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ARTICLE INFO ABSTRACT

Keywords: Alkylating agents were among the first anticancer drugs to be discovered and continue to be the most commonly
Alkylating agents used in chemotherapy. They are electrophiles that react with the ring nitrogen and extracyclic oxygen atoms of DNA
Electrochemistry

bases, forming covalent adducts that further lead to cross-linking of DNA strands, abnormal base pairing or DNA
strand breaks. The investigation and quantitative analysis of alkylating agents in biological samples are essential for
monitoring the therapy progression and efficiency, understanding their pharmacokinetics and develop new more
effective and specific chemotherapeutical drugs. Among biotechnological methods, electrochemical techniques are
particularly important in pharmaceutical medicine, owing to their rapid detection, great sensitivity, robustness,
exceptional detection limits, ability to be used with small analyte volumes in turbid biofluids, and easy adaptability
to miniaturization and point-of-care (POC) testing. This article provides first an exhaustive review concerning the
electrochemical methods of characterization and quantification of different classes of chemotherapeutic alkylating
agents (triazenes and hydrazines, nitrosoureas, nitrogen mustards, oxazaphosphorines, alkyl alkane sulfonates and
ethylene imines) in standard samples, pharmaceutical formulations and biological matrixes. The second part of the
article focuses on the recent electrochemical methodologies and DNA-electrochemical biosensors developed to
study the interaction of alkylating agents with DNA. These studies are relevant for obtaining real-time details about
the alkylating agents’ mechanism of action and for assessing the oxidative DNA damage they cause, important for
the development of improved antineoplastic drugs.

DNA-drugs interaction
DNA-electrochemical biosensor
Oxidative DNA damage

extracyclic oxygen O atoms of DNA bases, Fig. 1, to form covalent
adducts that can vary from simple methyl groups to complex alkyl

1. Introduction

Alkylating agents were among the first anticancer drugs to be
discovered, after observing their effects during their use as chemical
weapons during the First World War. Nowadays they are still the most
commonly used pharmacological compounds in chemotherapy.

Alkylating agents are electrophiles that react with the nucleophilic
moieties of DNA, resulting in the covalent transfer of an alkyl group. In the
alkylation reaction (1) [1,2], a nucleophilic substitution occurs, in which
the hydrogen H atom of the nucleophilic target of alkylation (H-R’) is
substituted by the alkyl group R of the alkylating agent
(R-X, with X being a negatively charged halogen atom, e.g. chlorine).

R-X + H-R’ - R-R’ + HX (€D)]

Alkylating agents react directly with the ring nitrogen N and

additions that can further cause cross-linking of DNA strands, abnormal
base pairing or DNA strand breaks [3].

The type of DNA lesions caused by an alkylating agent depends on its
number of reactive sites (monofunctional or bifunctional alkylating
agent), its chemical reactivity (Sy1 or SN2 type nucleophilic substitution),
the type of alkyl group addition (methyl, chloroethyl, etc.) and DNA type
(double-stranded or single-stranded) [3]. Monofunctional alkylating
agents contain one active chemical moiety, interacting with only one
DNA strand and generating covalent adducts, whereas bifunctional
alkylating agents contain two reactive groups, interacting with two atoms
on both DNA strands and generating intra-strand cross-links. Sy2 alky-
lating agents target ring N atoms, whereas Sy1 alkylating agents target
both ring N and extracyclic O atoms in DNA bases, Fig. 1b.
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There are five traditional classes of chemotherapeutic alkylating
agents, Table 1: triazenes and hydrazines (e.g. temozolomide, dacarba-
zine, procarbazine), nitrosoureas (e.g. streptozotocin, carmustine,
lomustine, nimustine, fotemustine), nitrogen mustards (e.g. mechlor-
ethamine, bendamustine, chlorambucil, melphalan, estramustine),
oxazaphosphorines (e.g. cyclophosphamide, ifosfamide), alkyl alkane
sulfonates (e.g. busulfan), and ethylene imines or aziridines (e.g. altret-
amine, thiotepa, mitomycin C) [1,3,4].

Over the last years, new alkylating agents, especially nitrogen
mustard hybrid compounds, have been synthetized [5]. However, the
alkylating agent’s effectiveness in slow-growing cancers, but not on
rapidly growing ones, their lack of site specificity, which leads to side
effects on normal non-tumor cells, and the ability of the body to acquire
chemoresistance, which leads to treatment failure, are important
drawbacks in alkylating agents-based cancer therapy. Therefore, the
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development of new more effective and specific
chemotherapeutical alkylating agents is of outmost importance. The
quantitative pharmaceutical analysis of alkylating agents in biological
samples is also important for understanding their pharmacokinetics and
monitoring the therapy progression. Electrochemical techniques
received increased attention in biotechnological applications in phar-
macology, due to their rapid detection, great sensitivity, robustness,
easy miniaturization, excellent detection limits, use of small analyte
volumes, ability to be used in turbid biofluids and adaptability to the
point-of-care (POC) testing.

The design and applications of electrochemical techniques of
characterization and quantitative determination of different classes of
chemotherapeutic alkylating agents (nitrogen mustards, oxazaphos-
phorines, alkyl alkane sulfonates, ethylene imines, nitrosoureas and
triazenes and hydrazines) in standard samples, pharmaceutical
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Fig. 1. (a) Chemical structures of DNA bases, nucleosides and nucleotides, (b) Sites of alkylation on DNA bases, with the major sites shown in red and blue, and with

the minor sites shown in green.



A.-M. Chiorcea-Paquim and A.M. Oliveira-Brett Journal of Pharmaceutical and Biomedical Analysis 222 (2023) 115036

Table 1
The main classes of alkylating agents used in clinic treatment.

Class of alkylating agents Drugs Clinical use

MONOFUNCTIONAL
Triazenes and hydrazines

(o) N—R Temozolomide Glioblastoma multiforme, anaplastic
N=Nl astrocytoma
HyN J— Dacarbazine Melanoma, Hodgkin’s lymphoma
HN N Procarbazine Stage III and stage IV Hodgkin's lymphoma
/4
Nitrosoureas
0 Streptozotocin Metastatic pancreatic islet cell carcinoma
Cl V\ N Jl\ N -R Carmustine Brain tumours, multiple myeloma
I H Lomustine Brain tumors, Hodgkin’s lymphoma
~N . . .
Nimustine Glioblastoma
BIFUNCTIONAL
Nitrogen mustards
Mechlorethamine Hodgkin disease, chronic leukemias, lung
Cl cancer
Bendamustine Chronic lymphocytic leukemia, non-Hodgkin
lymphoma
R—=N Chlorambucil Chronic lymphocytic leukemia, Hodgkin’s and
\—\ non-Hodgkin’s lymphomas
Cl Melphalan Multiple myeloma, ovarian cancer
Estramustine Prostate cancers
Oxazaphosphorines
(0] Cyclophosphamide Lymphomas, myelomas, leukemia,
\P//O R neuroblastoma, ovarian adenocarcinoma,
ATVl retinoblastoma, breast carcinoma
N\ \R Ifosfamide Testicular, ovarian, cervical, bladder, lung
R 2 cancers, osteocarcinoma, non-Hodgkin’s
lymphoma
Alkyl alkane sulfonates
R (o}
o) e _ .
W\ O .S Busulfan Chronic myelogenous leukemia
S o~ \
e\ o
o R
Ethylene imines
R Altretamine Ovarian cancer
1 >> N—R, Thi otepa Adenocarcinoma, bladder carcinomas
Rz Mitomycjn C Lip, oral, pharynx, digestive, peritoneum,

breast and bladder cancers
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compounds and biological matrixes, are described, Table 2. Recent
advances in the electrochemical characterization methodologies, and
DNA-electrochemical biosensor applications for studying the interaction
of alkylating agents with DNA, are presented. The details about the
alkylating agents’ real-time mechanism of action, and the oxidative DNA
damage they cause, were discussed.

2. Electrochemical sensing of alkylating agents
2.1. Triazenes and hydrazines

Triazenes present three adjacent N atoms, their main representatives
being the monofunctional agents temozolomide (also known Temodal)
and dacarbazine (also known as deticene or DTIC), Fig. 2. Both com-
pounds are prodrugs that undergo spontaneous chemical degradation at
physiologic pH to form the highly unstable 5-(3-methyltriazen-1-yl)
imidazole-4-carboxamide (MTIC), that is further hydrolyzed to 5-amino-
imidazole-4-carboxamide (AIC) and methyldiazonium ion [3,6], Fig. 3a,
considered responsible for the alkylation of the DNA bases, Fig. 3b.
Temozolomide is capable of crossing the blood-brain barrier, therefore
being recommended for the treatment of glioblastoma multiforme and
refractory anaplastic astrocytoma, while dacarbazine is recommended
for metastatic malignant melanoma, Hodgkin’s disease, soft tissue
sarcomas, neuroblastoma, fibrosarcomas, rhabdomyosarcoma, islet cell
carcinoma, and medullary carcinoma of the thyroid.

Temozolomide electrochemical behavior at glassy carbon electrode
(GCE) was studied [6], showing that its reduction is an irreversible
pH-dependent process that involves the addition of one electron and one
proton at the C5 position, forming an anion radical and causing the
irreversible break of the tetrazinone ring. The temozolomide oxidation is
an irreversible and adsorption-controlled process for pH < 5.2, occur-
ring in two steps and leading to the formation of a hydroxylated product,
Fig. 4. The electroanalytical determination of temozolomide at GCE was
achieved [6], showing a linear range from 2.0 x 10 ®t01.3 x 107°M, a
limit of detection (LOD) of 1.1 x 10°® M and a limit of quantification
(LOQ) of 3.7 x 107° M.

The temozolomide chemical degradation in aqueous solutions to its
major metabolite AIC, Fig. 3a, was investigated at GCE, following the
pH-dependent changes in the temozolomide electrochemistry behavior,
i.e. the increase of the anodic peak current and disappearance of the
cathodic peak [7]. AIC oxidation revealed to be irreversible,
diffusion-controlled and pH-dependent up to a pH close to the pKa,
occurring in two steps that lead to the formation of two reversible redox
products. A mechanism for AIC oxidation was proposed.

The electroanalytical determination of temozolomide was achieved
at a sensor based on a nanocomposite formed by reduced graphene oxide
(rGO) silver nanocube (AgNC) hybrid decorated molecularly imprinted
polymer (MIP), immobilized onto a screen-printed carbon electrode
(SPCE) [8]. The rGO/AgNC@MIP-SPCE sensor showed: (i) in standard
solutions, a linear range from 1.1 x 107 to 1.4 x 10~ g/mL and a LOD
of 1.6 x 1071% g/mL, (ii) in blood plasma, a linear range from
1.2 x 1077 to 1.4 x 1077 g/mL and a LOD of 2.4 x 107 g/mL, (iii) in
pharmaceutical formulations, a linear range from 1.3 x 1077 to
1.4 x 1077 g/mL and a LOD of 3.1 x 107!% g/mL, and (iv) in urine
samples, a linear range 1.1 x 1077 to 1.3 x 10~/ g/mL and a LOD of
4.2 x 10710 g/mL.

The redox behavior of dacarbazine and of its metabolite AIC at
carbon paste electrode (CPE) was studied by linear sweep voltammetry
(LSV) and differential pulse voltammetry (DPV) [9]. The oxidation of
both dacarbazine and AIC occurred in two steps, each with the transfer
of two electrons, yielding the same final product, the
5-hydroxyimidazol-4-carboxamide.

The dacarbazine redox behavior was studied by Tast polarography
and differential pulse polarography (DPP) at dropping mercury
electrode (DME), by cyclic voltammetry (CV) and DPV at hanging
mercury drop electrode (HMDE), and by anodic voltammetry at GCE
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[10]. Calibration graphs were achieved: (i) at HMDE by DPP, in the
linear range from 2.0 x 108 t0 2.0 x 10~> M, with a LOD of 4.0 x 10~°
M, (ii) at HMDE by adsorptive stripping voltammetry, in the linear range
from 5.0 x 10™°to 1.0 x 10~> M, and (iii) at GCE by high-performance
liquid chromatography (HPLC) with amperometric detection, from
1.0 x 107°t0 1.0 x 10~* M. The methods were compared, showing that
the determination of dacarbazine at HMDE by DPP is the most efficient,
and evaluated for the dacarbazine determination in blood serum.

Dacarbazine interacts with Cu(II) ions, forming a 1:1 complex. The
electrochemical reduction of the dacarbazine-Cu(Il) complex was
investigated at HMDE, being associated with the irreversible
one-electron reduction of the Cu(Il) ions directly within the complex
[11]. Based on the dacarbazine-Cu(II) complex adsorption and interfa-
cial accumulation, the dacarbazine electroanalytical determination was
achieved, showing: (i) in bulk form, a linear range from 4.0 x 10 0o
2.1 x 1078 M, aLOD of 2.7 x 1071 M and a LOQ of 9.2 x 1071 M, (ii)
in vial, a linear range from 1.9 x 107° to 3.6 x 1078 M, a LOD of
6.1 x10°Manda LOQ of 2.0 x 10~° M, (iii) in human urine, a linear
range from 5.0 x 1071%t01.2 x 1078 M, aLOD of 1.6 x 10" M and a
LOQ of 5.2 x 10710 M, and (iv) in human serum, a linear range from
1.9x107% to 5.7 x 1078 M, a LOD of 2.0 x 10°° M and a LOQ of
6.6 x 1077 M [11].

Dacarbazine electrochemical behavior was studied on a sodium
dodecyl sulfate (SDS) modified CPE (SDS/CPE), and its oxidation
mechanism was proposed [12]. The results showed that dacarbazine
oxidation is irreversible and diffusion controlled, involving the transfer
of two protons and two electrons. The dacarbazine electroanalytical
determination was achieved: (i) by CV in the linear range from
1.0 x 107° to 7.0 x 107> M, with a LOD of 8.2 x 10~/ M and a LOQ of
1.0 x 107° M, and (ii) by DPV in the linear range from 1.0 x 107% to
4.0 x 107 M, with aLOD of 1.5 x 1077 M and a LOQ of 1.0 x 10> M
[12]. In a different report, a sensor based on multiwall carbon nanotube
(MWCNT) modified CPE was developed [13], that allowed the dacar-
bazine quantification in the linear range from 4.0 x 10" '°t0 4.0 x 1078
M and from 4.0 x 108 to 2.5 x 107® M, with a LOD of 1.2 x 10°1° M
and a LOQ of 4.0 x 107!% M. The proposed sensor showed high sensi-
tivity, stability and percentage of recovery in pharmaceutical samples.

A tin doped ceria nanoparticles (NPs) modified glassy carbon paste
electrode (GCPE) for the dacarbazine determination was developed
[14]. The dacarbazine was selectively detected in the presence of other
electroactive species and metal ions. The Sn—CeO,NPs/GCPE sensor
showed by square wave voltammetry (SWV): (i) in standard solutions, a
linear range from 6.4 x 1078 t0 6.7 x 107% M and a LOD of 3.8 x 10~°
M, (ii) in serum samples, a linear range from 7.6 x 10 %t06.6 x 10°°M
and a LOD of 6.0 x 10~° M, and (iii) in urine samples, a range from
6.9 x 1010 5.3 x 107 M and a LOD of 6.3 x 1072 M [14].

An electrochemical sensor based on MWCN paste electrode (CNPE)
and poly(2-amino-1,3,4-thiadiazole) (poly-ATD) conducting polymer
also was developed [15]. The dacarbazine electroanalytical quantifica-
tion at the poly-ATD/CNPE sensor was achieved by DPV, with a linear
range from 5.0 x 10 8t02.4 x 107> M and a LOD of 3.5 x 108 M. The
sensor was tested in artificial urine and pharmaceutical formulations.

In a different report, a sensor based on MIP nanospheres (NSPs)
modified pencil graphite electrode (PGE) was also achieved [16]. For the
electrochemical detection of dacarbazine, the MIP-NSPs/PGE sensor
showed: (i) in standard solutions, a linear range from 1.0 x 10719 to
5.1 x 1078 g/mL and a LOD of 2.0 x 107! g/mL, (ii) in blood plasma, a
linear range from 1.0 x 107! to 4.5 x 10™® g/mL and a LOD of
2.0 x 107! g/mL, (iii) in pharmaceutical formulations, a linear range
from 1.0 x 107! to 4.8 x 1078 g/mL and a LOD of 3.0 x 107! g/mL,
and (iv) in urine samples, a linear range 1.2 x 1071°t0 4.8 x 1078 g/mL
and a LOD of 3.0 x 107! g/mL.

Procarbazine, Fig. 2, belongs to the hydrazines family, being a
monofunctional alkylating agent used in the therapy of Hodgkin’s
disease and malignant melanoma. Procarbazine is also a prodrug that
generates the highly reactive diazonium ion.



Table 2
Selected studies concerning the electroanalytical determination of alkylating agents.
Alkylating agents Sensor/biosensor Sample type Linear range LOD LOQ Ref.
MONOFUNCTIONAL
Triazenes and hydrazines
GCE standard 2.0x10°-1.3x10° M 1.10x10° M 3.7x10° M (61
standard 1.1x107-1.4x107 g/mL 1.6x10'° g/mL
Temozolomide in blood plasma 1.2x107-1.4x107 g/mL 2.4x10™° g/mL
rGO/ASNC@MIP-SPCE pharmaceutical 1.3x107-1.4x107 g/mL 3.1x10™"° g/mL - (8]
urine 1.1x107-1.3x107 g/mL 4.2x10™° g/mL
HMDE standard 2.0x108-2.0x10° M 4.0x10°M — [10]
bulk 4.0x101°-2.1x10° M 2.7x101° M 9.2x101° M
. -9 -8 — -9
HMDE vl'al 1.9x191&3.6x10_8M 6.1x10j(())M 2.0><10_10M (1]
urine 5.0x1077-1.2x10° M 1.6x10 M 5.2x100°" M
serum 1.9x10°-5.7x10° M 2.0x107°M 6.6x10° M
SDS/CPE standard 1.0x10°-4.0x10° M 1.5x107 M 1.0x10° M [12]
4.0x101°-4.0x108 M 10 10 .
MWCNT/CPE standard £.0%10%-2 5510 M 1.2x101° M 4.0x101° M [13]
. standard 6.4x10°-6.7x10° M 3.8x10°M
Sn-CeO,NPs/GCPE serum 7.6x10%-6.6x10° M 6.0x10° M — [14]
urine 6.9x10%-5.3x10° M 6.3x10° M
poly-ATD/CNPE standard 5.0x10%-2.4x10° M 3.5x10° M [15]
standard 1.0x101°-5.1x10® g/mL 2.0x10M g/mL
plasma 1.0x101°-4.5x10® g/mL 2.0x10M g/mlL
MIP-NSPs/PGE pharmaceutical 1.0x107°-4.8x10® g/mL 3.0x10™"! g/mL - 116]
urine 1.2x1071°-4.8x10® g/mL 3.0x10™"! g/mL
dsDNA/SPCE standard — 2.0x10% M 5.9x10% M [82]
dsDNA/SWCNT/PGE standard 2.0x10°-1.0x10° M 1.1x10° M — [84]
Nitrosoureas
Polyaniline/GCE standard 3.0x10°-5.0x10° M 1.25x10°M 2.35x10% M [21]
Streptozotocin HMDE standard 1.0x107-1.0x10° M 2.5x10° M 7.4x10° M [22]
HMDE standard 2.0x107-1.0x10* M 7.0x10° M 2.4x107 M [25]
GCE standard 6.5x10°-1.1x10° M 4.2x107 M 1.4x10°M [24]
Carmustine HMDE standard 2.0x107-1.0x10* M 1.9x107 M 6.2x107 M [25]
m-AgSAE standard 2.0x10°-1.0x10* M 2.1x107 M 7.1x107 M [25]
m-AgSAE in FIA standard 6.0x10°-1.0x10* M 2.2x107 M 7.1x107 M [25]
m-AgSAE standard 2.0x10°-1.0x10* M 6.6x107 M 2.2x10° M [25]
AgSAE standard 1.0x10°-1.0x10* M 1.5x107 M 4.9x107 M [26]
Lomustine bulk 1.9x107-1.4x10° M 8.1x10°8M 2.7x1077 M
MF/PGE urine 3.8x107-2.4x10° M 3.0x107 M 1.0x10° M [271
serum 1.9x10°-2.8x10° M 3.9x107 M 1.3x10° M
nimustine-TPB/CPE standard 1.0x10°-1.0x102 M 4.8x10°M
Nimustine nimustine-TPB/f-CD/CPE standard 1.0x107-1.0x102 M 5.0x10% M — [28]
nimustine-TPB/CNT/CPE standard 1.0x10%-1.0x102 M 7.9x10° M

(continued on next page)
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Table 2 (continued)

Alkylating agents Sensor/biosensor Sample type Linear range LOD LOQ Ref.
BIFUNCTIONAL
Nitrogen mustards
Bendamustine PGE standard 5.0x10°-8.0x10°° g/mL 6.0x10° g/mL 2.0x10° g/mL [29]
MnO,@NiFe,04 NP/GCE standard 2.5%x10°-5.7x10* M 4.7x10°M — [31]
standard 1.5x10°-2.5x107 g/mL 3.6x107° g/mL
i - § plasma 1.6x10°-2.4x107 g/mL 3.9x10™° g/mL
Chlorambucil C60-menoadduct-micellar MIP/IL-CCE urine 1.6x10°-2.4x107 g/mL 5.1x107° g/mL - (321
pharmaceutical 1.6x10°-2.4x107 g/mL 3.9%x1071% g/mL
PVCL/PPy semi-IPN MGs/GCE standard 2.0x10%-4.2x10* M 2.0x10° M — [33]
dsDNA/PPy/FLPt/NiC0204/PGE standard 1.8x10°-2.0x10* M 4.0x10° M — [921
Melphalan GCE standard 1.0x10°-1.0x10° M 1.0x10° M — [34]
P DME standard 2.0x10°-1.0x10° M — 8.0x10° M [35]
Oxazaphosphorines
Cvelophosphamide GCE standard 5.0x10°-1.75x10* M 1.1x10° M 3.7x10° M [36]
yeophosp N,S-AGR/MIP/GE standard 8.0x10712-8.0x10~7 M 3.4x10712 M — [37]
Ti3Co/MWCNT/Chit/GCE standard 1.1x107°-1.0x10"° M 3.1x107 1M — [40]
standard 9.2x10°°M
) pharmaceutical 6 s 9.2x107°M
Au/Pd@rGO@p(L-Cys)/PGE serum 0.1x107°-9.0x107° M 0.3410-° M — [39]
Ifosfamide urine 9.x10° M
TizCo/MWCNT/Chit/GCE standard 1.1x107°-1.0x10™° M 3.1x1071°M — [40]
standard 2.5%x101%-1.2x10°° g/mL 8.0x10M! g/mL
plasma 3.1x101%-1.2x10°° g/mL 1.1x10° g/mL
GQDs-MIP/SPCE urine 2.8x107°-1.1x10® g/mL 1.0x107° g/mL - (41
pharmaceutical 3.2x101%-1.1x10°° g/mL 1.0x10° g/mL
Ethylene imines
Fe304@CuCo,S4/GCE standard 0.1x10°-2.0x10° M 8.0x10°M — [50]
. . dsDNA/GO/PGE standard 2.0x10°-1.2x10* g/mL 9.1x10® g/mL — [100]
Mitomycin C 7 5 8 8
dsDNA/PoPDMWCNT/PGE standard 5.0x107-2.5x10~ g/mL 1.2x10° g/mL 3.9x10° g/mL [104]
dsDNA/SWCNT-PVF"/PGE standard — 6.25x107 g/mL — [105]

Abbreviations: AdsSV — adsorptive stripping voltammetry; AgNC - silver nanocube; AgSAE — silver solid amalgam electrode; CNPE — carbon nanotubes paste electrode; CPE — carbon paste electrode; CV — cyclic vol-
tammetry; DME - dropping mercury electrode; DPASV - differential pulse anodic stripping voltammetry; DPCAdSV - differential pulse cathodic adsorptive stripping voltammetry; DPP — differential pulse polarography;
DPV - differential pulse voltammetry; dsDNA — double-stranded DNA; FIA - flow injection analysis; FIA-ED - flow injection analysis with electrochemical detection; FLPt/NiCo204 — flower-like Pt/NiCo204 nano-
composites; GCE — glassy carbon electrode; GCPE — glassy carbon paste electrode; GO — graphene oxide; GQDs — graphene quantum dots; HMDE — hanging mercury drop electrode; IL-CCE - ionic liquid based carbon
ceramic electrode; LOD - limit of detection; LOQ - limit of quantification; m-AgSAE — mercury meniscus modified silver solid amalgam electrode; MF — mercury film; MGs — microgels; MIP — molecularly imprinted
polymer; MWCNT - multiwall carbon nanotube; N,S-AGR - nitrogen and sulfur co-doped activated graphene; NP — nanoparticle; p(L-Cys) — poly (L-Cysteine); PGE - pencil graphite electrode; poly-ATD - poly(2-amino-
1,3,4-thiadiazole); POPDMWCNT - poly(o-phenylenediamine); PPy — polypyrrole; PVCL — poly(N-vinylcaprolactam); PVF+ — poly(vinylferrocenium); rGO — reduced graphene oxide; SDS — sodium dodecyl sulfate;
Sn-CeO2NPs - tin doped ceria nanoparticles; SPCE - screen printed carbon electrode; SWCASV - square wave cathodic adsorptive stripping voltammetry; SWV — square wave voltammetry; SWCNT - single wall carbon

nanotube; TPB - sodium tetraphenylborate; TPB/CNT - carbon nanotube; p-CD — p-cyclodextrin.
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Procarbazine redox behavior at GCE was investigated in the pH
range from 3.3 to 11.2, using CV, DPV and SWV [17]. The results
showed that procarbazine oxidation 1is irreversible and
adsorption-controlled, occurring in four steps. The first, second and
third steps are pH-dependent, occurring with the transfer of one electron
and one proton and forming an electroactive product in acid media,
whereas the forth oxidation step is pH-independent, occurring with the
transfer of one electron. The proposed oxidation mechanism showed
that the first and second oxidation steps occur at the hydrazine group,
followed by isomerization, hydrolysis and formation of benzaldehyde
procarbazine. The third and fourth oxidation steps occur at the benz-
aldehyde procarbazine with the formation of N-isopropylterephthalic
acid [17]. Mathematical models of electrochemical oxidation of
procarbazine in alkaline media [18] and in slightly alkaline on cobalt
(III) oxyhydroxide medium [19] were investigated by means of linear
stability theory and bifurcation analysis.

In another report, the procarbazine electrochemical reduction at
mercury electrode showed four cathodic peaks [20]. The procarbazine
oxidation in the presence of Ti(IV) was also investigated, showing that
Ti(IV) coordination caused inhibition on its air oxidation, especially for
oxidation catalyzed by Cu(Il) ions [20].

2.2. Nitrosoureas

Streptozotocin (also known as streptozocin), Fig. 5, is a naturally
occurring nitrosourea derived from Streptomyces achromogenes. This
monufunctional alkylating agent is particularly toxic to the insulin-
producing beta cells of the pancreas in mammals, being selectively
transported into the pancreas cells by the glucose transport protein
GLUT2, because of its structural similarity to glucose. Therefore,
streptozotocin is used for the treatment of metastatic islet cell carcinoma
of the pancreas and also to produce diabetes mellitus in medical research
animals.

Streptozotocin electrochemical behavior at GCE modified with
polyaniline was investigated [21], showing an irreversible reduction
process in the pH range from 2.0 to 10.0, which occurs in two diffusion
controlled steps. A possible electrochemical reduction mechanism was
proposed. An electroanalytical method for the streptozotocin determi-
nation in the linear range from 3.0 x 107® to 5.0 x 107® M, with a LOD
of 1.25 x 107! M and LOQ of 2.35 x 108 M, was developed and
successfully applied for the streptozotocin determination in pharma-
ceutical and human urine samples.

Streptozotocin electrochemical reduction was investigated by direct
current polarography, CV and DPP at a HMDE [22]. The streptozotocin
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direct quantitative determination, with a linear range from 1.0 x 10~/
t01.0 x 10°3M,aLODof 7.4 x 10 M andaLOQ of 2.5 x 10~8 M, was
achieved and applied in pharmaceutical formulation and spiked human
urine samples, without interference from excipients. In another report,
the carcinogenic potential of streptozotocin was evaluated by polarog-
raphy [23].

Carmustine (BCNU), lomustine (CCNU) and nimustine (ACNU),
Fig. 5, are synthetic nitrosurea monofunctional alkylating agents that
have the ability to cross the blood-brain barrier, therefore being used to
treat brain tumors (e.g. glioblastoma, brainstem glioma, medulloblas-
toma, astrocytoma, ependymoma and metastatic brain tumors), but also
multiple myeloma, Hodgkin’s disease, non-Hodgkin’s lymphomas and
cutaneous T-cell lymphoma.

Carmustine electrochemical behavior at GCE showed an irreversible,
diffusion controlled and pH dependent reduction process, and a reduc-
tion mechanism was proposed [24]. The carmustine determination at
GCE showed a linear range from 6.5 x 10 °to 1.1 x 10~> M, a LOD of
4.2 x 1077 M and a LOQ of 1.4 x 10°° M.

The voltammetric determination of streptozotocin, carmustine and
lomustine was performed at HMDE and mercury meniscus modified
silver solid amalgam electrode (AgSAE), m-AgSAE [25], showing better
results by DPV: (i) streptozotocin at HMDE, a linear range from
2.0x 1077 to 1.0 x 10~ M, a LOD of 7.0 x 108 M and a LOQ of
2.4 x 1077 M, (ii) carmustine at HMDE, a linear range from 2.0 x 1077
t01.0 x 107*M, aLOD 0of 1.9 x 107" Mand aLOQ of 6.2 x 1077 M, (iii)
carmustine at m-AgSAE, a linear range from 2.0 x 107 to 1.0 x 10™*
M, a LOD of 2.1 x 1077 M and a LOQ of 7.1 x 1077 M, and (iv)
lomustine at m-AgSAE, a linear range from 2.0 x 10™®t0 1.0 x 1074 M,
a LOD of 6.6 x 1077 M and a LOQ of 2.2 x 10~® M. The methodology
developed was applied for the determination of carmustine and lomus-
tine in pharmaceutical formulations. Moreover, the m-AgSAE was
employed for the carmustine determination by flow injection analysis
(FIA), were, under optimized conditions, a linear range from 6.0 x 10°°
t0 1.0 x 107* M, a LOD of 2.2 x 1077 M and a LOQ of 7.1 x 107’ M
were achieved [25].

In another report, a methodology based on DPV with tubular
detector in a flow system at a AgSAE was optimized for the electroan-
alytical detection of lomustine [26], showing a linear range from
1.0 x 107 to 1.0 x 107* M, a LOD of 1.5 x 1077 M and a LOQ of
4.9 x 1077 M. The method was successfully applied for the lomustine
determination in real samples of the chemotherapy drug CeeNU
Lomustine 40 mg.

An electrochemical sensor based on a mercury film (MF) coated PGE
(MF/PGE) showed for the electroanalytical determination of lomustine
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Fig. 2. Chemical structures of alkylating agents from triazenes and hydrazines class: dacarbazine, temozolomide and procarbazine.



A.-M. Chiorcea-Paquim and A.M. Oliveira-Brett
a. Temozolomide Hydrolysis

0
N=\
N S,

Journal of Pharmaceutical and Biomedical Analysis 222 (2023) 115036

Fig. 3. (a) Hydrolysis of temozolomide to its metabolites,
AIC and

methyldiazonium ion, at physiological pH, (b) DNA alkyl-
ation reaction between temozolomide’ metabolite methyl-
diazonium ion and guanine base at the O6 position,
forming the

NH 0%-methylguanine DNA lesion.
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[27]: (i) in bulk, a linear range from 1.9 x 107t01.4 x 10> M, a LOD
of8.1 x 108 Manda LOQof 2.7 x 1077 M, (ii) in human urine, a linear
range from 3.8 x 1077 to 2.4 x 107> M, a LOD of 3.0 x 10~ M and a
LOQ of 1.0 x 107 M, and (iii) in human blood plasma, a the linear
range from 1.9 x 107® to 2.8 x 10™°™ a LOD of 3.9 x 1077 M and a
LOQ of 1.3 x 107° M.

The electroanalytical determination of nimustine was achieved at
three CPE sensors [28]. For this purpose, the nimustine hydrochloride
was incorporated with sodium tetraphenylborate (TPB) in the presence
of orthonitrophenyloctyl ether as plasticizer, and then immobilized at
the surface of bare CPE (the nimustine-TPB/CPE sensor), f-cyclodextrin
(B-CD) modified CPE (the nimustine-TPB/p-CD/CPE sensor) and
CNT-modified CPE (the nimustine-TPB/CNT/CPE sensor). The results
showed (i) for nimustine-TPB/CPE sensor, a linear range from

1.0 x107™° to 1.0 x 102 M and a LOD of 4.8 x 107® M, (ii) for
nimustine-TPB/B-CD/CPE sensor, a linear range from 1.0 x 1077 to
1.0x102 M and a LOD of 5.0x10°8 M, and (ii) for
nimustine-TPB/CNT/CPE sensor, a linear range from 1.0 x 1078 to
1.0 x 10°2M and a LOD of 7.9 x 10™° M.

2.3. Nitrogen mustards

Nitrogen mustards, Table 1, are derivatives of sulfur mustards, being
the first compounds used as chemotherapeutic agents for the treatment
of leukemias and lymphomas.

Bendamustine, Fig. 6, is a bifunctional mechlor-ethamine derivative,
recommended for the treatment of various lymphomas, multiple
myeloma, lymphocytic leukemia, etc.
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Temozolomide
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Fig. 4. DPVs baseline corrected of 500 uM temozolomide at GCE: (a) pH = 7.1, (b) pH = 9.1, (mm) first, (mmm) second and (ee®) third scans.

Adapted from [6] with permission.

The bendamustine redox behavior was investigated at PGE, showing
an irreversible, pH dependent, one-step oxidation, which occurs with
the transfer of the same number of protons and electrons, and a one-step
reduction. The bendamustine anodic peak was used for the

electroanalytical determination of bendamustine in the linear range
from 5 x 107%t0 8.0 x 107> g/mL, with a LOD of 6.0 x 10~ g/mL and
aL0Q of 2.0 x 107> g/mL [29].

Chlorambucil, Fig. 6, is also a bifunctional alkylating agent that

Nitrosoureas
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Fig. 5. Chemical structures of alkylating agents from nitrosoureas class: streptozotocin, fotemusine, lomustine, carmustine and nimusine.
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Nitrogen mustards
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Fig. 6. Chemical structures of alkylating agents from nitrogen mustards class: mechlorethamine, bendamustine, chlorambucil, melphalan and estramustine.

Oxazaphosphorines

Cl Cl
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Fig. 7. Chemical structures of alkylating agents from oxazaphosphorines class: cyclophosphamide and ifosfamide.

forms cross-links with DNA. It is generally used to treat lymph node and Chlorambucil redox behavior was investigated at a platinum
blood cancers, including giant follicular lymphoma, leukemia, electrode in aqueous solution [30], showing one anodic and one
lymphosarcoma, chronic lymphocytic leukemia, lymphoma, Hodgkin’s cathodic peak that shifted to more negative potentials in the presence of
disease and rheumatoid arthritis. 4-chloro butyronitrile.
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Chlorambucil electroanalytical determination was achieved at a GCE
modified by a MnO, @NiFe;O4 NPs nanocomposite [31]. The MnOy
@NiFe;04 NP/GCE sensor showed a linear range from 2.5 x 107> to
57 x107* M and a LOD of 4.7 x 10°® M, and presented a good
selectivity in the presence of the interfering substances dopamine, uric
acid, glucose, mercury, diphenylamine, sodium, potassium, nitrite, and
diuron.

The electroanalytical determination of chlorambucil at a
C60-monoadduct based micellar MIP at a ionic liquid based carbon
ceramic electrode (IL-CCE), was also reported [32]. The
C60-monoadduct-micellar MIP/IL-CCE sensor showed (i) in standard
samples, a linear range from 1.5 x 10"°t0 2.5 x 107 g/mL and a LOD of
3.6 x 1071% g/mL, (ii) in blood plasma, a linear range from 1.6 x 10~° to
2.4 x 1077 g/mL and a LOD of 3.9 x 1071° g/mL, (iii) in urine, a linear
range from 1.6 x 107° to 2.4 x 10~ g/mL and a LOD of 5.1 x 10710
g/mL, and (iv) in pharmaceutical formulations, a linear range from
1.6 x 107° to 2.4 x 1077 g/mL and a LOD of 3.9 x 1071° g/mL.

Chlorambucil was also electrochemically detected at a GCE modified
by  poly(N-vinylcaprolactam)  semi-interpenetrated  conductive
polypyrrole microgels (PVCL/PPy semi-IPN MGs/GCE) [33], in the
linear range from 2.0 x 108 t0 4.2 x 10™* M, with a LOD of 2.0 x 107°
M, and tested in human blood serum and urine samples.

Melphalan, Fig. 6, is a phenylalanine derivative of nitrogen mustard
that alkylates the DNA at the guanine N7 position, inducing DNA
inter-strand cross-links. It is used for the treatment of multiple myeloma,
ovarian cancer, neuroblastoma, rhabdomyosarcoma and breast cancer.

The melphalan anodic oxidation at GCE was investigated and the
melphalan electroanalytical determination was achieved by DPV,
showing a linear range from 1.0 x 103 to 1.0 x 107® M and a LOD of
1.0 x 10~ %M at both stationary and rotating (2000 rpm) GCEs [34]. The
melphalan in ethanol-water medium (4:1) was also investigated by DPP
at DME showing a linear range from 2.0 x 10> t0 1.0 x 10> M and a
LOQ of 8.0 x 10 ® M [35].

2.4. Oxazaphosphorines

Oxazaphosphorines (or oxazaphorines) are compounds based on
nitrogen mustards, synthesized in order to improve their stability and
reduce their toxicity. Cyclophosphamide (also known as cytophosphane
among other names), Fig. 7, is a bifunctional nitrogen mustard activated
in the liver by the cytochrome P450 microsomal system, to form the
cytotoxic metabolites phosphoramide mustard and acrolein that can also
cause DNA cross-links. Cyclophosphamide is used to treat cancer of the
ovaries, breast, bone blood and lymph system. Ifosfamide, Fig. 7, is a
bifunctional alkylating agent similar to cyclophosphamide, used in the
treatment of lymphomas, sarcoma and advanced forms of solid organ
cancer such as breast, testicular, ovarian, gastric and lung cancers.

The cyclophosphamide electrochemical behavior at CGE was
investigated, showing one irreversible and diffusion controlled
reduction peak [36]. The kinetic parameters were calculated and a

Alkyl alkane sulfonates
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\\S/°\/\/\o/s\\
~ \\o 0

busulfan

Fig. 8. Chemical structure of alkylating agent from alkyl alkane sulfonates
class: busulfan.
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reduction mechanism was proposed. The direct electroanalysis of
cyclophosphamide at GCE, in the linear range from 5.0 x 107> to
1.75 x 107*M, withaLOD of 1.1 x 10"®Mand aLOQ of 3.7 x 107 M,
was also achieved [36].

An electrochemical sensor based on nitrogen and sulfur co-doped
activated graphene (N,S-AGR) and MIP at GCE showed, for the deter-
mination of cyclophosphamide, a linear range from 8.0 x 107!2 to
8.0 x 10~7 M and a LOD of 3.4 x 10~ M [37]. In another report, the
development of three poly(vinyl chloride) and poly(vinyl chloride)
carboxylate membrane sensors for the determination of cyclophospha-
mide and ifosfamide was described [38].

Ifosfamide electroanalytical determination was also achieved at a
PGE modified with Au/Pd@rGO nanocomposite and poly (L-Cysteine),
in the presence of the antineoplastic chemotherapeutical drug etoposide
[39]. The sensor showed a linear range from 1.0 x 107t09.0 x 10°°M
and a LOD of 9.2 x 10°° M in standard solutions, 9.2 x 10™° M in
pharmaceutical formulation (injection solution), 9.3 x 10~° M in serum
and 9.3 x 10~ M in urine samples.

A sensor based on GCE modified by MWCNT, Ti3C, MXene and
chitosan chit (TizgCo/MWCNT/Chit composite) was developed [40],
allowing the ifosfamide determination in the linear range from
1.1 x 107 to 1.0 x 10™® M with a low LOD of 3.1 x 107'° M. The
sensor was successfully applied for the voltammetric screening of
ifosfamide in urine and blood serum samples with recoveries higher than
95.21%.

An electrochemical sensor based on nanocomposites formed by
graphene quantum dots (GQDs) and ifosfamide-selective MIPs,
synthesized directly at the surface of SPCE (GQDs-MIP/SPCE) showed
for the determination of ifosfamide [41]: (i) in standard samples, a linear
range from 2.5 x 1071° to 1.2 x 10~% g/mL and a LOD of 8.0 x 101!
g/mL, (ii) in blood plasma, a the linear range from 3.1 x 10710 to
1.2 x 107 g/mL and a LOD of 1.1 x 10710 g/mlL, (iii) in urine, a the
linear range from 2.8 x 1071° to 1.1 x 10™® g/mL and a LOD of
1.0 x 10710 g/mlL, and (iv) in pharmaceutical formulations, a the linear
range from 3.2 x 1071° to 1.1 x 107 g/mL and a LOD of 1.0 x 107°
g/mL.

2.5. Alkyl alkane sulfonates

Among alkyl sulfonates, the bifunctional alkylating agent busulfan,
Fig. 8, is the most representative antineoplastic drug. Busulfan is a
bifunctional alkylating agent recommended for the treatment of chronic
myeloid leukemia and certain blood diseases, such as polycythemia vera
and myeloid metaplasia. In aqueous solution, busulfan undergoes
hydrolysis to produce reactive carbonium ions that alkylate DNA.
Although busulfan is widely used as chemotherapeutic agent, there is
still lack of information concerning busulfan electrochemical behavior
and its electroanalytical determination is not reported in the literature.

2.6. Ethylene imines

Triethylenethiophosphoramide (also known as thiotepa or TT),
Fig. 9, is a bifunctional alkylating agent belonging to the ethylene imines
class, being used to treat ovarian, breast, and bladder cancers. Moreover,
some thiotepa metabolites, such as tepa, monochlorotepa and thiotepa-
mercapturate, also possess alkylating activity in vivo.

The electrochemical behavior of thiotepa at pH 4.2 [14,42] and of its
hydrolysis product, thiotepa-SH [42], were investigated. The results
showed that thiotepa reduction at mercury electrodes occurs in two
steps, one diffusion and the other adsorption controlled [14].

Mitomycin C, Fig. 9, is a bifunctional alkylating acid with antibiotic
properties, extracted from the fermentation of Streptomyces bacteria.
Mitomycin C presents unique properties, due to the presence of two
aziridine cycles and one quinone moiety. Clinically, mitomycin C is used
to treat localized bladder, anal, head-and-neck and breast cancers.

DPP at HMDE, in the pH range from 5.0 to 10.0, showed that
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Fig. 9. Chemical structure of alkylating agents from ethylene imines class: altretamine, thiotepa and mitomycin C.

mitomycin C is present in two forms in equilibrium: a quinonoid form
that undergoes a one-step reversible reduction to hydroquinone, that is
further reduced in a two-step process, and a nonquinonoid form that that
undergoes a one-step irreversible reduction at more negative potentials,
the conversion of the nonquinonoid form into the quinone being acid
catalyzed [43]. In another report, mitomycin C was investigated by
polarography and CV in aqueous media, also showing its reversible
reduction to the hydroquinone, followed by the aziridine ring opening
[44]. The reduction mechanism was discussed in relation to the
mitomycin C antineoplastic activity. The mitomycin C redox behavior
was also studied at HMDE [45,46] and platinum electrode in dime-
thylformamide [47,48].

The mitomycin C oxidation behavior was investigated at CPE over a
wide pH range [49]. The results showed a two-step diffusion-controlled
irreversible oxidation process, one pH-independent for 2.2 < pH < 4.5
and the other one pH-dependent for 4.5 < pH < 12.0. The mitomycin C
oxidation products are not electroactive at CPE. The mitomycin C
spontaneous chemical degradation was electrochemically detected by
the occurrence of a new oxidation peak at a lower potential. This
chemical degradation product undergoes an irreversible, pH-dependent
oxidation for 3.4 < pH < 5.4, its redox products being reversibly
oxidized.

Mitomycin C electroanalytical determination was achieved in the
presence of chemotherapeutic agent topotecan, using an electro-
chemical system, based on the Fe3O4 decorated on the surface of
CuCosS4 (Fe304 @CuCo2S4) nanocomposites at GCE [50]. The Fe3O4
@CuCo3S4/GCE sensor showed a linear range from 0.1 x 107° to
2.0 x 107> M and a LOD of 8.00 x 107'° M.

3. Electrochemical sensing of alkylating agents interaction with
DNA

3.1. Overview on electrochemistry of drugs interaction with DNA

Structure-based design strategies of pharmaceutical drugs, which
take advantage of the drug interaction with specific DNA targets, have
generated new DNA-binding agents with great clinical potential. Among
various methods used to characterize the interaction of anticancer drugs
with DNA molecules, electrochemical technics present the advantages of
being fast, low cost, highly sensitive and selective, thus attracting
considerable research efforts toward clinical diagnostics, drug
development and biomedical applications.

DNA-electrochemical biosensors have received special attention,
being able to detect changes of the DNA structure [51,52] and the
occurrence of oxidative DNA damage [53-56]. According to IUPAC, an
electrochemical DNA-electrochemical biosensor is a device consisting
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on an electrochemical transducer (the electrode) with a biological
recognition element (the DNA film) immobilized on its surface [57].
DNA-electrochemical biosensor applications are generally based on
detecting the interaction between the analyte under investigation and
the immobilized DNA  [58-64]. Using this approach,
DNA-electrochemical biosensors have been successfully used to study
DNA interactions with pharmaceutical drugs [63-68], proteins [51,69],
hazard carcinogenic compounds, such as metal ions [70] pollutants
[63], free radicals [71-73] and ionizing radiation [74], allowing the
unraveling of detailed mechanistic interactions and to determine in
real-time the DNA interaction mechanisms not only with the analyte, but
also with its degradation and redox reaction products [75].

DNA-drug interactions are generally electrochemically studied
measuring: (i) changes in the redox processes of the electroactive drug,
(ii) changes in the redox behavior of the electroactive DNA base resi-
dues, usually the oxidation of G residues (G;) and A residues (A;) and
(iii) occurrence of the oxidation signals of 8-oxoguanine (8-0x0G), 8-
oxo-2'-deoxyguanosine (8-oxodG) and 2,8-dihydroxyadenine (2,8-
DHA), biomarkers of oxidative DNA damage [55]. Thus, understanding
the DNA electrochemical behavior at the surface of electrochemical
transducer is essential.

The DNA bases, guanine (G), adenine (A), thymine (T) and cytosine
(C), represent the electroactive moieties within DNA, and their oxida-
tion at GCE follows the order: G (E, ~ + 0.70 V) < A (E, ~ + 0.96 V)
<T(E, ~+1.16 V) < C (Ep ~ + 1.31 V), vs. Ag/AgCl (3 M KCl), in pH
=7.4 [76], Fig. 10d. The 8-0x0G and 2,8-DHA (Ep ~ + 0.30V), vs.
Ag/AgCl (3 M KCD), in pH = 7.4, biomarkers of oxidative DNA damage
are more easily oxidized than G.

The oxidation of the DNA nucleosides, deoxyadenosine (dA), deox-
yguanosine (dG), deoxythymidine (dT) and deoxycytidine (dC), occurs
at the same potentials as the nucleotides, guanosine monophosphate
(GMP), adenosine monophosphate (AMP), thymidine monophosphate
(TMP) and cytidine monophosphate (CMP), following the same order,
but shifted to more positive potentials when compared with the bases,
since their bulkier structures difficult the electron transfer from the
electroactive bases to the electrode surface: dG and GMP (E, ~ + 0.95 V)
< dAand AMP (E, ~ +1.21 V) < dT and TMP (E, ~ + 1.41 V) < dCand
CMP (E, ~ + 1.56 V), vs. Ag/AgCl (3 MKCD), in pH = 7.4 [76], Fig. 10c.

The oxidation of double-stranded DNA (dsDNA) at GCE shows two
small, pH-dependent anodic peaks, corresponding to the oxidation of G
residues (G,) and A residues (A;) in the double-helical structure, Fig. 10a
(===) [60,62]. The T residues (T,) and C residues (C,) oxidation in the
dsDNA present very low currents and occur at high positive potentials,
near the potential of oxygen evolution, therefore they are not usually
detected. The oxidation of ssDNA at GCE also corresponds to the G, and
A, oxidation, Fig. 10a(===), but the oxidation peak currents are greater
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Fig. 10. DPVs baseline corrected at GCE, in solutions at pH 7.0: (a) 60 pg mL™!
dsDNA and 60 pg mL™! ssDNA, (b) 5 pg mL™! poly(G), 40 pg mL~! poly(A),
100 pg mL™! poly(T), 100 pg mL~! poly(C), (c) 20 uyM GMP, 20 uM AMP,
500 uM TMP, 500 uM CMP, and (d) 20 uM equimolar mixture of G, A, T and C.
Adapted from [62,76] with permission.

than those of dsDNA, since the base residues in the ssDNA single-helix
are in closer proximity to the electrode surface, thus presenting an
easier electron transfer [77]. Therefore, the electrochemical methods
are able to differentiate between different DNA secondary structures,
and have been used to study the DNA structural modifications, such as
transitions from/to single-, double-stranded and GQ secondary
structures [51,52], Fig. 10a, b.

3.2. Electrochemistry of alkylating agents interaction with DNA

The interaction of temozolomide and its metabolites AIC and meth-
yldiazonium ion with dsDNA was investigated by DPV at GCE, based on
the changes of the G; and A, oxidation peak currents before and after
interaction, Fig. 11 [78]. The results showed that temozolomide and
AIC/methyldiazonium ion interact with dsDNA causing its condensation.
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a. Temozolomide—dsDNA interaction

a Tmz+Aic AIC

b. AlC/methyldiazonium ion—dsDNA interaction
AIC

Fig. 11. DPVs baseline-corrected in pH 7.0 of 250 pg/mL dsDNA (ss==) control
and (mm) incubated with: (a) 250 pM temozolomide during 0, 1, 2 and 4 h and
(b) 100 pM AIC/methyldiazonium ion during 0, 24 and 48 h.

Adapted from [78] with permission.

Studies concerning the temozolomide and AIC/methyldiazonium ion
interaction with a multilayer dsDNA-electrochemical biosensor
confirmed the dsDNA condensation and showed the occurrence of a new
oxidation peak, corresponding to released free G bases from the DNA
double-helix. This confirms that the temozolomide metabolites specif-
ically interact with the G, within DNA, causing its damage. Moreover, the
occurrence of a new peak corresponding to the 8-0xoG/2,8-DHA
oxidation confirms that oxidative DNA damage also occurs.

Using the same approach, the temozolomide interaction with dsDNA,
single-stranded poly(A) and poly(G), and double-stranded poly(A)-poly
(T) and poly(G)-poly(C) was studied at PGE [79]. The
temozolomide-DNA  interaction was also investigated at a
DNA-electrochemical biosensor, based on the PGE modification by
specific oligonucleotide sequences selected to contain the hyper-
methylation region of the Glutathione S-Transferase P-1 (GSTP-1),
considered a promising biomarker of the prostate cancer [80]. The
results showed that temozolomide causes localized distortion of the
DNA, resulting in a wider major groove and greater steric accessibility.

A PGE modified with Au NPs and dsDNA (dsDNA/Au-NPs/PGE)
electrochemical biosensor was developed and used for the electroana-
lytical determination of temozolomide in the linear range from
5.0 x 1077 to 4.5 x 107> M, with a LOD of 1.0 x 10~° M [81]. The
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factors affecting the biosensor performance, such as the DNA concen-
tration, interaction time and temperature, were optimized. Theoretical
studies confirmed that the temozolomide intercalated into the dsDNA is
stabilized by n-n interactions.

The interaction of dacarbazine with salmon sperm dsDNA was
studied by CV and DPV at SPCE, and an analytical procedure for the
dacarbazine determination at a dsDNA biosensor in spiked human serum
samples was developed, showing a LOD of 2.0 x 10~8 M and a LOQ of
5.9 x 108 M [82].

The surface confined interaction between dacarbazine and dsDNA,
ssDNA, poly(A), poly(G) and double stranded poly(A)-poly(T) and poly
(G)-poly(C), immobilized at disposable PGE, was investigated by DPV
and electrochemical impedance spectroscopy (EIS) [83]. Based on
dacarbazine and G; oxidation peaks, the dacarbazine interaction with
fish sperm dsDNA was also investigated at disposable PGEs modified by
single-walled carbon nanotubes (SWCN). This methodology allowed the
detection of dacarbazine in the linear range from 2.0 x 107 to
1.0 x 107° M, with a LOD of 1.10 x 10°°M [84].

The binding mode and the thermodynamic characteristics of dacar-
bazine and dacarbazine-Cu(II) complexes with calf-thymus dsDNA and
ssDNA were also evaluated by CV, SWV and fluorescence spectroscopy
[85]. The interaction of dacarbazine and dacarbazine-Cu(II) complexes
with dsDNA occurs by intercalation into the base stacking domain, while
the interaction with ssDNA is driven by electrostatic attractions. Based
on the binding constants and thermodynamic parameters, a higher
affinity towards DNA of the dacarbazine-Cu(Il) complex, when
compared with dacarbazine, was observed [85].

Studies concerning the dacarbazine binding to DNA or DNA bases in
the presence of TiO; NPs showed that dacarbazine binding to purines G
and A is stronger than to pyrimidines T and C, following the order of A
> G > C > T, the TiOy NPs enhancing the detection sensitivity [86].
Similarly, a considerable enhancement of the binding affinity of
dacarbazine to DNA and DNA bases was achieved in the presence of gold
NPs [87,88].

In a different assay, dacarbazine was used as electrochemical probe
to sensitively detect its sequence-specific binding and its ability to
recognize a single A-G mismatch [89]. For this purpose,
thiol-functionalized 15-mer oligonucleotides covalently attached on Au
NPs and oligonucleotides covalently immobilized through chitosan onto
GCE were employed. The results showed that dacarbazine binding af-
finity to purine bases is stronger than to pyrimidines.

The interaction of lomustine and its chemically degraded metabolites
with dsDNA was investigated in solution and at a dsDNA-
electrochemical biosensor [90]. The results showed that lomustine me-
tabolites initially cause DNA condensation, followed by DNA unwind-
ing. The release of free G bases and the occurrence of oxidative DNA
damage were followed via the detection of the oxidation peaks of free G
bases and 8-0x0G/2,8-DHA. Using poly(dA) and poly(dG) electro-
chemical biosensors, it was demonstrated that the lomustine metabolites
cause oxidative DNA damage to both G; and A,.

A comparative study concerning the lomustine interaction with
ssDNA e dsDNA at different temperatures and two pH values, pH = 7.4
of human blood and pH = 4.7 of stomach content [91], showed that
lomustine intercalates efficiently between dsDNA bases at both pH
values. The lomustine-ssDNA interaction was dependent on the ionic
strength. The fact that the ionic shielding weakened the lomustine
binding to ssDNA was consistent with a predominantly electrostatic
interaction.

Bendamustine interaction with fish sperm dsDNA was investigated
and the bendamustine toxicity degree was calculated, in the absence and
presence of quercetin, a protective, natural flavonoid antioxidant shown
to inhibit the bendamustine-DNA interaction [29]. Based on the chances
of the G; oxidation peak current before and after the DNA interaction
with each compound, it was determined that bendamustine-DNA
interaction decreases in the presence of quercetin, due to the
quercetin competitive binding to DNA.
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The chlorambucil interaction with a dsDNA-electrochemical
biosensor, build by dsDNA immobilization onto a PGE modified with
polypyrrole (Ppy) and flower-like Pt/NiCo204 nanocomposites (FLPt/
NiCo,04/PGE) was investigated [92]. Based on the G; and A; oxidation
peak currents modifications, the chlorambucil electroanalytical deter-
mination, in the linear range from 1.8 x 10 %and 2.0 x 10°* M, with a
LOD of 4.0 x 10~° M, was achieved. The biosensor was then tested for
chlorambucil determination in serum, urine and drug samples, showing
recoveries of 97.5-103.8%.

The cyclophosphamide interaction with dsDNA and thermally
denatured ssDNA immobilized at CPE and PGE was studied by DPV [93].
For the cyclophosphamide electrochemical detection, a DNA biosensor
based on a CNT modified SPCE was also developed [94], the CNT
modification leading to more uniform and stable DNA films, which
result in faster response and a higher detection reproducibility.

The interaction of busulfan with salmon sperm dsDNA, in solution or
immobilized onto SPCE, was investigated [95]. The busulfan-induced
DNA damage was detected via the occurrence of the free G and A
oxidation peaks. Moreover, crystal violet, which interacts with the DNA
immobilized on SPCE, was used as an effective electroactive indicator, to
monitor the cross-links or damage to DNA.

The thiotepa interaction with DNA was studied by voltammetric
techniques and agarose gel electrophoresis. The results showed that the
aziridine moiety is released from the thiotepa molecule and binds
covalently to the N atoms of the DNA bases, leading to DNA strand
breaks. The thiotepa interaction with calf thymus and supercoiled DNA
was also investigated, showing important changes on the DNA peaks,
consistent with the alkylation of the DNA bases in close proximity to the
bases electroactive sites, the most probably major site of alkylation
being the N7 position of purines, Fig. 1, which is strongly nucleophilic
[14].

Mitomycin C was investigated by transfer stripping CV at a ssDNA-
modified HMDE [96]. Acid and electroreductive mitomycin C activa-
tions were compared and different DNA-mitomycin C adducts were
detected.

A multilayer dsDNA-electrochemical biosensor was used to evaluate
the interaction between mitomycin C and DNA, showing that mitomycin
C binds to the dsDNA immobilized onto a GCE surface, causing its
condensation [49]. The oxidative DNA damage caused by mitomycin C
metabolites was observed by the occurrence of the 8-o0xoG/2,8-DHA
oxidation peak. The interaction of mitomycin C with DNA was also
investigated by voltammetry and EIS at CNTs modified PGE, SPCE and
CPE, taking into consideration the G, oxidation peak current modifica-
tions [97,98]. An electrochemical protocol for the direct monitoring of
the mitomycin C-DNA interaction at a MWCNTs modified PGE was also
described [99].

The interactions between surface-confined calf thymus dsDNA and
mitomycin C were investigated using a graphene oxide (GO) modified
PGE electrochemical sensor [100]. A signal enhancement of 21.4% and
34.4% of the oxidation peak currents of mitomycin C and G, was
achieved at the GO modified PGE, when compared with unmodified
PGE. Based on the G; oxidation peak current modifications, the elec-
troanalytical determination of mitomycin C showed a linear range from
2.0 x 107 g/mL to 1.2 x 10~* g/mL and a LOD of 9.1 x 107® g/mL.
EIS studies revealed that the mitomycin C binding to dsDNA leads to a
gradual decrease of its negative charge.

Biosensors based on MWCNT-chitosan modified PGE (CNTCHIT/
PGE) [101] and a chitosan/ionic liquid modified PGE (CHIT-IL-PGEs)
[102] were developed for enhanced electrochemical monitoring of calf
thymus dsDNA interaction with mitomycin C. Both biosensors were
evaluated and the experimental parameters were optimized.

A sensitive electrochemical biosensor based on a PGE modified with
amino acid glycine or 1-lysine nanoflowers was developed and evaluated
for the detection of dsDNA, and of mitomycin C-dsDNA interactions
[103]. The results showed that glycine nanoflowers-based sensors
enhanced the sensor sensitivity in the detection of the G; oxidation peak.
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Mitomycin C electroanalytical detection was achieved at an elec-
trochemical biosensor build via the dsDNA immobilization onto a poly
(o-phenylenediamine)-MWCNT modified PGE (PoPDMWCNT/PGE)
[104]. Measuring the G, oxidation peak current modifications, the
biosensor showed, for the mitomycin C detection, a linear concentration
range from 5.0 x 10~/ to 2.5 x 10~> g/mL, a LOD of 1.2 x 10~% g/mL
and a LOQ of 3.9 x 1078 g/mL. The sensor was tested in serum samples
[104]. In a different report, using a dsDNA SWCNT poly(vinyl-
ferrocenium) (PVF") modified PGE, a LOD of 6.25 x 1077 g/mL was
achieved [105].

Aiming to achieve a new drug-delivery system, mitomycin C was
loaded into an oil/water system, and the interaction of the drug with the
DNA in the microemulsion phase was investigated at PGE by DPV, via
the variations of the G; oxidation peak current [106].

4. Conclusions

Alkylating agents continue to be the most commonly used pharma-
cological compounds in chemotherapy, their mode of action being
associated with the DNA damage that induces cell apoptosis. Due to
their chemotherapeutic success, and aiming to overcome some of their
drawbacks, the development of new more effective and specific che-
motherapeutical alkylating agents is of outmost importance. The
quantitative pharmaceutical analysis of alkylating agents in biological
samples is also essential for understanding their pharmacokinetics and
better monitoring the therapy progression.

This review presents a comprehensive overview concerning the
design, development and applications of electrochemical methods, for
the characterization and quantification chemotherapeutic alkylating
agents belonging to the classes of triazenes and hydrazines, nitrosoureas,
nitrogen mustards, oxazaphosphorines, alkyl alkane sulfonates and
ethylene imines. Moreover, their electroanalytical determination in
pharmaceutical formulations, urine and blood plasma samples is
discussed. The need for rapid, easy and low-cost detection and quanti-
fication of these compounds in complex samples led to the development
of sensors based on modified electrodes with nanostructured materials,
such as carbon nanotubes, carbon nanofibers, graphene related
materials, gold nanomaterials, metal nanoparticles, polymers and
nanocomposites. The recent electrochemical methodologies and
DNA-electrochemical biosensors, developed to study the interaction of
alkylating agents with single- and double-stranded DNA molecules, are
presented. These studies are essential for the development of improved
antineoplastic drugs, enabling to obtain real-time information
concerning the mechanism of action of the alkylating agents and how
they mediate the oxidative DNA damage. The DNA electrochemical
biosensors allow the in situ real-time determination of the DNA inter-
action mechanisms with the alkylating agents, with their degradation
products, with their redox reaction products, or with their metabolites.
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