicin, and
mitoxantrone (all anthracyclines and related substan-
ces) was developed using their reduction signal.[249]

Specifically, a microfluidic device was proposed, which
integrated pre-concentration, electrokinetic separation,
and finally electrochemical detection in an amperomet-
ric biosensors configuration on a modified screen-
printed electrode (SPE) (Figure 5B). Besides achieving
excellent selectivity, the proposed sensor provided
extremely low LOD values (!) of 3.6 fM for doxorubi-
cin, 5.5 fM for daunorubicin, 2.2 fM for idarubicin, and
and 1.2 fM for mitoxantrone, which enabled to detect
these ANAs in trace quantities. Moreover, the useful-
ness of the developed method was successfully tested in
spiked urine samples.
Naturally, more protocols have been focused on the
individual target analytes sensing. In this respect, 8
methods have been proposed for doxorubicin (anthra-
cyclines and related substances) using conventional Hg-
based electrodes,[250,251] carbon electrodes,[237,252–255]

and AuE.[256] An interesting solution for doxorubicin
sensing was proposed and is based on dsDNA modified
basal-plane pyrolytic graphite electrode.[255] Ex situ
doxorubicin sensing was carried out using stripping
CA and the determination was based on the catalytic
reduction of oxygen which allowed to detect doxorubi-
cin at LOD of 10.0 pM. Generally, bare carbon

Figure 5. (A) The GCE modified with MIP sensor based on b-CD for mitoxantrone detection. Voltammograms were reprinted from [246] with permission from
Elsevier; (B) The steps of the preparation of a microfluidic device, which integrated pre-concentration, separation, and simultaneous detection of doxorubicin,
daunorubicin, idarubicin, and mitoxantrone by utilizing electrokinetic separation and electrochemical detection method, using amperometric biosensors based on a
modified SPE. Voltammograms were reprinted from [249] with permission from Elsevier; (C) The schematic representation of AuE modified with sol-gel functionalized
with thiol functional groups, AuNPs, and mAb for the doxorubicin impedimetric detection. EIS spectra reprinted from [264] with permission from Elsevier; (D) The
PGE modified with dsDNA, N-RGO, and p-Py for indirect detection of epirubicin. Voltammograms were reprinted from [269] with permission from Elsevier.
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electrodes demonstrated superior characteristics
towards doxorubicin, e.g., a non-modified GCE pro-
vided a low LOD value of 400.0 pM,[252] which was
further decreased to 6.5 pM in the presence of modi-
fiers composed of AuNPs and functionalized
MWCNTs.[237] AuNPs and/or MWCNTs were also
advantageously employed in the preparation of other
two relatively complex sensors for reductive detection
of daunorubicin [257] and valrubicin [258] (both
anthracyclines and related substances). All three rele-
vant pirarubicin (anthracyclines and related substances)
sensing protocols are based on the reduction sig-
nal,[259–261] and the most sensitive determination was
performed on “direct writing” carbon electrode modi-
fied with dsDNA on which LOD of 112.0 pM was
obtained.[261] Determination of bleomycin [262] and
mitomycin [263] (both other cytotoxic antibiotics) was
carried out on a traditional HMDE. In the case of bleo-
mycin, LOD reached a low concentration level of
500.0 pM, and its detection was successfully performed
in spiked mouse serum,[262] whereas mitomycin was
determined separately as well as in the presence of
ANAs, i.e., 5-fluorouracil (belonging to antimetabolites)
and cisplatin (belonging to other ANAs), using strip-
ping voltammetry, and the achieved LOD value was
10.0 nM (which makes it so far the best published sens-
ing protocol for mitomycin).[263]

ii. indirect detection through variations in electrochem-
ical signals of guanine and a redox probe.
Surprisingly, many reported protocols (19 in total) are
based on indirect sensing of cytotoxic antibiotics and
related compounds. Their main characteristics are typ-
ically advanced modification procedures further push-
ing the LOD values towards lower concentrations
(especially required for detecting drugs in biological
fluids).
Superior electroanalytical output towards indirect
determination of doxorubicin (anthracyclines and
related substances) was achieved by monitoring the
impedance of the redox reaction ([Fe(CN)6]

3–/4–) at
AuE surface modified with sol-gel functionalized with
thiol functional groups further decorated with AuNPs
and monoclonal antibody (mAb).[264] This complicated
and time-consuming surface modification protocol
consisting of several steps (schematically shown in
Figure 5C) provided an impressive sensing LOD of
165.9 fM. A different approach incorporated doxorubi-
cin into a complex sensing layer that in a final config-
uration allowed for the indirect detection of
doxorubicin by monitoring the increase of penicillin
binding protein 2a signal.[265] Although the sensor
design is complex, the proposed immunosensor pro-
vides a very low LOD value of 1.2 pM and sets an
innovative path that can be used in the development of
biodetection tests for other important species.
Moreover, the proposed bioconjugate also promotes
the pattern for in vivo doxorubicin delivery in anti-
cancer therapy.

Enhanced analytical performance was reported for
sensors recording the alterations in redox peaks pro-
vided by [Fe(CN)6]

3–/4– redox probe; worth mentioning
is impedimetric DNA sensor based on GCE modified
with poly-proflavine for indirect doxorubicin and
daunorubicin (both anthracyclines and related substan-
ces) individual sensing by monitoring the redox reac-
tion of [Fe(CN)6]

3�/4� after intercalation of the
selected antibiotic into DNA helix.[266] This sensor
enabled the determination of doxorubicin and dauno-
rubicin at very low LOD values of 300 pM and 1.0 pM,
respectively. In addition, dsDNA-based GCE modified
with p-ANI in the presence of oxalic acid (OA) as a
doping agent enabled achieving low LOD levels of 10,
100, and 200 pM for individual detection of doxorubi-
cin, daunorubicin, and idarubicin, respectively.[267]

However, the sensor proposed in [267] cannot be used
for more than one time due to the accumulation of
tested ANAs at its surface (all attempts to remove the
analyte from the surface layer were unsuccessful). In
the case of bleomycin (other cytotoxic antibiotic), the
indirect approach using DNA with a thiol group at the
5’ terminus modified AuE resulted in LOD of 740.0 fM.
The only sensing protocol reported for plicamycin
(other cytotoxic antibiotic) was performed indirectly via
recording signals of a redox probe before and after
DNA interaction with the target analyte.[268]

Finally, label-free DNA biosensors were employed
for indirect determination of epirubicin (schematic
representation is depicted in Figure 5D),[269] mitoxan-
trone [270] (both anthracyclines and related substances),
and mitomycin (other cytotoxic antibiotic) [212] through
monitoring a decrease in oxidation peak of G, at the
same time reaching LOD within nM concentra-
tion level.[269]

iii. ion transfer across the interface formed between two
immiscible electrolyte solutions.
An electroanalytical approach based on the polarized
liquid-liquid interface has been proposed for doxorubi-
cin [250] and daunorubicin [271] (both anthracyclines
and related substances) detection. Here, analyte sensing
mechanism was based on an interfacial ion transfer
between two immiscible electrolyte solutions (ITIES).
Although low LOD value of 840 nM was obtained for
doxorubicin, this methodology failed during drugs
determination in body fluids even at mM concentration.
This was mainly due to the presence of interfering
compounds (e.g., chlorides) and charged lipophilic
compounds (e.g., amines, amino acids) co-existing in
the aqueous phase.[250] Similarly, for daunorubicin a
LOD value of 800.0 nM was reported along with ser-
ious interfering effects of amino acids (aspartic acid,
lysine, arginine), and inorganic cations (Mg2þ, Zn2þ,
Kþ).[271]

Noticeably, electrochemical techniques have been
extensively used in studies regarding interactions of
cytotoxic antibiotics and related substances with DNA
molecules, cancer cells, and cell membranes:
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iv. interactions with ssDNA and dsDNA molecules.
The majority of cytotoxic antibiotics and related sub-
stances have been exposed to the interactions with
DNA molecules and various electrochemical techniques
have been utilized to elucidate the nature and mechan-
ism of such interaction.

Generally, doxorubicin, daunorubicin, epirubicin,
idarubicin, valrubicin, and mitoxantrone (all anthra-
cyclines and related substances) interact with DNA via
predominantly intercalative mode (aromatic ring pre-
sent in the structure of indicated compounds is
expected to facilitate intercalation into the DNA double
helix).

Particularly, investigation of the interaction of doxo-
rubicin (anthracyclines and related substances) with
dsDNA was investigated in incubation solution, using
dsDNA-based GCE modified with p-ANI in the pres-
ence of OA as a doping agent,[267] and SPCE modified
with PtNPs and AgNPs [272] by means of EIS [267] and
DPV.[272] The doxorubicin-DNA interaction was also
studied on SMDE by CV, and it was proved that the
mode of binding of doxorubicin to DNA is by electro-
static attraction and intercalation during which the
electrochemically non-active supramolecular doxorubi-
cin-DNA complex is formed.[273] Moreover, an electro-
chemical biosensor based on AuE modified with the
thiolated DNA probes and labeled with AgNPs conju-
gated with doxorubicin (a well-known DNA intercala-
tor) was successfully utilized for the electrochemical
(CV) detection of DNA.[274]

The surface-confined interaction between dauno-
rubicin (anthracyclines and related substances) and
DNA was investigated on DNA-based GCE,[275] GCE
modified with PtNPs and SWCNTs,[276] and p-ANI in
the presence of OA as a doping agent,[267] PGE modi-
fied with RGO [277] and CHIT,[278] CPE modified with
4-aminothiophenol, AgNPs and functionalized
MWCNTs.[279] In addition to intercalating into the
double helix, daunorubicin causes morphological
changes (but not oxidative damage) in the DNA struc-
ture. Besides, daunorubicin has a moderately toxic
effect on DNA (the results confirmed by EIS).[277]

Interestingly, the interaction between dsDNA and
daunorubicin was examined using DPV at ITIES.[280]

The interaction of protonated daunorubicin (DHþ)
with dsDNA was evaluated from the voltammetric
response of DHþ direct transfer across the electrified
water – 1,6-dichlorohexane interface. The results
showed the formation of complex and intercalation
between DHþ and DNA base pairs and implied that
electrostatic binding plays an important contribution in
the DHþ–DNA complex formation (the electrochem-
ical results confirmed by the UV-vis spectroscopy). The
effect of b-CD modified with non-toxic lipoic acid on
the interaction of daunorubicin with dsDNA was
studied by SWV, and UV–vis spectroscopy.[281] Both
spectroscopic and electrochemical results revealed that
complexing daunorubicin with this b-CD derivative

increases the intercalation efficiency of daunorubicin
into dsDNA (the native b-CD only slightly enhances
the intercalation of daunorubicin to DNA, whereas the
modification of the b-CD drug carrier with a lipoic
acid significantly promotes daunorubicin-DNA inter-
calation).

The DNA-based CPE,[282] PGE modified with p-Py
and nitrogen-doped RGO (N-RGO) (Figure 5D),[269]

SPCE surface modified with PtNPs and AgNPs,[272]

and SPCE modified with Au nanocubes [283] were
applied to obtain information about the intercalative
interaction of epirubicin (anthracyclines and related
substances) with DNA.[269,272,282] Moreover, the
obtained results confirmed the specific binding affinity
of epirubicin to dsDNA compared to ssDNA.[283]

The interaction between valrubicin (anthracyclines
and related substances) and DNA was studied by
CV.[244,258,284] The obtained results revealed that valru-
bicin strongly binds to dsDNA with a high binding
constant, and valrubicin-dsDNA interaction is attrib-
uted to the intercalation of valrubicin into the DNA
double-helix.[244] UV–vis spectroscopy has proved that
valrubicin-dsDNA interaction is a combination of
intercalation and electrostatic interaction due to the
flat structure of the drug and the positive charge of the
valrubicin molecule within the studied pH range.[284]

In addition, it was found that oligonucleotides contain-
ing C and G sequences as well as an increase in the
length of DNA probe led to the strong interaction
between valrubicin and ssDNA.[258]

Similarly, the interaction of idarubicin (anthracyclines
and related substances) with dsDNA resulted in
changes in the DNA morphological structure but with-
out triggering any oxidative DNA damage. These stud-
ies were performed in incubation solution and using
dsDNA-based bare GCE,[285] GCE modified with p-
ANI in the presence of OA as a doping agent,[267] and
SPCE modified with PtNPs and AgNPs.[272]

In the case of mitoxantrone (anthracyclines and
related substances), the interaction with DNA was eval-
uated on dsDNA and ssDNA modified GCE [286] and
CPE modified with dsDNA.[270] Opposing to dauno-
rubicin and idarubicin, mitoxantrone not only interca-
lates into DNA [270,286] but also causes DNA damage
(damage occurs with time which suggests that mitoxan-
trone slowly interacts with DNA causing some break-
ing of the H-bonds).[286] The results showed that
mitoxantrone more preferentially interacts with ssDNA
than dsDNA.[286] In addition, the docked model
revealed that the hydrogen and oxygen atoms partici-
pate as the donor and acceptor, respectively, to form
four intermolecular H-bonds with base pairs of
DNA.[270]

The monitoring of surface confined interaction of
bleomycin (other cytotoxic antibiotic) with ssDNA and
dsDNA was performed by EIS at DNA-modified
PGE.[287] It was found that bleomycin interacts with
DNA without using any extra co-factors like metal ions
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and may induce more damage to dsDNA than ssDNA.
This is most likely due to bleomycin intercalation into
the base pairs of dsDNA (preferentially G-rich sites)
causing the strand breakage.[287] On the contrary,
Heydari-Bafrooei et al. tested the DNA damage
induced by bleomycin in the absence and presence of
some metal ions such as Fe(II), Fe(III), Cu(I), Cu(II),
Zn(II), Mn(II) and Co(II) by EIS and DPV at dsDNA-
based PGE modified with AuNPs and Zn(II)-Schiff
base complex.[288] It was found that bleomycin itself
did not interact with DNA, in contrast to its complex
formed with some metal ions. The results revealed that
among investigated metal ions, only divalent species
(except Cu(II)) activated bleomycin in the order Fe(II)
� Mn(II) > Co(II) > Zn(II).

A different type of interaction mode (not intercal-
ation) with DNA molecule was uncovered for mitomy-
cin and plicamycin (both other cytotoxic antibiotics).
In most of the reported studies, only G oxidation sig-
nal was evaluated for DNA-drug interactions,[289–295]

while only two works effectively used both G and A
oxidation peaks.[212,296] It was shown that mitomycin
interacts with DNA by binding (cross-linking) to the
bases, especially G-C pairs of dsDNA, and causes their
damage.[212,289–296] Interesting work showing contra-
dictory results to the one previously described, was
published by Ensafi et al. [297] where it was shown that
mitomycin requires activation to interact with DNA.
Specifically, mitomycin can bind to DNA in more than
one way after its acidic and electrochemical activation
(different adducts are generated), consequently causing
alterations in DNA structure and its electrochemical
properties. The specificity of the interaction of plica-
mycin with dsDNA-based AuE modified with AuNPs
was investigated by EIS.[268] It was found that plicamy-
cin binds selectively to the minor groove of DNA
sequences through a combination of close van der
Waals contact, hydrogen bonding, electrostatic attrac-
tion, and hydrophobic interaction.

v. interactions with cancer cells.
The interaction of histiocytic lymphoma cell line (U-
937) and daunorubicin (anthracyclines and related sub-
stances) with an arginine-rich peptide (both daunorubi-
cin and several arginine-rich peptides exhibit a high
degree of permeability through U-937 cells walls) was
monitored on GCE using DPV.[298] The results showed
that the cell membrane permeability of daunorubicin
with arginine-rich peptide probe was improved when
compared to daunorubicin alone. Thus, this concept
could be applied to cell sensing and the monitoring of
the drug delivery process.

Noteworthy is also an approach allowing a high
throughput and quantitative analysis of cells chemosen-
sitivity in a 3D environment.[299] Cells encapsulated in
the hydrogel were cultured in the microwells on a
paper substrate, and the viability of two human hepa-
toma cell lines, i.e., Huh-7 and Hep-G2, was quantified
with EIS under the treatment of doxorubicin

(anthracyclines and related substances) and etoposide
(belonging to the plant alkaloids and other natural
products). The results revealed the higher drug resist-
ance of Huh-7 cells than Hep-G2 cells, and doxorubi-
cin was proved to be more effective in the treatment of
hepatocellular carcinoma than etoposide.

Moreover, the combined effect of the initial cell
density and the concentration of doxorubicin on HeLa
cells was tested by performing time-dependent cytotox-
icity assays using real-time impedimetric study in a
static environment [300] and in microfluidic conditions
[301] on a microelectrode chip with an array of 12
interdigitated microelectrodes, which were coated with
laminin to promote cell adhesion. It was revealed that
key factors influencing the doxorubicin-induced cyto-
toxicity, i.e., the initial cell density, the drug concentra-
tion, and the exposure time, are interdependent. In
addition, the impedimetric results were compared with
those obtained from standard colorimetric end-point
assay, and the results indicated that these two methods
provided different time-dependence of cytotoxicity. EIS
measurements detected the cellular response to doxo-
rubicin earlier than end-point assay (EIS detection
reveals cytotoxic events undetectable when using the
end-point assay), thus highlighting the importance of
combining impedance detection with traditional drug
toxicity assays towards a more accurate understanding
of the effect of ANAs on in-vitro assays. It was found
that the response of HeLa cells to doxorubicin-induced
cytotoxicity was faster than toxicity induced by oxali-
platin (belonging to platinum compounds). In addition,
the time-dependent effect of doxorubicin on HeLa cells
was found to have a delayed onset of cytotoxicity in
microfluidic conditions [301] when compared with static
conditions.[300] The obtained results were supported by
the data from the fluorescent apoptosis assay per-
formed in microfluidic conditions, proving the poten-
tial of the developed microfluidic platform to perform
both electrochemical and optical detection.

vi. interactions with biomimetic membranes.
Cytotoxic antibiotics and related substances principally
target dsDNA located inside the cancerous cells, thus,
to reach the DNA molecule, the drugs must first pene-
trate the cell membrane. The effort was made to clarify
the mechanisms of such transport through the mem-
brane for two compounds, doxorubicin, and mitoxan-
trone (both anthracyclines and related substances).
Doxorubicin was subjected to the interactions with the
Langmuir and Langmuir-Blodgett biomimetic mono-
layers and Langmuir-Schaeffer biomimetic bilayers pre-
pared on the support made of poly-crystalline AuE
surface. These interactions were examined by CV, EIS,
quartz crystal microbalance (QCM), ellipsometry tech-
niques,[302] and surface-enhanced Raman spectroscopy
(SERS),[303] and the obtained results revealed that the
interactions between doxorubicin and Langmuir and
Langmuir-Blodgett monolayers deposited on AuE are
different than those seen at a Langmuir-Schaeffer
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biomimetic bilayer interface. Doxorubicin has pene-
trated into the hydrophobic region of the monolayer,
whereas the penetration of the bilayer by doxorubicin
was precluded. Also, the interactions of mitoxantrone
with the Langmuir and Langmuir-Blodgett biomimetic
monolayers were observed by electrochemical (CV and
EIS) and spectroscopic (SERS) techniques.[304]

Mitoxantrone was monitored during its passive parti-
tioning/penetration through the mixed Langmuir and
Langmuir-Blodgett monolayers after their transfer on
AuE. The results showed that mitoxantrone affects the
organization of Langmuir monolayers, whereas no sub-
stantial structural effect on the organization of
Langmuir-Blodgett monolayers was observed. The
rapid release of mitoxantrone from the monolayer into
the aqueous medium was proved.

Protein kinase inhibitors

The fifth section is focused on protein kinase inhibitors
(PKI), which represent a number of chemical entities that
bind to and inhibit the enzymatic action of protein kin-
ases.[342,343] This group of ANAs is composed of 14 sub-
classes (as listed in Table S1).

To our surprise, only 14 out of 73 (!) PKI have been
studied using electrochemical techniques, and the analytical
protocols exist for only 13 examples with imatinib and dasa-
tinib attracting the most attention. Thus, the necessity to
further intensify electroanalytical and electrochemical studies
focused on PKI must be strongly emphasized. The compre-
hensive data description presented in Table 5 summarizes
the information related to the electroanalytical parameters
obtained for the PKI group.

Established sensing procedures (36 in total) utilizing sen-
sitive electrochemical techniques can be divided into two
categories, i.e., direct and indirect protocols:

i. the first group comprising of direct detection meth-
ods, based on oxidation as well as reduction signals,
clearly predominates as 33 (out of 36) developed pro-
cedures fall into this category.
Interestingly, 14 reported procedures employed bare
electrodes (carbon-based for oxidation and HMDE for
reduction) and provided analytical parameters compar-
able to the procedures requiring complex (and often
tedious) modification of the electrode surface, which
often leads to complications with reproducibility and
variations in obtained signals. Besides being less time-
consuming, another advantage of a bare electrode is a
simple cleaning step (or renewability) of its surface,
which is then manifested in high repeatability of the
measurements. Nevertheless, modified electrodes still
prevail for detection of the PKI agents based on their
electrooxidation. In this respect, various types of metal-
lic NPs (12 procedures), often in combination with
CNTs (6 out of 12) or RGO (3 out of 12) were mainly
used. Importantly, such engineered electrode surfaces
helped to considerably improve the selectivity, as

clearly shown in Table 5 and discussed in the para-
graphs below.

Among all sensing protocols reported for imatinib
(BCR-ABL tyrosine kinase inhibitor), particularly note-
worthy is a sensor based on poly-acrylonitrile nanofib-
ers (p-ANFBs), Fe3O4NPs, and MWCNTs modified
CPE which allowed the detection of imatinib at LOD
of 400.0 pM.[344] However, the results showed rather a
poor selectivity towards other interfering compounds
including ANAs, i.e., gefitinib and sunitinib (both
belonging to other ANAs). Also, a GCE modified with
RGO and AgNPs was developed for imatinib determin-
ation giving a low LOD value of 1.1 nM.[345] Besides,
imatinib detection down to 6.0 nM was reported on
GO nanoribbons (GONRBs) sandwiched between
HKUST-1 MOF and the GCE (sensing surface with
preparation steps is depicted in Figure 6A);[346] how-
ever, similar electroanalytical parameters (LOD of
6.3 nM) were also reported on anodically pretreated
BDDE, being the simplest and still fully operational
method for imatinib detection.[347]

Superior electroanalytical output towards dasatinib
(BCR-ABL tyrosine kinase inhibitor) was achieved on
CPE modified with Fe3O4NPs, functionalized
SWCNTs, and IL giving LOD value of 700.0 pM.[348]

Also, the LOD within nM level obtained at unmodified
PGE [349] and GCE [350] is an impressive result, given
that several studies describing dasatinib detection at
modified electrodes provided less impressive electroa-
nalytical output (higher LOD values).

AdSV methods for the quantification of nilotinib
(BCR-ABL tyrosine kinase inhibitor) [351] and lapatinib
(human epidermal growth factor receptor 2 tyrosine kin-
ase inhibitor) [352] have been effectively developed on a
bare GCE in the presence of surfactants. The effect of
an anionic surfactant, SDS, on the nilotinib signal was
thoroughly examined, and it was confirmed that nega-
tively charged SDS at low concentrations (i.e., below
critical micellar concentration) are electrostatically
attracted to positively charged amine moieties present
within the nilotinib structure. This in turn facilitated
the nilotinib molecules diffusion to the GCE surface.
As a result, when SDS was present in a supporting
electrolyte, nilotinib gave higher voltammetric
responses (as shown in Figure 6B) with a low LOD
value of 3.4 nM. In the absence of SDS, a �31-fold
increase in LOD value (106.0 nM) was observed.[351]

Similarly, a non-ionic surfactant, Triton X-100,
increased the solubility of lapatinib and ensured that
more of its molecules could readily approach the elec-
trode surface; such hydrophobic interaction is most
probably the reason for the excellent LOD values of
3.5 nM (for the first oxidation peak) and 1.6 nM (for
the second oxidation peak).[352]

The reported erlotinib (epidermal growth factor
receptor tyrosine kinase inhibitor) sensing protocol is
based on a simple surface modification utilizing drop-
casting b-CD solution onto the GCE surface (see
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al
:

im
at
in
ib

ox
id
at
io
n

(E
p
�

þ0
.7
5
V
vs

Ag
jAg

Cl
-p
se
ud

oR
E)
.

[3
75
]

da
sa
ti
ni
b

G
CE

D
PV

10
0.
0
m
M

Ac
B,

pH
3.
4

20
0.
0
nM

–2
.0

mM
LO

D
¼

13
0.
0
nM

LO
Q
¼

43
0.
0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

da
sa
tin

ib
ox
id
at
io
n

(E
p
�

þ0
.9

V
vs

Ag
jAg

Cl
jKC

l sa
t).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
da
sa
tin

ib
.

[3
50
]

(P
d-
Pt
)N
Ps

–
M
W
CN

Ts
/
G
CE

SW
Ad

SV
10
0.
0
m
M

PB
S,

pH
6.
0

37
.0
nM

–9
.7

mM
LO

D
¼

5.
8
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g

ag
en

ts
:

do
xo
ru
bi
ci
n,

bo
vi
ne

se
ru
m

al
bu

m
in
,

gl
uc
os
e,

su
cr
os
e,

la
ct
os
e,

as
co
rb
ic
ac
id
,

ur
ea
,a
sp
ar
tic

ac
id
,

KC
l,
N
aC
l.

A
na

ly
ti
ca
l
si
gn

al
:

da
sa
tin

ib
ox
id
at
io
n

(E
p
�

þ0
.8

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

Si
m
ul
ta
ne
ou

s
de
te
rm

in
at
io
n
of

da
sa
tin

ib
an
d

do
xo
ru
bi
ci
n.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
da
sa
tin

ib
.

[3
11
]

ds
D
N
A
–
Au

N
Ps

–
RG

O
/
G
CE

D
PV

N
/A

30
.0
nM

–5
.5

mM
LO

D
¼

9.
0
nM

[3
64
]
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Ta
bl
e
5.

Co
nt
in
ue
d.

D
ru
g
an
d

its
st
ru
ct
ur
e

M
od

ifi
ca
tio

n/
El
ec
tr
od

e
Te
ch
ni
qu

e
M
ed
iu
m

Li
ne
ar

ra
ng

e
LO

D
/L
O
Q

Ap
pl
ic
at
io
n

Se
le
ct
iv
ity

Co
m
m
en
ts

Re
f.

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n,

sp
ik
ed

ur
in
e.

Th
e
in
te
ra
ct
io
n

be
tw
ee
n
ds
D
N
A

an
d
da
sa
tin

ib
.

Te
st
ed

in
te
rf
er
in
g

sp
ec
ie
s:

ni
cl
os
am

id
e,

su
lfo
na
m
id
e,

am
ox
ic
ill
in
,a
sc
or
bi
c

ac
id
,g

lu
co
se
,

ph
en
yl
al
an
in
e,

Ca
2þ
,

N
aþ

,F
–
.

A
na

ly
ti
ca
l
si
gn

al
:

in
di
re
ct

da
sa
tin

ib
se
ns
in
g
by

m
on

ito
rin

g
th
e
de
cr
ea
se

in
th
e

gu
an
in
e
ox
id
at
io
n

cu
rr
en
t
(E
p
�

þ0
.9

V
vs

Ag
jAg

Cl
jKC

l).

PG
E

SW
Ad

SV
20
.0
m
M

BR
B,

pH
3.
0

9.
2
nM

–1
.0

mM
LO

D
¼

2.
8
nM

LO
Q
¼

9.
2
nM

Re
al

sa
m
pl
e:

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g

sp
ec
ie
s:

ur
ic
ac
id
,a
sc
or
bi
c

ac
id
,g

lu
co
se
,

L-
gl
ut
am

ic
ac
id
,

L-
cy
st
ei
ne
.

A
na

ly
ti
ca
l
si
gn

al
:

da
sa
tin

ib
ox
id
at
io
n

(E
p
�

þ0
.9
5
V
vs

Ag
jAg

Cl
jN
aC
l 3
M
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
da
sa
tin

ib
.

[3
49
]

Pt
N
Ps

–
M
W
CN

Ts
–
IL
(B
M
IM
-

PF
6)
/
CP

E
SW

V
10
0.
0
m
M

PB
,p

H
8.
0

5.
0
lM

–5
00
.0
lM

LO
D
¼

1.
0
lM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(t
ab
le
ts
),

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g

ag
en

ts
:

su
cr
os
e,

la
ct
os
e,

m
et
ha
no

l,
th
io
gu

an
yl
ic
ac
id
,

gl
uc
os
e,

6-
th
io
ur
ic

ac
id
,t
op

ot
ec
an
,B

M
S-

57
31
88
,A

l3
þ
,C

a2
þ
,

M
g2

þ
,S
O
42–

,C
O
32–

.

A
na

ly
ti
ca
l
si
gn

al
:

da
sa
tin

ib
ox
id
at
io
n

(E
p
�

þ0
.8

V
vs

Ag
jAg

Cl
jKC

l).
Po
ss
ib
le

si
m
ul
ta
ne
ou

s
de
te
rm

in
at
io
n
of

da
sa
tin

ib
,6

-
m
er
ca
pt
op

ur
in
e,
an
d

6-
th
io
gu

an
in
e.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
da
sa
tin

ib
.

[8
8]

Zn
O
N
Ps

–
IL
(B
M
IM
-B
F 4
)

/
CP

E
SW

V
pH

5.
0

1.
0
mM

–1
.2
m
M

LO
D
¼

50
0.
0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(in

je
ct
io
n)
,

sp
ik
ed

ph
ar
m
ac
eu
tic
al

se
ru
m
.

Te
st
ed

in
te
rf
er
in
g

ag
en

ts
:

gl
uc
os
e,

al
an
in
e,

ph
en
yl
al
an
in
e,

m
et
hi
on

in
e,

gl
yc
in
e,

va
lin
e,
tr
yp
to
ph

an
.

A
na

ly
ti
ca
l
si
gn

al
:

da
sa
tin

ib
ox
id
at
io
n

(E
p
�

þ1
.0

V
vs

Ag
jAg

Cl
jKC

l sa
t).

Si
m
ul
ta
ne
ou

s
de
te
rm

in
at
io
n
of

da
sa
tin

ib
an
d

do
xo
ru
bi
ci
n.

[3
23
]

Fe
3O

4N
Ps

–
f(–

CO
O
H
)S
W
CN

Ts
–
IL
(H
M
IM
-B
F 4
)
/
CP

E
SW

V
PB
,p

H
6.
0

1.
0
nM

–1
00
.0

mM
10
0.
0

mM
–2
20
.0

mM

LO
D
¼

70
0.
0
pM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(t
ab
le
ts
),

sp
ik
ed

de
xt
ro
se

sa
lin
e.

Te
st
ed

in
te
rf
er
in
g

ag
en

ts
:

as
co
rb
ic
ac
id
,v
ita
m
in

B 2
,g

lu
co
se
,s
uc
ro
se
,

m
et
hi
on

in
e,

gl
yc
in
e,

al
an
in
e,
N
aþ

,L
iþ
,

Br
–
,C

O
32–

.

A
na

ly
ti
ca
l
si
gn

al
:

da
sa
tin

ib
ox
id
at
io
n

(E
p
�

þ0
.6

V
vs

Ag
jAg

Cl
jKC

l sa
t).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
da
sa
tin

ib
.

[3
48
]

G
CE

SW
Ad

SV
10
0.
0
m
M

H
2S
O
4,

co
nt
ai
ni
ng

20
%

M
eO

H

40
0.
0
nM

–4
0.
0
mM

LO
D
¼

10
6.
0
nM

LO
Q
¼

32
1.
0
nM

N
/A

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

ni
lo
tin

ib
ox
id
at
io
n

(E
p
,1
�

þ1
.1

V
an
d

E p
,2
�

þ1
.6

V
vs

Ag
jAg

Cl
jN
aC
l 3
M
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

[3
51
]
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ni
lo
ti
ni
b

ox
id
at
io
n
m
ec
ha
ni
sm

of
ni
lo
tin

ib
.

G
CE

SW
Ad

SV
10
0.
0
m
M

H
2S
O
4,

co
nt
ai
ni
ng

20
%

M
eO

H

20
.0
nM

–2
.0

mM
LO

D
¼

3.
4
nM

LO
Q
¼

10
.2
nM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
se
ru
m
,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g

ag
en

ts
:

as
co
rb
ic
ac
id
,

do
pa
m
in
e,

pa
ra
ce
ta
m
ol
,C

aþ
,

N
aþ

,K
þ
,C

l�
,N

O
3�
.

A
na

ly
ti
ca
l
si
gn

al
:

ni
lo
tin

ib
ox
id
at
io
n

(E
p
,1
�

þ1
.2

V
an
d

E p
,2
�

þ1
.6

V
vs

Ag
jAg

Cl
jN
aC
l 3
M
).

D
et
er
m
in
at
io
n
in

th
e

pr
es
en
ce

of
20
0.
0
nM

so
di
um

do
de
cy
ls
ul
fa
te
.

[3
51
]

Ep
id
er
m
al

gr
ow

th
fa
ct
or

re
ce
pt
or

ty
ro
si
ne

ki
na

se
in
hi
bi
to
rs

ge
fit
in
ib

H
M
D
E

Ad
SV

20
0.
0
m
M

BR
B,

pH
4.
0

10
.0
nM

–1
00
.0

mM
LO

D
¼

12
.0
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
n
(t
ab
le
ts
),

sp
ik
ed

ur
in
e.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

ge
fit
in
ib

re
du

ct
io
n

(E
p
�

–0
.8

V
vs

SC
E)
.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

re
du

ct
io
n
m
ec
ha
ni
sm

of
ge
fit
in
ib
.

[3
62
]

er
lo
ti
ni
b

b-
CD

/
G
CE

SW
Ad

SV
10
0.
0
m
M

PB
,p

H
3.
0,

co
nt
ai
ni
ng

20
%

M
eO

H

10
.0
nM

–8
.0

mM
LO

D
¼

1.
1
nM

LO
Q
¼

3.
6
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
ns

(t
ab
le
ts
).

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

er
lo
tin

ib
ox
id
at
io
n

(E
p
�

þ1
.1
5
V
vs

Ag
jAg

Cl
jKC

l 3
M
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
er
lo
tin

ib
.

[3
53
]

f(–
CO

O
H
)M

W
CN

Ts
–
p-
H
U

/p
-P
H
F–
PG

E
D
PV

BR
B,

pH
7.
0

11
0.
0
nM

–2
3.
5
mM

LO
D
¼

20
.0
nM

LO
Q
¼

70
.0
nM

Re
al

sa
m
pl
e:

sp
ik
ed

na
il,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g

ag
en

ts
:

ch
ito

sa
n,

Tr
ito

n
X-
10
0.

A
na

ly
ti
ca
l
si
gn

al
:

er
lo
tin

ib
ox
id
at
io
n

(E
p
�

þ0
.5

V
vs

Ag
jAg

Cl
jKC

l 3
M
).

D
et
er
m
in
at
io
n
of

er
lo
tin

ib
pe
rf
or
m
ed

in
th
e
pr
es
en
ce

of
ca
pe
ci
ta
bi
ne
.

[1
17
]

Cy
cl
in
-d
ep

en
de

nt
ki
na

se
in
hi
bi
to
rs

pa
lb
oc
ic
lib

H
M
D
E

SW
Ad

SV
BR

B,
pH

7.
0

10
0.
0
nM

–1
.0

mM
LO

D
¼

88
.0
pM

LO
Q
¼

29
0.
0
pM

Re
al

sa
m
pl
e:

sp
ik
ed

bl
oo
d
pl
as
m
a,

sp
ik
ed

ur
in
e.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

pa
lb
oc
ic
lib

re
du

ct
io
n

(E
p
�

–1
.0
5
V

Ag
jAg

Cl
jKC

l 3
M
).

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

re
du

ct
io
n
m
ec
ha
ni
sm

of
pa
lb
oc
ic
lib
.

[3
63
]
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Ta
bl
e
5.

Co
nt
in
ue
d.

D
ru
g
an
d

its
st
ru
ct
ur
e

M
od

ifi
ca
tio

n/
El
ec
tr
od

e
Te
ch
ni
qu

e
M
ed
iu
m

Li
ne
ar

ra
ng

e
LO

D
/L
O
Q

Ap
pl
ic
at
io
n

Se
le
ct
iv
ity

Co
m
m
en
ts

Re
f.

H
um

an
ep

id
er
m
al

gr
ow

th
fa
ct
or

re
ce
pt
or

2
ty
ro
si
ne

ki
na

se
in
hi
bi
to
rs

la
pa

ti
ni
b

G
CE

SW
Ad

SV
10
0.
0
m
M

H
2S
O
4,

co
nt
ai
ni
ng

20
%

M
eO

H

20
.0
nM

–1
.0

mM
LO

D
¼

3.
5
nM

LO
Q
¼

10
.6
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
ns

(t
ab
le
ts
),

sp
ik
ed

bl
oo
d
se
ru
m
.

Th
e
in
te
ra
ct
io
n

be
tw
ee
n
ds
D
N
A

an
d
la
pa
tin

ib
.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

la
pa
tin

ib
ox
ia
da
tio

n
(E
p
�

þ1
.0

V
vs

Ag
jAg

Cl
jN
aC
l 3
M
).

D
et
er
m
in
at
io
n
in

th
e

pr
es
en
ce

of
50
.0

mM
Tr
ito

n
X-
10
0.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
la
pa
tin

ib
.

[3
52
]

G
CE

SW
Ad

SV
10
0.
0
m
M

H
2S
O
4,

co
nt
ai
ni
ng

20
%

M
eO

H

20
.0
nM

–1
.0

mM
LO

D
¼

1.
6
nM

LO
Q
¼

4.
8
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
ns

(t
ab
le
ts
),

sp
ik
ed

bl
oo
d
se
ru
m
.

N
/A

A
na

ly
ti
ca
l
si
gn

al
:

la
pa
tin

ib
ox
ia
da
tio

n
(E
p
�

þ1
.2

V
vs

Ag
jAg

Cl
jN
aC
l 3
M
).

D
et
er
m
in
at
io
n
in

th
e

pr
es
en
ce

of
50
.0

mM
Tr
ito

n
X-
10
0.

Pr
op

os
ed

el
ec
tr
oc
he
m
ic
al

ox
id
at
io
n
m
ec
ha
ni
sm

of
la
pa
tin

ib
.

[3
52
]

Ja
nu

s-
as
so
ci
at
ed

ki
na

se
in
hi
bi
to
rs

ru
xo
lit
in
ib

M
IP

(T
–
H
O
Bt
M
A
–
TE
A
–

H
EM

A
–
EG

D
M
A
–
AI
BN

–
p-
VA

)
/
G
CE

D
PV

5.
0
m
M

[F
e(
CN

) 6
]3
–
/4
–

in
10

m
M

Ac
B,

pH
5.
2

10
.0
fM

–1
00
.0
fM

LO
D
¼

1.
9
fM

LO
Q
¼

6.
4
fM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
ns

(t
ab
le
ts
),

sp
ik
ed

sy
nt
he
tic

bl
oo
d
se
ru
m
.

Te
st
ed

in
te
rf
er
in
g

ag
en

ts
:

ax
iti
ni
b,

im
at
in
ib
,

da
sa
tin

ib
,d

op
am

in
e,

ur
ic
ac
id
,p

ar
ac
et
am

ol
,

as
co
rb
ic
ac
id
,

N
aþ

,S
O
42–

.

A
na

ly
ti
ca
l
si
gn

al
:

in
di
re
ct

ru
xo
lit
in
ib

se
ns
in
g
by

m
on

ito
rin

g
th
e
de
cr
ea
se

in
[F
e(
CN

) 6
]3
�/

4�

ox
id
at
io
n
pe
ak

cu
rr
en
t

(E
p
[F
e(
C
N
)6
]3
�/

4�
�

þ0
.3

V
vs

Ag
jAg

Cl
).

[3
65
]

Va
sc
ul
ar

en
do

th
el
ia
l
gr
ow

th
fa
ct
or

re
ce
pt
or

ty
ro
si
ne

ki
na

se
in
hi
bi
to
rs

ax
it
in
ib

G
CE

D
PA

dS
V

BR
B,

pH
2.
0,

co
nt
ai
ni
ng

20
%

M
eO

H

80
.0
nM

–2
.0

mM
LO

D
¼

1.
1
nM

LO
Q
¼

3.
7
nM

Re
al

sa
m
pl
e:

ph
ar
m
ac
eu
tic
al

fo
rm

ul
at
io
ns

(t
ab
le
ts
),

sp
ik
ed

bl
oo
d
se
ru
m
,

sp
ik
ed

ur
in
e.

Te
st
ed

in
te
rf
er
in
g

ag
en

ts
:

as
co
rb
ic
ac
id
,

do
pa
m
in
e,

ur
ic
ac
id
,

N
aþ

,N
O
3�
,K

þ
,F
e3

þ
,

M
g2

þ
,S
O
42�

,C
l�
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]
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D
E

D
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%

M
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H
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0.
0
nM
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0.
0
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LO
D
¼

36
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Q
¼
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m
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at
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d
se
ru
m
,

sp
ik
ed

ur
in
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g
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m
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O
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þ
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þ
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þ
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at
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/
G
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D
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0
m
M
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) 6
]3
–
/4
–
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0.
0
m
M
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0.
0
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.0
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¼
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.0
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¼
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m
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at
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d
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.
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g
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,
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at
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,

A
na

ly
ti
ca
l
si
gn
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in
g
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m
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rin

g
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e
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ea
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in

[3
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Kþ
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aþ
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at
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n
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C
N
)6
]3
�/

4�
�

þ0
.2

V
vs

Ag
jAg

Cl
jKC

l 3
M
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N
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–
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O
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N
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/
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E
D
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.0
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M
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B,
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37
.0
nM

33
7.
0
nM
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ra
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,c
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,

su
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ct
os
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at
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,
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þ
,
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þ
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N
O
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O
H
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V
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H
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M
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g

sp
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N
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þ
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þ
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þ
,
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l
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b
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p
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V
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N
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M
M
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E
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V
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0
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.0
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D
¼
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Q
¼
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m
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e:
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m
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rm

ul
at
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n
(t
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le
ts
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in
e.
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in
g
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m
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,
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ro
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id
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,
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at
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N
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þ
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þ
,M
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þ
,
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þ
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þ
,
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þ
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.
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l
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b
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þ1
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V
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at
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ra
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O
N
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W
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at
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]
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in
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g
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,

rib
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l
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:
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fe
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b
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p
�
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V
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l 3
M
).
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]
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W
CN
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/
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V
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ra
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M
od
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m
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;
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–
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N
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O
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at
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Figure 6C).[353] In this work, erlotinib (as a hydropho-
bic guest) was used to form a host-guest complex with
b-CD (having a hydrophobic interior and a hydrophilic
exterior). Such configuration provided very good ana-
lytical parameters with LOD of 1.1 nM. It is also worth
mentioning that b-CD are water-soluble and nontoxic,
they can increase solubility, chemical stability, and bio-
availability of the drugs, and hence they are extensively
used in drug delivery applications.[354]

Direct sunitinib (other protein kinase inhibitor)
determination based on the oxidation signal was pro-
posed on CPE modified with a nanocomposite com-
posed of p-ANFBs and nickel- and zinc-doped
Fe2O3NPs (synthesized using an electrospinning
method).[355] The modified sensor exhibited good elec-
trocatalytic performance, allowed to detect the sunitinib
at a very low level (LOD of 900.0 pM), and showed
good selectivity towards different interfering species,
including ANAs, i.e., gefitinib and imatinib (belonging
to PKI).

The best result (LOD of 73.8 pM) for sorafenib
(other protein kinase inhibitor) was obtained on CPE
modified with sodium montmorillonite clay as the
result of electrocatalytic activity of modifier towards
sorafenib oxidation.[356]

GCE modified with rod-like copper oxide NPs syn-
thesized by hydrothermal method and finger-like car-
bon material obtained from hydrothermal
carbonization of waste masks was proposed as a sensor
for pazopanib (other protein kinase inhibitor) direct

determination and allowed its detection at a very low
LOD value of 49.4 pM and within a wide LR spanning
over 4 orders of magnitude.[357]

A very simple modification by drop-casting func-
tionalized MWCNTs suspension onto the GCE surface
was developed for regorafenib (other protein kinase
inhibitor).[358] The LOD value dawn to 20.8 nM, and
rather a good selectivity of the sensor was achieved
(except for uric acid which showed a high level of
interference even at the ratio of uric acid:regorafenib of
1:1). Worth mentioning is also an electrochemical sen-
sor based on GCE modified with a nanocomposite con-
sisting of ZrO2NPs and RGO.[359] This was synthesized
using a simple one-pot hydrothermal method, with
RGO serving as supporting material for ZrO2NPs at
the same time preventing their agglomeration. The
consequent platform provided excellent electrocatalytic
performance toward regorafenib sensing based on its
oxidation (LOD value of 17.0 nM) and allowed regora-
fenib detection in the presence of ascorbic acid and
uric acid.

Finally, sensing procedures based on the reduction
signal, utilizing a traditional HMDE and AdSV techni-
ques, have been proposed for imatinib (BCR-ABL tyro-
sine kinase inhibitor),[360,361] gefitinib (epidermal
growth factor receptor tyrosine kinase inhibitor),[362]

and palbociclib (cyclin-dependent kinase inhibitor)
detection.[363] All protocols provided relatively good
analytical parameters, manifested predominantly by
low LOD values (in the range of 88.0 pM–12.0 nM),

Figure 6. (A) The GCE surface decoration protocol for imatinib sensing: (i) drop-casting of GONRBs suspension on the GCE surface, (ii) metallic Cu electrodeposition,
(iii) treatment with NaOH for the oxidation of the elemental Cu to copper hydroxide nanotubes (Cu(OH)2NTs), (iv) MOF formation step. Voltammograms reprinted
from [346] with permission from American Chemical Society; (B) Simple GCE-based sensing of the nilotinib in the absence and presence of surfactant (SDS) species.
Prepared based on [351]; (C) erlotinib electroanalytical sensing at b-CD modified GCE using electrochemically optimized stripping SWV sensing protocol.
Voltammograms reprinted from [353] with permission from Elsevier; (D) Studying the interaction between dsDNA and lapatinib using G oxidation as the electroana-
lytical signal. Voltammograms reprinted from [367] with permission from Elsevier.
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and the possibility to be applied for real sample ana-
lysis (e.g., urine or blood serum samples or pharma-
ceutical formulations). However, the major
shortcoming of all herein proposed procedures is the
lack of selectivity studies.

ii. indirect detection through alterations in electro-
chemical responses of guanine and a redox probe.
Only 3 indirect approaches have been proposed for 3
various PKI compounds, i.e., dasatinib (BCR-ABL tyro-
sine kinase inhibitor), ruxolitinib (Janus-associated kin-
ase inhibitor), and axitinib (vascular endothelial growth
factor receptor tyrosine kinase inhibitor). First, dsDNA
sensor based on GCE modified with AuNPs and RGO
was developed to indirectly detect dasatinib via moni-
toring a decrease in the G oxidation current. Such sen-
sor displayed a LOD value of 9.0 nM.[364] Second, MIP-
based sensors with a signal originating from the
decreasing [Fe(CN)6]

3–/4– oxidation peak current were
used to develop methods for the indirect determination
of ruxolitinib [365] and axitinib.[366] Both platforms
provided impressive LOD values of 1.9 fM for ruxoliti-
nib [365] and 27.0 fM for axitinib,[366] making them
unbeatable when compared to other electroanalytical
configurations for the tested PKI. Moreover, the super-
ior selectivity of the latter sensor was proved by com-
paring the binding of axitinib and ANAs, i.e., erlotinib,
dasatinib, nilotinib, and imatinib (belonging to PKI),
and the results showed that the designed MIP-based
sensor possesses high recognition abilities towards tem-
plate molecule.[366]

In addition, electrochemical methods have been
employed for the examination of the interaction
between PKI with dsDNA or cancerous cell lines:

iii. interaction with dsDNA.
Two compounds, dasatinib (BCR-ABL tyrosine kinase
inhibitors) [364] and lapatinib (human epidermal growth
factor receptor 2 tyrosine kinase inhibitor) (Figure
6D),[367] were subjected to investigate their interactions
with dsDNA molecules using DPV technique. For both
inhibitors, the intercalation mode of interaction was
confirmed; most probably facilitated by the existence of
planar aromatic ring(s) in their structures. Dasatinib
exhibits a high affinity to dsDNA and the intercalation
process occurs through the minor or major grooves of
DNA.[364] In the case of lapatinib, not only electro-
chemical but also spectroscopic methods (UV–vis spec-
troscopy and fluorescence spectroscopy) confirmed that
this compound intercalates into the dsDNA helix and
the resulting interaction causes the condensation of the
DNA molecule.[367]

iv. interaction with carcinogenous cells.
The most frequently used compound in cell-related
studies was certainly nilotinib (BCR-ABL tyrosine kin-
ase inhibitor). First, a biocompatible film consisting of
GO and poly-(L-Lysine), immobilized on GCE surface,
was used to design the label-free electrochemical device
for the detection of K-562 cells by EIS method.[368] In
addition, the evaluation of the effectiveness of nilotinib

on the K-562 cell lines was tested, and the obtained
nilotinib cytotoxicity results (recorded by EIS) were
satisfactory and in good agreement with those from
colorimetric WST-1 assays. The second work describes
the development of the photoelectrochemical biosens-
ing platform fabricated using core-shell NPs on an
ITOE to effectively monitor caspase-3 activation during
K-562 cell apoptosis with great sensitivity and high sta-
bility.[369] Nilotinib was chosen as a model antileuke-
mia drug to induce the apoptosis of K-562 cells in the
photoelectrochemical detection of caspase-3. Further, a
novel sandwich-type dual-signal-marked electrochem-
ical sandwich immunosensor for simultaneous detec-
tion of B-cell lymphoma-2 (BCL-2) and BCL-2-
associated X (BAX) expressions was successfully fabri-
cated.[370] The biosensor was further used to investigate
BCL-2 and BAX expressions from apoptotic K562 cells
treated with nilotinib. It was found that the increase of
the nilotinib dosage and incubation time increases
BAX and reduces BCL-2 expression, and the rise of the
BAX/BCL-2 ratio indicates the promotion of the K-562
cells apoptosis. These results show that the apoptosis
level of K-562 cells could be regulated by the BCL-
2 family.

At least one study concerns vandetanib (other protein
kinase inhibitor). Interestingly, the impedimetric characteris-
tics of the MCF-7 cell line were recorded using a microfabri-
cated impedance sensing device to evaluate the cytotoxic
effect of vandetanib on cellular electrical behavior.[371]

Impedimetric studies provided a set of interesting findings
that were translated into suppression of cells proliferation
and induction of apoptosis process.

Monoclonal antibodies and antibody-drug conjugates

The sixth section is focused on monoclonal antibodies and
antibody-drug conjugates. Monoclonal antibodies are syn-
thetic proteins that mimic the immune system’s ability to
fight off harmful pathogens which can directly target tumor
cells while simultaneously promoting the induction of long-
lasting anti-tumor immune responses.[380] Antibody-drug
conjugates are monoclonal antibodies conjugated to cyto-
toxic agents that use antibodies specific to tumor cell-surface
proteins and, thus, have tumor specificity and potency not
achievable with traditional drugs.[381] This group of ANAs is
composed of 8 subclasses (as listed in Table S1).

Monoclonal antibodies and antibody-drug conjugates rep-
resent the class of chemical species that have attracted rather
limited attention in a view of electrochemistry. Among 45
agents, only 5 have been studied by electrochemical techni-
ques; each agent ((i)–(v)) is presented and discussed separ-
ately within this chapter. Moreover, when it comes to
sensing applications only 3 protocols exist, this is for rituxi-
mab, trastuzumab, and cetuximab (summarized in Table 6),
leaving other ANAs aside (see Table S1). As indicated in
Table 6, all three approaches are based on indirect detection,
even though monoclonal antibodies can be directly oxidized
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at the carbon-based electrodes (anodic currents are assumed
to originate predominantly from the oxidation of tyrosine
and/or tryptophan subunits present in the amino-acid anti-
body sequence). Nevertheless, direct electroanalysis is
expected to be highly non-selective when it comes to real
application. In this respect, the most promising electroana-
lytical platforms are those with monoclonal antibodies
placed within carefully designed surfaces. Thus, in the
future, more effort should be devoted to the development of
electrified sensing interfaces decorated with antigens, their
epitopes, or specially designed mimotopes. Such configura-
tions should give very selective (or even specific) sensing
interfaces and should help at filling the enormous gap con-
sisting of 42 existing chemical compounds (however, the
group is expected to be further enlarged), for which detec-
tion protocols have not yet been proposed.

i. A sensing protocol has been developed for rituximab
(clusters of differentiation 20 inhibitors); particularly,
poly-amidoamine dendrimer and RGO nanocomposite
modified PGE was used to fabricate an electrochemical
DNA biosensor for indirect determination of rituxi-
mab.[382] Especially noteworthy are works describing
the interaction between monoclonal antibodies and the
cells placed at the electrified surfaces which provide
direct electroanalytical output from the investigated
system. In this respect, QCM- biosensor based on
arginine-glycine-aspartic acid tripeptide modified AuE
surface with immobilized B-lymphoblast-like Burkitt’s
lymphoma Raji cells (B-cells) was proposed and used
to study the interaction between B-lymphocyte antigen
CD20 expressed on the surface of B-cells and rituximab
by potentiometry, CV, EIS, and piezoelectric
response.[383] The results confirmed the specific inter-
action (binding) between rituximab and B-cells. In
addition, the effect of Ca2þ and Mn2þ ions on the
interaction between rituximab and B-cells was studied.
Experiments indicated that CD20 antigen functions as
Ca2þ ion channel present in the cell membranes.
Transport of Ca2þ ions into the cells accelerated the
rituximab binding and resulted in the facilitated cell
lysis. In other work, the SAM of peptide mimotopes of
CD20 antigen modified QCM AuE sensor was designed
to study the binding of peptides with rituximab by
piezoelectric response, CV, and EIS.[384] Results showed
that the peptide mimotopes of the CD20 antigen desig-
nated as CN-14 (CGSGSGSWPRWLEN) are the most
selective and relatively sensitive for rituximab binding.

In addition, the electrochemical oxidation behavior
of native rituximab was studied on GCE by CV and
DPV.[385] Results showed that the electrochemical oxi-
dation process of native rituximab is pH-dependent
and involves complex electron transfer reactions. The
anodic peak recorded in all pH values corresponds to
the oxidation of monomeric tyrosine and/or trypto-
phan amino acid residues in the native rituximab struc-
ture, whereas the second peak occurred at lower pH
values and most probably corresponds to the oxidation

of monomeric methionine amino acid residues.
Further, the electrooxidation mechanism of denatured
rituximab was also investigated using the electrochem-
ical biosensors with a thick multilayer of rituximab
completely covering the GCE surface. For the con-
cerned surface, the higher number of voltammetric sig-
nals and/or their enhanced intensity was recorded as
expected after protein denaturation due to the unfold-
ing and subsequent structural changes in the protein
molecule. This in turn has led to the exposure of more
electroactive amino acid residues contributing to the
recorded signals. Particularly, SDS, tris(2-carboxyethyl)-
phosphine (TCEP), and dithiothreitol (DTT) were used
as the denaturing agent (SDS) and the reductants
(TCEP, DTT) to unfold the rituximab. The use of SDS
and TCEP resulted in the denaturated rituximab pro-
viding one peak of enhanced intensity (compared to
the native rituximab) which corresponds to the oxida-
tion of tyrosine and tryptophan amino acid residues.
In contrast, the denaturated rituximab, achieved using
DTT, revealed the presence of three peaks correspond-
ing to the oxidation of tyrosine and tryptophan amino
acid residues, the second step of the oxidation of tryp-
tophan amino acid residues, and finally oxidation of
histidine amino acid residues.

Finally, the evaluation of the interaction between rit-
uximab and dsDNA was investigated using DPV by
two methodologies: (i) in incubated samples of dsDNA
with rituximab, (ii) on a multilayer dsDNA-based elec-
trochemical biosensors in an aqueous solution.[382,386]

The obtained electrochemical results were verified by
gel-electrophoresis [382,386] and UV-vis spectros-
copy.[382] The results confirmed that rituximab binds
to dsDNA and: (i) a strong condensation of the
dsDNA structure due to the interaction between
dsDNA and rituximab was observed; (ii) no oxidative
damage to the DNA base was detected;[382,386] (iii)
binding mode between the rituximab and dsDNA was
governed by electrostatic interaction, and finally (iv)
rituximab may interact with dsDNA via
groove binding.[382]

ii. The label-free and reagent-free cysteine terminated
peptide mimotope SAM biointerface was designed for
trastuzumab (human epidermal growth factor receptor
2 inhibitor) detection.[387] The non-faradic impedance
read-out of the capacitive biosensor was governed by
the change in the electric double-layer capacitance
(Cdl) affected by the trastuzumab specific surface bind-
ing. The best sensing parameters were obtained under
the experimental conditions assuring low ionic strength
of the buffered solution because in such case the Cdl

governs the resulting capacitance of the modified AuE.
Further, an electrochemical biosensor was developed
based on AuE modified with RGO, AuNPs, and horse-
radish peroxidase-conjugated with trastuzumab and a
cluster of differentiation 166 monoclonal antibodies.
This was then used for the recognition and indirect
detection of prostate metastatic cancer cells (Du-145)
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providing amplified signals governed by enzymatic
reactions.[388] The results showed that upon the
adsorption on the surface the analytical signal originat-
ing from the enzymatically formed hydrogen peroxide
reduction at the underlying electrode increased. The
proposed cytosensor is characterized by a high ability
to capture the target cells, high sensitivity, and selectiv-
ity toward Du-145 cancer cells. Besides, an impedimet-
ric sensor based on the carboxylic group-containing
AuNPs functionalized GQDs and cobalt porphyrin
binuclear framework modified GCE was designed
towards the detection of human epidermal growth fac-
tor receptor 2.[389] The carboxylic groups present in
the modified GCE allowed for covalent linkage to the
amino group-containing trasmatuzab via an amide
bond. The fabricated sensor also showed good reprodu-
cibility and stability, making it a potential candidate
for the human epidermal growth factor receptor 2
sensing tool in breast cancer patients.

iii. Zinc oxide (ZnO) - cadmium selenide (CdSe) core-
shell QDs-based dual-analyte biosensor was developed
for the simultaneous detection of cetuximab
(Epidermal Growth Factor Receptor inhibitors) and the
carcinoembryonic antigen (CEA).[390] The simultaneous
detection of cetuximab (a therapeutic drug of colorectal
cancer) and CEA (preferred biomarker for in vivo colo-
rectal cancer) was achieved in a single run through the
preparation of adsorptive surfaces that upon cetuximab
(or CEA) binding leads to release of CdSeQDs
(or ZnOQDs).[390]

iv. The electrochemical behavior of native and denatured
nivolumab (programmed cell death protein 1/death lig-
and 1 inhibitor) was studied, correspondingly, in solu-
tion and in a form of denatured nivolumab multilayer
thick film adsorbed to GCE surface, using DPV, CV,
and EIS.[391] It was found that native nivolumab gives
two pH-dependent anodic peaks which correspond to
the oxidation of cysteine amino acid residues (first
peak) and the oxidation of tyrosine and tryptophan
amino acid residues (second peak). As expected, the
denatured nivolumab (immobilized on the GCE sur-
face) underwent substantial changes providing new
charge transfer characteristics. The unfolding of nivolu-
mab morphological structure upon denaturation (urea
and SDS were used as denaturing agents whereas DTT
and SDA as reducing agents) caused enhancement of
existing and appearance of new anodic responses as
compared with the native drug structure. These were
attributed to the oxidation of tryptophan, methionine,
and histidine amino acid residues.

Also, the nivolumab-dsDNA interaction was eval-
uated in incubated solutions and in-situ with dsDNA,
poly[G]- or poly[A]-based biosensors by electrochem-
ical methods, such as DPV, CV, EIS, and further con-
firmed with QCM, UV-vis spectroscopy, and gel
electrophoresis.[392] The results have shown that nivo-
lumab binds to dsDNA resulting in the formation of a
nivolumab-dsDNA complex, followed by its structure

relaxation/unwinding. In addition, it was proven that
the nivolumab did not induce oxidative damage
to DNA.

v. The electrochemical oxidation behavior of native and
denatured bevacizumab (vascular endothelial growth
factor inhibitors) was investigated by CV, DPV, SWV,
and EIS in solutions over a wide pH range at bevacizu-
mab-thin film modified GCE.[393] Native bevacizumab
exhibited only one pH-dependent irreversible oxidation
peak which corresponds to the oxidation of tyrosine
and tryptophan amino acid residues. The unfolding of
the bevacizumab structure occurred upon denaturation
with SDS, DTT, and SDS leading to additional oxida-
tion peaks attributed to cysteine and histidine amino
acid residues.

Moreover, the bevacizumab-dsDNA interaction was
studied by DPV in incubated solutions and using
dsDNA immobilized GCE.[394] The experiments
showed that bevacizumab binds to the dsDNA, and
this binding is driven by electrostatic forces; however,
no oxidative damage to DNA by bevacizumab was
detected electrochemically. Bevacizumab-dsDNA inter-
action leads to the formation of a complex bevacizu-
mab-dsDNA adduct. Both, DNA and bevacizumab
undergo unfolding which leads to morphological and
conformational changes. For comparison, non-denatur-
ing agarose gel-electrophoresis in incubated samples
was carried out and the obtained results were in good
agreement with those obtained by DPV.

Other antineoplastic agents

The last section is focused on a group composed of 8 classes
of chemical constituents (listed in Table S1) used for cancer
treatment classified as other antineoplastic agents.

This group lists 66 chemical species, but to our surprise,
only 14 (!) have been studied electrochemically (the com-
pounds left aside are summarized in Table S1). This under-
lines the existence of a significant niche for the basic
electroanalytical research that should be filled in the future.
Besides, the electrochemical detection strategies have been
developed for 12 drugs from the concerned group, and the
comprehensive summary of the electroanalytical parameters
can be found in Table 7. Unlike the previous chapters, sens-
ing protocols established for members of other ANAs are
discussed together without classification. Table 7 points out
unique electroanalytical configurations developed for the
individual compounds and highlights the predominant avail-
ability of indirect sensing approaches.

Considering intrinsic redox properties of the platinum
compounds the utilization of electrochemical techniques for
their analytical studies is an intuitive choice. Due to the
electrochemical activity of platinum-based drugs, electroana-
lytical methods may aspire to become routine tools even for
their in vivo analysis (existing reports are focused mainly
on cisplatin).

Inhibiting properties of cisplatin (platinum compound)
on cell division were discovered accidentally during unaware
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PtEs electrolysis in the chlorine ions-containing solution
while being placed in the Escherichia coli growing medium.
Basic cisplatin redox reactions were also harvested electro-
chemically during its plating over the GCE followed by its
oxidation (analytical step) [395] or direct reduction at the
Hg-based electrodes.[396] Indirect sensing of cisplatin was
realized on HMDE modified with metallothionein (MT) by
monitoring an increase in the reduction peak of Pt2þ-MT
protein complex [397] and on CPE with electrodeposited
AgNPs,[398] with the latter procedure providing a lower
LOD of 3.2 nM.[398] Besides, the nanoporous GCE modified
with thionine and GQDs [399] was designed, where the elec-
trocatalytic effect of thionine on cisplatin oxidation gave the
sensor operating in two LR with LOD of 90.0 nM and good
selectivity.[399] Wu and Lai proposed tunable signal-off and
signal-on electrochemical sensor based on AuE modified
with a thiolated and low coverage MTB-terminated oligo-A-
oligo-G DNA probe for cisplatin sensing (Figure 7A shows
the sensing concept). The detection strategy was based on
the electrocatalytic reaction between the Pt(IV) center of cis-
platin and leucomethylene blue (LMTB; MTB is firstly
reduced to LMTB which then acts as the reducing agent to
catalyze the reduction of the Pt(IV) center in cisplatin to
Pt(II), regenerating MTB in the process). This configuration,
with a rather narrow LR, allowed cisplatin detection down
to 200.0 nM.[400] Interestingly, a method was established for
the individual determination of three platinum compounds,
cisplatin, carboplatin, and oxaliplatin. Their indirect sens-
ing was realized by monitoring an increase in Pt2þ-forma-
zone complex reduction peak current on HMDE (complex

was formed in the presence of supporting electrolyte).[401]

Such platform enabled the drugs detection at a very low
LOD of 200.0 pM for cisplatin, 100.0 pM for carboplatin,
and 80.0 pM for oxaliplatin; however, the selectivity study
was not performed.

Further, carboplatin (platinum compound) can be directly
oxidized on a bare PtE, which was used to develop a very
simple electroanalytical protocol with a LOD of 30.0
mM.[402] Noticeably, the indirect determination of carbopla-
tin in blood serum collected from the patients with ovarian
cancer undergoing treatment with carboplatin by monitoring
the decrease in A oxidation peak current was reported on
ssDNA modified GCE with LOD of 5.7 mM.[403] In addition,
the pharmacokinetic study performed in this work showed
that carboplatin concentration in the blood serum decreases
exponentially with time, and thus, after 72 h since the
administration of the drug, the carboplatin concentration is
lower than the established LOD value and cannot
be detected.

The impressive sensing output for oxaliplatin (platinum
compound) was achieved with a platform utilizing MIP(p-
Py)-based sensor electrodeposited on the GCE surface modi-
fied with nitrogen-doped MWCNTs and AgNPs functional-
ized copper-doped terephthalic acid (Cu-TPA) MOF, which
increased the anchoring binding sites on the polymeric
film.[404] The oxaliplatin detection strategy was based on
indirect oxaliplatin sensing by monitoring a decrease in the
reduction signal of Cu-TPA. The developed MIP-based sen-
sor offered outstanding sensitivity, reproducibility, and sta-
bility and gave the lowest reported LOD value for

Figure 7. (A) Cisplatin sensors constructed at the AuE surface modified with thiolated MTB-terminated DNA strands. The analytical signal originates from the DNA
conformational changes triggered upon cisplatin (red sphere) binding. Prepared based on [400]; (B) Protocol for the oxaliplatin imprinting in a blend composed of
CQDs, HBNNSs, and Zr(IV)-MOF in a poly-methacrylic acid (p-MAA) MIP. DP voltammograms reprinted from [405] with permission from Elsevier; (C) SPCE decorated
with a nanomaterial derived from gold NRs (AuNRs) further modified with Ag coating and N-GQDs-COCl containing MIP used for the hydroxycarbamide sensing. DP
voltammograms reprinted from [408] with permission from Elsevier; (D) The scheme showing indirect, potentiometric detection of procarbazine using FISE. Fluoride
ions are the side project of the procarbazine reaction with 1-fluoro-2,4-nitrobenze reagent. Prepared based on [411].
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oxaliplatin equal to 40.3 pM. Obtained results showed that
oxaliplatin, unlike most of the tested interfering species
which are listed in Table 7, can freely diffuse into imprinted
cavities existing in the polymeric network. The exceptions
were structurally related Pt-containing drugs such as cis-
platin, satraplatin, and carboplatin (poor selectivity reported
in the presence of high concentrations above 126.0 mM).
Another indirect oxaliplatin sensing platform was based on
monitoring a decrease in [Fe(CN)6]

3–/4– oxidation peak cur-
rent recorded with a sensor constructed from a combination
of Zr(IV)-MOF, hexagonal boron nitride nanosheets
(HBNNSs) and carbon quantum dots (CQDs) placed over
GCE surface. Imprinting the oxaliplatin in the polymeric
network gave excellent sensing output with very high target
molecule recognition capability [405] (the sensing surface
preparation is schematically shown in Figure 7B). The sen-
sor allowed LOD as low as 370.0 pM, showed superior
selectivity toward oxaliplatin detection in the presence of
interfering species at high concentration (especially other Pt-
based compounds such as cisplatin, carboplatin, picoplatin,
and satraplatin), as well as exhibited excellent reproducibility
and stability.

Indirect sensing protocol for amsacrine (other non-classi-
fied ANA) by monitoring a decrease in G oxidation peak
was proposed on CPE modified with europium(III)-doped
nickel(II) oxide NPs ((Eu3þ-NiO)NPs) and dsDNA.[406] The
sensor-enabled amsacrine detection at LOD of 50.0 nM and
showed satisfactory selectivity. Direct amsacrine determin-
ation based on its oxidation signal was also carried out on
CPE modified with graphene with immobilized dsDNA.[407]

A relatively low LOD value of 300.0 nM was achieved, how-
ever, the selectivity of the sensor was not tested.

Among all sensing protocols for hydroxycarbamide
(other non-classified ANA), worth mentioning is the work
where SPCE was modified with acrylated nitrogen-doped
GQDs (N-GQDs-COCl) prepared utilizing the degree of
dehydration/carbonization of citric acid (carbon skeleton)
and urea (nitrogen dopant), which provided an efficient
platform anchoring core-shell bimetallic Au-Ag nanorods
(NRs) placed in MIP sensing interface (Figure 7C shows the
nanomaterial structure).[408] The developed MIP-based sen-
sor allowed to push hydroxycarbamide detection down to
657.4 pM and showed excellent selectivity toward other
potentially interfering substances (phenomenal imprinting
effect) including ANAs (i.e., temozolomide, dacarbazine,
ifosfamide, and chlorambucil which belong to alkylating
agents) even at high excess concentrations. In addition, the
regeneration of the MIP-based sensor was possible by tem-
plate retrieval approach using methanol as a solvent. The
sensing surface withstood at least 20 binding-rebind-
ing cycles.

Reports describing the determination of celecoxib (other
non-classified ANA) are only based on its reduction signal.
Among 5 sensing protocols developed for this drug (see
Table 7), worthy of note is work where ITOE modified with
p-ANI and functionalized MWCNTs was used to detect cel-
ecoxib with a very low LOD value of 10.0 pM.[409] The
determination of celecoxib was also carried out on HMDE

providing comprehensive electroanalytical protocol with a
low LOD value of 186.0 pM, and selectivity studies per-
formed in pharmaceutical formulation, spiked blood serum,
and in the presence of interfering agents.[410]

As clearly indicated in Table 7, for six compounds only
one sensing protocol has been developed so far. Moreover,
the proposed methods possess a common feature, repre-
sented by rather poor analytical parameters, as evidenced by
the lack of selectivity studies and relatively high LOD values
(the only exception is a method established for satraplatin as
discussed below). Briefly, a kinetic potentiometric method
was proposed for the determination of procarbazine (meth-
ylhydrazines; making the entire methylhydrazine group by
itself) which was based on monitoring the reaction between
1-fluoro-2,4-dinitrobenzene and procarbazine, which
resulted in the release of fluoride ions that could be detected
using fluorine ion-selective electrode (FISE) (reaction and
sensing mechanism is depicted in Figure 7D).[411] Direct
determination of tretinoin (retinoids for cancer treatment)
was carried out on GCE, however, obtained LOD value of
7.5 nM is questionable as lower concentration value of the
reported LR equals to 1.0 mM.[412] Next, an amperometric
sensor based on AuE modified with hierarchical leaf-like
AuNPs electrochemically deposited using choline chloride as
a shape directing agent was fabricated and used for vorino-
stat (histone deacetylase inhibitors) determination.[413]

Moreover, sensing protocols based on cytochrome C modi-
fied BDDE (via monitoring a decrease in cytochrome C
reduction peak) and SPCE modified with zinc-doped cobalt
Fe2O3NPs (direct oxidation) have been reported for arsenic
trioxide and anagrelide (other non-classified ANA),
respectively.

Reagentless and reusable amperometric sensors based on
AuE with immobilized MTB (which is one of the most com-
monly used redox labels in electrochemical biosensing appli-
cations) were prepared in three different alkanethiol
diluents, i.e., 2-mercaptoethanol (C2), 4-mercapto-1-butanol
(C4), and 6-mercapto-1-hexanol (C6) to evaluate the effect
of the chain length on the overall sensor performance, were
developed and tested for satraplatin (platinum compound)
sensing in 50 % bovine calf serum.[414] In this work, the
detection strategy was based on the electrocatalytic reaction
between the Pt(IV) center of satraplatin and LMTB (MTB is
firstly reduced to LMTB which then acts as the reducing
agent to catalyze the reduction of the Pt(IV) center in satra-
platin to Pt(II), regenerating MTB in the process). The C2-
passivated amperometric sensor has shown better perform-
ance in terms of the lowest LOD value of 1.0 mM, compared
to C4- and C6-passivated sensors. In addition, the prepared
sensor was proved to be highly specific for satraplatin (did
not respond to other platinum compounds such as cisplatin
and carboplatin), and selective enough to be employed dir-
ectly in serum.

To the best of our knowledge, no sensing protocols have
been proposed for two representatives of proteasome inhibi-
tors, even though their electrochemical activity has been suc-
cessfully manifested: bortezomib can be directly oxidized
and reduced on GCE (both processes are pH-
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dependent),[415] and similarly, direct electrooxidation (under
a pH-dependent and adsorption-controlled mechanism) of
carfilzomib was performed on GCE and BDDE.[416]

Moreover, electrochemical methods can throw light on
the following areas of interest:

i. interactions with ssDNA and dsDNA.
The interaction between carboplatin (platinum com-
pound) and ssDNA was studied by DPV on ssDNA-
modified GCE.[403] It was stated that carboplatin binds
covalently to DNA preferentially interacting with A
rather than G groups. In contrast, cisplatin and oxali-
platin (platinum compounds) specifically bind to G
bases in the skeleton of DNA, which was revealed
based on the experiments with these drugs and
dsDNA-based PGE modified with SWCNTs using DPV
and EIS.[417] Moreover, the dsDNA sensors based on
CPE modified either with (Eu3þ-NiO)NPs [406] or gra-
phene [407] were used to investigate the interactions
between amsacrine (other non-classified ANA) and
dsDNA by DPV. In addition, UV–vis spectroscopy and
docking measurements were also employed to investi-
gate the amsacrine-dsDNA interaction. The results
proved the effective interaction between amsacrine and
dsDNA via intercalation at minor and major groove of
dsDNA (the possibility of intercalation at major groove
was proved to be higher than at minor groove).

ii. interactions with peptides and enzymes.
The interactions between cisplatin, carboplatin, and
oxaliplatin (all platinum compounds) with three syn-
thesized peptides derived from MT proteins were
studied using electrochemistry.[401] Briefly, MT belongs
to the group of intracellular and low molecular mass
proteins that are rich in cysteine and have no aromatic
amino acids. The overexpression of MT in tumor cells
is one of the generally accepted mechanisms of resist-
ance development to these drugs. Therefore, such inter-
actions between platinum compounds and metal-
binding peptide fragments of MT proteins were exam-
ined using flow-injection analysis with amperometric
detection on HMDE. As evident from the obtained data,
interactions proceeded differently, with oxaliplatin dem-
onstrating the highest ability to form Pt2þ-MT complex.

In addition, the mechanism of action of bortezomib
(20S proteasome inhibitor) was examined using electro-
chemical assays based on 20S proteasome
enzyme.[418,419] In particular, two assays were estab-
lished: (a) 20S proteasome was immobilized on GCE,
and its electrochemical activity was monitored by DPV
(and fluorescence spectroscopy for comparative pur-
poses),[418] and (b) GCE with immobilized 20S prote-
asome and a monoclonal antibody specific to the b5
subunits of the 20S proteasome, whose activity was
observed by CA.[419] In both works, the detection prin-
ciple was based on the electrochemical oxidation of the
electroactive probe commonly used in the study of pro-
teases, 7-amino-4-methylcoumarin, released from the
enzymatic substrate of chymotrypsin-like activity upon

proteolysis. It was demonstrated that the proposed elec-
trochemical assays are reliable and can be used to assess
the 20S proteasome activity as well as to effectively
investigate the inhibition mechanism of bortezomib.

iii. interactions with cancer cells.
HeLa cell lines have been frequently used to elucidate:
a. the effect of different cisplatin (platinum com-

pound) loaded liposomes on HeLa cells by simple
CV.[420] The results showed that cisplatin
decreased the voltammetric response of HeLa cells
in a time- and concentration-dependent manner
and a decrease in peak current was in line with
the nuclear damage and the loss of mitochondrial
membrane potential additionally revealed by two-
photon laser scanning microscopy and confocal
laser scanning microscopy.

b. real-time and time-dependent impedimetric cyto-
toxicity of oxaliplatin (platinum compound) and
liposome-encapsulated oxaliplatin (developed for
targeted drug delivery).[301] For this purpose,
“plug-in” microfluidic chip with the microelec-
trode array consisting of 12 interdigitated micro-
electrodes coated with laminin was developed. It
was found that the response of HeLa cells to oxali-
platin-induced cytotoxicity was slower than tox-
icity induced by doxorubicin. In addition, it was
possible to differentiate between the effect of free
oxaliplatin and liposome-encapsulated oxaliplatin
on the induction of the cell death in fibrosarcoma
cell line (HT-1080) that produce matrix metallo-
proteinases needed for degradation of drug-loaded
liposomes (the metalloproteinases-dependent
release of oxaliplatin from the liposomes was con-
firmed using hypopharyngeal carcinoma cell line
(FaDu) that do not express metalloproteinases).

c. cell growth, viability, and hydroxycarbamide
(other non-classified ANA)-related toxicity; this
investigation was carried out by CV and PSA on
the HeLa cell-based chip, which contained three
AuEs patterned on a silicon substrate.[55]

Also, PtE was used to monitor carboplatin
(platinum compound) consumption (carboplatin
removal from the solution by cells uptake and
binding) by drug-susceptible and drug-resistant
ovarian cancer cells using electrochemical meth-
ods.[402] Interestingly, the obtained results demon-
strated a similar consumption of carboplatin by
both, susceptible and resistant, cell lines.

Finally, the electrochemical behavior of K-562
and the effect of arsenic trioxide (other non-classi-
fied ANA) on cell viability and toxicity was investi-
gated on a new disposable electrochemical device
with an integrated ITOE and a filter paper used as
the electrochemical cell.[54] The results revealed
that arsenic trioxide considerably affects the vol-
tammetric response of K-562 cells, which
decreased significantly in the presence of the drug.
In addition, the system enabled the use of a very
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small volume of cell samples of 10 mL, which is
significantly reduced when compared to traditional
electrochemical systems (>500 mL).

Conclusion and outlook

In this review, the versatility and powerfulness of electro-
chemistry for studying ANAs, a wide and structurally het-
erogeneous group of pharmaceuticals, have been
demonstrated. The progress made in (i) electrochemical
sensing of ANAs over the last four decades and (ii) investi-
gation of interactions of ANAs with complex structures,
such as DNA, cancerous cells, biomimetic membranes, pep-
tides, and enzymes by means of electrochemical techniques
has been comprehensively documented. Moreover, perspec-
tives for applications of electrochemical approaches towards
enantiopurity study, differentiation between ssDNA and
dsDNA without using any label or tag, degradation, and
pharmacokinetic studies on ANAs, are shown
and commented.

The core of this review is based on the selection of ca.
350 most relevant publications; importantly, ca. 300 are
from the last decade (i.e., period of 2011–2021), which illus-
trates increasing interest in electrochemical studies of ANAs.
It is expected that the research on ANAs will intensify, con-
sidering that no electrochemical data are available for more
than 70% (!) of currently known compounds: WHOCC lists
266 ANAs in total, however, only 76 have been tested elec-
trochemically so far, and even though electroactivity of
some ANAs have been confirmed, the sensing protocols
have not yet been established (such information may facili-
tate the development of sensing solutions for the concerned
molecules). This leaves a huge gap to be filled in the coming
years, bearing in mind that fast and reliable monitoring of
ANAs in cancer patients undergoing chemotherapy as well
as in exposed medical personnel was, is, and will be crucial
to diminish the health risks associated with these drugs.

Up to date, the sensing protocols for ANAs are frequently
based on relatively straightforward modifications of carbon-
based electrode surfaces with a simple type of nano-/micro-
objects, resuting in analytical methodology providing an
impressive LOD values reaching the nM range. Some sens-
ing scenarious are fully applicable for the monitoring of
therapeutic concentrations of ANAs in physiological fluids
of patients and healthcare workers. Methods that were not
verified by real samples analysis or at least exposed to
potentially interfering chemical species are of limited useful-
ness for clinical applications. If such reports aim to be
applicable and relevant, the missing knowledge gap must be
filled. Further effort is also needed to improve the selectivity,
at the same time remaining one of the biggest challenges, of
the electrochemical sensing of ANAs. This aspect can be
addressed via the following actions:

i. One of the most common solutions has been the devel-
opment of MIP-based sensors for a wide range of
ANAs. A considerable amount of developed MIP-based
configurations demonstrated impressive sensing output

and very high selectivity. This approach should be con-
sidered, despite being quite tedious, for other drugs
sensing. Another advantage of MIP-based sensors is
their applicability for non-electroactive compounds
detection when combined with an indirect approach
based on a redox marker. This also further expands the
possibility of using electroanalytical techniques for
ANAs detection.

ii. Incorporation of the electrokinetic separation step
before electrochemical detection as successfully
reported for four cytotoxic antibiotics in [248]. Such an
approach demonstrated, besides excellent selectivity,
the ability to detect the selected compounds in trace
quantities (fM range).

iii. Biosensing, especially enzymatic, aptamer-/immune-
based, attracted very limited attention in a view of
ANAs sensing. As frequently reported in the literature,
these approaches may lead to a very high selectivity or
even, in some cases, very much desired sensing
specificity.

Further, it is expected that ion transfer voltammetry will
be utilized to a much greater extent. Until now, the analyt-
ical protocols based on the interfacial ion transfer reaction
exist only for a limited amount of ANAs. All drugs possess-
ing ionizable or permanently charged functional groups are
potentially active at the electrified liquid-liquid interface,
and hence, can be detected using this methodology. Also, an
important advantage of electrochemical system (in general)
is their susceptibility to miniaturization. As such, the future
development will be heading towards portablility and the
possibility to be used for point-of-care testing. The minia-
turized sensor requires small sample for analysis, which is
convenient when, e.g., working with limited amounts of
physiological fluids. A few interesting reports exist where
electroanalytical techniques were used to monitor the con-
centration levels of selected ANAs in real blood serum or
urine samples collected directly from the treated cancer
patients. Similar studies should become more frequent as it
is beneficial for both patients/healthcare workers and
researchers who can verify and validate the developed (bio)-
sensors in clinical practice. In this respect, the cooperation
between the electrochemical community and medical centers
should be intensified.

As demonstrated in this review, electrochemical techni-
ques provide a set of powerful tools which may be used to
study ANAs interactions with complex structures, including
DNA and carcinogenic cell lines. However, the interaction
between some drugs and DNA is inconclusive since contrary
data pointing towards different interaction mechanisms exist
in the literature. Therefore, experimental verification of the
published results is a must. Besides, not all electrochemically
tested ANAs have been subjected to such investigations,
even though “DNA-drug interaction” examination has great
importance in predicting the mechanism of action of indi-
vidual ANA as a genotoxic anticancer drug and understand-
ing its biological activity and toxicity in vivo.
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Although a few exciting works describing interesting elec-
trochemical platforms for studying ANAs interactions with
cancerous cells already exist, more attention should be given
to developing similar platforms since simple electroanalytical
readout may serve as the information which can be trans-
lated into the most appropriate cancer treatment scheme.
Such platforms may also create a bedrock for further devel-
opment and fabrication of even more sophisticated devices
based on lab-on-the-chip and organ-on-the-chip technology.

In conclusion, this review highlights the relevance and
importance of electrochemistry in investigations of ANAs,
summarizes the most significant achievements and applica-
tions, points out future research aims, that will fill the exist-
ing literature niche on the proposed topic.
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Abbreviations

A adenine
A-549 human lung adenocarcinoma cell line
AdSV adsorptive stripping voltammetry
AgNPs silver nanoparticles
ANAs antineoplastic agents
ATC anatomical therapeutic chemical
AuE gold electrode
AuNPs gold nanoparticles
AuNRs gold nanorods
BAX B-cell lymphoma-2-associated X expressions
B-cells B-lymphoblast-like Burkitt’s lymphoma Raji cells
BCL-2 B-cell lymphoma-2 expressions
BDDE boron-doped diamond electrode
C cytosine
C2 2-mercaptoethanol
C4 4-mercapto-1-butanol
C6 6-mercapto-1-hexanol
CA chronoamperometry
Cdl double-layer capacitance
CdSe cadmium selenide
CdSeQDs cadmium selenide core-shell quantum dots
CEA carcinoembryonic antigen
CHIT chitosan
CPE carbon paste electrode
CQDs carbon quantum dots
Cu(OH)2NTs copper hydroxide nanotubes
Cu-TPA copper-doped terephthalic acid
CV cyclic voltammetry
CyA cysteamine
DDD defined daily dose
DHþ protonated daunorubicin
DME dropping mercury electrode
DNA deoxyribonucleic acid
DPV differential pulse voltammetry
dsDNA double-stranded deoxyribonucleic acid
DTT dithiothreitol
Du-145 prostate metastatic cancer cells
ECL electrochemiluminescence
EIS electrochemical impedance spectroscopy
(Eu3þ-Cu2O)NPs europium(III)-doped copper(I) oxide

nanoparticles
(Eu3þ-NiO)NPs europium(III)-doped nickel(II) oxide

nanoparticles

ERGO electrochemically reduced graphene oxide
FaDu hypopharyngeal carcinoma cell line
Fe2O3NPs ferrite nanoparticles
Fe3O4NPs magnetite nanoparticles
G guanine
GCE glassy carbon electrode
GO graphene oxide
GONRBs graphene oxide nanoribbons
GQDs graphene quantum dots
GTA glutaraldehyde
HBNNSs hexagonal boron-nitrate nanosheets
HMDE hanging mercury drop electrode
HOPGE highly oriented pyrolytic graphite electrode
HT-1080 fibrosarcoma cell line
IgG-Mtx-Ab immunoglobulin G methotrexate antibody
IL ionic liquid
ITIES interface between two immiscible electro-

lyte solutions
ITOE indium tin oxide electrode
K-562 chronic myeloid leukemia cell line
LMTB leucomethylene blue
LOD limit of detection
LR linear range
LSV linear sweep voltammetry
MCF-7 breast cancer cell line
MIP molecularly imprinted polymer
MOF metal organic framework
MoS2NFLs molybdenum disulfide nanoflowers
MPA 3-mercaptopropionic acid
MT metallothionein
MTB methylene blue
MWCNTs multi-walled carbon nanotubes
N,S-ARGO nitrogen and sulfur co-doped activated reduced

graphene oxide
NADH reduced form of nicotinamide adenine

dinucleotide
NAF Nafion
N-CQDs nitrogen-doped carbon quantum dots
NFBs carbon nanofibers
N-GQDs-COCl acrylated nitrogen-doped graphene quan-

tum dots
NiONPs nickel(II) oxide nanoparticles
NPs nanoparticles
N-RGO nitrogen-doped reduced graphene oxide
NRs nanorods
OA oxalic acid
p-(L-Cys) poly-(L-cysteine)
p-ANFBs poly-acrylonitrile nanofibers
p-ANI poly-aniline
p-ATPh p-aminothiophenol
p-BCP poly-bromocresol purple
PdNPs palladium nanoparticles
p-EI poly-ethyleneimine
p-ET poly-ethylene terephthalate
PGE pencil graphite electrode
PKI protein kinase inhibitors
p-MAA poly-methacrylic acid
p-Py poly-pyrrole
PSA potentiometric stripping analysis
PTC perylene tetracarboxylic derivative
PtE platinum electrode
pTHMMAA N-[tris(hydroxyl-methyl)methyl]acrylamide
PtNPs platinum nanoparticles
QCM quartz crystal microbalance
RGO reduced graphene oxide
SAEs solid amalgam electrodes
SAM self-assembled monolayer
SDS sodium dodecyl sulfate
SERS surface-enhanced Raman spectroscopy
SMDE static mercury drop electrode
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SPCE screen-printed carbon electrode
SPE screen-printed electrode
ssDNA single-stranded deoxyribonucleic acid
SWCNTs single-walled carbon nanotubes
SWV square-wave voltammetry
T thymine
TCEP tris(2-carboxyethyl)phosphine
TiO2NPs titanium dioxide nanoparticles
TUB tubulin
U-937 histiocytic lymphoma cell line
WHO World Health Organization
WHOCC WHO Collaborating Centre
WI-38 human lung fibroblast cell line
ZnO zinc oxide
ZnONPs zinc oxide nanoparticles
ZnOQDs zinc oxide core-shell quantum dots
Zr(IV)-MOF zirconium(IV)-based metal organic framework
ZrO2NPs zirconium dioxide nanoparticles
b-CD b-cyclodextrin
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Appendix A.

Supplementary material

Supplementary material contains a table listing ANAs which were not
subjected to electrochemical studies.
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