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Graphic Abstract

An electrochemical DNA-sensor developed with the use of Methylene Blue as a

redox indicator for the detection of DNA damage induced by

endocrine-disrupting compounds
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Highlights

» A new method for detecting DNA damage was successfully developed

» A novel biosensor, MB/dsDNA/GO-CS/AuNPs/GCE biosensor was constructed
» Loading/release of MB in/out of dSSDNA/GO-CS/AuNPs film was investigated
» DNA damage induced by BPA, NP and OP was detected and estimated

Abstract

An electrochemical biosensor capable of indirect detection of DNA damage induced by any one of the three
endocrine-disrupting compounds (EDCs) - bisphenol A (BPA), 4-nonylphenol (NP) and 4-t-octylphenol (OP),
has been researched and developed. The Methylene Blue (MB) dye was used as the redox indicator. The
glassy carbon electrode (GCE) was modified by the assembled dsDNA/graphene oxide-chitosan/gold
nano—particles to produce a dsDNA/GO-CS/AuNPs/GCE sensor. It was characterized with the use of
electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV) and scanning electron microscopy
(SEM) techniques. The loading/release of the MB dye by the dSSDNA/GO-CS/AuNPs film was investigated,
and the results showed that the process was reversible. Based on this, the sensor was used to measure the
difference between the loading capabilities of intact and damaged dsDNA in the films. The sensor was then
successfully applied to detect DNA damage electrochemically. The differential pulse voltammetry (DPV)
peak current ratio for MB, observed before and after DNA damage, increased linearly in the presence the
BPA, NP or OP compounds; the treatment range was 10 to 60 min, and the respective damage rates were
0.0069, 0.0044 and 0.0031 min™, respectively. These results were confirmed by the binding constants:
2.09x10° M™! (BPA-DNA), 1.28x10° M (NP-DNA) and 9.33x10° M (OP-DNA), all of which were

obtained with the use of differential pulse stripping voltammetry (DPSV).

Keywords: DNA-damage; Electrochemical DNA-sensor; Methylene Blue dye; Endocrine—disrupting

chemicals.



1. Introduction

Deoxyribonucleic acid (DNA) encodes the genetic instructions used in the development and functioning of
all known living organisms and many viruses [1]. DNA together with proteins and carbohydrates , belongs to
a group of major macromolecules, which are essential for all known forms of life [2].

The phrase, ‘DNA damage’, refers to a DNA molecule, whose chemical structure has been altered by
chemical and/or physical means. Examples of physical factors include high temperature [3], ultraviolet
radiation [4] and other ionizing radiation [5]. There are numerous chemical factors, which can lead to DNA
damage, and among others, they include reactions with O,, H,O, and other chemicals involved with the
biological metabolism, as well as various types of free radicals generated spontaneously or induced in an
organism. Additionally, approximately 10 million tons of toxic chemicals are released annually into the
environment by industrial sources [6]. Many of these chemicals, such as heavy metal ions, vinyl chloride,
polycyclic aromatic hydrocarbons, pesticides and their metabolites, are geno-toxic and form covalent adducts
with DNA, leading to mutagenesis and carcinogenesis [7—10]. Therefore, rapid, inexpensive and sensitive
methods of analysis of DNA damage are important, and similarly, screening of new medicines in vitro for
potential gene toxicity is essential, before their commercial use [11,12].

Various analytical methods have been reported for the detection of DNA damage. These include
electrophoresis [13,14] and spectroscopic methods [15] as well as the DNA chip, molecular probe
technologies [16] and electrochemical methods [10,17—-20]. The electrochemical methods are of particular
interest because they are uncomplicated, have rapid responses, relatively cheap to run and, generally,
analytically, quite sensitive. The electrochemical detection of DNA damage commonly requires the
immobilization of the DNA on the surface of an electrode. This has been achieved with the use of different
methods such as adsorption, casting, covalent attachment and layer—by—layer assembly. The last mentioned
approach requires the deposition of alternating layers of oppositely charged materials on solid surfaces by
electrostatic interaction [11,18].

Endocrine-disrupting compounds (EDCs) are substances that can interfere with the normal, hormonal
function of humans or animals, and thus, pose a potential threat to the environment and human health [21].

Such compounds are therefore, of global interest. Bisphenol A (BPA), 4-t-octylphenol (OP) and



4-nonylphenol (NP) (Scheme 1) are synthesised alkylphenols, which are such successful endocrine
disruptors that they are produced and used on a wide scale [22].

BPA is a compound, which is extensively used in industry as an important intermediate in the production of
resins and polymers such as poly—carbonate, —sulphone, —acrylate as well as epoxies, unsaturated polyesters
and phenolics [23]. Additionally, BPA can also be found in common products such as bottles, food packaging,
nail polishes, and flame-retardant materials amongst many others. Recently, European Union (E.U.), in a
landmark decision, has banned the use of BPA in plastic feeding or drinking bottles for infants [24]. The
other two compounds, OP and NP, are common additives, which are found, for example, in lubricating oils,
paints, and cosmetics amongst other products [25,26].

Gold nanoparticles (AuNPs) have been used to build biosensors because of their unique optical, electronic,
and catalytic properties [27,28]. Also, the AUNPs provide an environment similar to that in nature such that
the bioactivity of an immobilized biomolecule is maintained; additionally, the nanoparticles provide a
relatively high surface area—to—volume ratio and enhance the electron transfer kinetics [29].

Graphene oxide (GO) consists of a single, polymerized layer of carbon atoms closely packed into a
two—dimensional honeycomb lattice [30,31]; such GO films in sensors are known to be effective sensing
platforms for small molecules.

In this work, 3,7-bis(dimethylamino)phenothiazin-5-ium chloride (Methylene Blue, MB) was used as the
redox active molecule to detect the DNA damage. MB is a derivative of anthraquinone, and can intercalate
into the double helix structure of dsDNA. Hu et al. [32] developed an electrochemical sensor for the
detection of damage on natural dsDNA. This was induced by styrene oxide adsorbed on
PSS/(PDDA/dsDNA); layer—by—layer films and using MB as an electroactive probe.

Chitosan (CS) is a kind of natural polysaccharide, and has an isoelectric point value of 6; it is positively
charged at pH 5.5, while DNA has many negative charges on its sugar-phosphate backbone. Thus, in the
present work, oppositely charged CS at pH 5.5 and DNA were assembled into GO-CS/DNA films on solid
surfaces and were stabilised mainly by coulombic attraction [9].

Many studies [33-36] have shown that BPA, OP and NP can form covalent adducts with DNA. Compared
with the intact DNA films, the BPA, OP or NP — damaged DNA films exhibited a significant decrease in

DPV peak currents for MB. Thus, the extent of DNA damage could be estimated according to the size of



these decreased currents. Additionally, the binding constants of the species formed between the EDCs and
DNA can be extracted with the use of differential pulse stripping voltammetry (DPSV), and these constants

can be used to support or otherwise the presence of DNA damage.

2. Experimental

2.1. Reagents

The following chemical reagents were purchased: Hydrogen tetrachloroaurate tetrahydrate (HAUCl,-4H,0),
dsDNA and chitosan (Aldrich Co., U.S.); BPA, NP and OP (Aladdin Chemistry Co., Ltd, Shanghai, China);
Graphene Oxide (GO) (Chengdu Organic Chemicals Co. Ltd., Chinese Academy of Sciences, Chengdu,
China). All other chemicals (Analytical Grade reagents) were obtained from Beijing Chemical Reagent
Company (Beijing, China) and used without further purification. Phosphate buffer solution (PBS, 0.05 M,
pH 7.00) was the supporting electrolyte, and was prepared from KH,PO, and K,HPO, salts; the buffer pH
was monitored with an Orion SA720 meter (U.S.). Double—distilled water was used throughout the

experiments.

2.2. Instrumentation

Electrochemical experiments were performed with the use of a CHIG60A electrochemical workstation
(Chenhua Apparatus Co., Shanghai, China) in conjunction with a three—electrode system: the working
electrode — dsDNA/GO-CS/AuUNPs/GCE (3 mm diameter), the counter electrode — a platinum wire, and the
reference — a saturated calomel electrode (SCE). Electrode potentials were reported with respect to the SCE.
A cell stand (Model BAS C1A) was used for voltammetric scanning and to stir the testing solution during the
pre-concentration step.

Scanning electron microscopy (SEM) images were obtained using a Quanta200F instrument (FEI Ltd, Tokyo,
Japan). The samples were electro—deposited or dropped onto the detachable GCE. The power level was 20

kV.

2.3. Preparation of the dSDNA/GO-CS/AuNPs/GCE

Glassy carbon electrodes (GCE, 3 mm diameter) were polished with emery paper and alumina slurry. They



were then rinsed thoroughly with dilute nitric acid, ethanol, and distilled water in an ultrasonic bath; then,
they were electrochemically subjected to potential cycling between —1.0 and 1.0 V in 0.25 mol L™ H,SO,
until a steady state was reached. Finally, the clean GCE was immersed into 1.0x10° mol L™ HAuCI,
containing 0.01 mol L™ Na,SO, and 0.01 mol L™ H,SO,, and the gold nanoparticles were electrodeposited at
—0.2 V (versus. SCE) for 30 s. The results showed that the particle distribution after 30 s deposition time was
apparently quite uniform, and the particles were also homogeneous [37]. Finally, the completed electrode
(AuNPs/GCE) was rinsed with twice-distilled water.

Stock solution of chitosan (CS) (0.5 wt%) was prepared in 0.1 mol L™ acetic acid. Any undissolved
materials were filtered (Whatman filter paper (11 um), Voigt Global Distribution Inc. Lawrence, Kansas,
U.S.), and solution pH was adjusted to 5.5 with the addition of 0.5 mol L™ NaOH and vigorous stirring. 1.0
mg GO was added to 1.0 mL of the 0.5 wt% chitosan solution, followed by ultra—sonication for 2 h to form a
homogenous mixture of GO—CS. Subsequently, 15 uL of this mixture was then deposited dropwise on the
surface of the AuUNPs/GCE. The solvent was then allowed to evaporate in air for 3 h, and then the electrode
surface was thoroughly rinsed with redistilled, deionized water and dried in air [38].

DNA solution (1.0 mg mL™) was prepared by dissolving 50.0 mg of solid dsDNA in 50 mL 50 mmol L™
sodium chloride solution. Subsequently, 20 uL 1.0 mg mL™" dsDNA stock solution was deposited on the
surface of the GO-CS/AuNPs/GCE and dried for 5 h in air at room temperature. The obtained
dsDNA/GO-CS/AuNPs/GCE was washed with deionized water and immersed in PBS (pH 7.00) for 5 min to

remove any loosely adsorbed DNA.

2.4. Experimental

2.4.1. Loading/release/reloading of MB in the DNA/GO-CS/AuNPs film

MB-loaded dsDNA/GO-CS/AuNPs films were made by immersing the dsDNA/GO-CS/AuNPs coated
electrodes in MB (Immol L™) dissolved in PBS buffer solutions (pH 7.0) for a preselected period of time;
such films were referred to as MB-dsDNA/GO-CS/AuNPs. The electrodes with the loaded films were then
rinsed thoroughly in twice—distilled water, dried in a stream of dry nitrogen gas, and then placed in PBS (pH
7.0) for DPV scans. At this point of preparation, the condition of the MB-dsDNA/GO-CS/AuUNPs film was

defined to be in State | (Scheme 2), and the corresponding DPV peak current as Ip,. The film was then kept in



the PBS at 25 + 0.5 °C with stirring, for over 4 h so as to extract most of the MB, which was not specifically
bound. The DPV scans were collected with the electrodes immersed in the same PBS. At this stage of
preparation, the condition of the MB-dsDNA/GO-CS/AuNPs film was defined to be in State Il (Scheme 2)
and the corresponding DPV peak current was Ip,;.”

For the DNA damage experiments, the MB-dsDNA/GO-CS/AuNPs film in State Il was treated in 1.0 x 10°°
mol L™ BPA, NP or OP solution, with stirring, for a given time at 37 °C, respectively. After this treatment,
the damaged film electrodes were rinsed with twice—distilled water, dried in a stream of nitrogen, and
immersed in PBS (pH 7.0) in readiness for collection of the DPV scans. At this stage of preparation, the
MB-dsDNA/GO-CS/AuNPs film was defined to be in State Il (Scheme 2), and the corresponding DPV peak
current was labeled, Ip,y,.

The above treated electrode (State I11) was soaked in the MB (1.0 mmol L™) / PBS (pH 7.0) solution for at
least 2 h so as to reload MB, and then this electrode was immersed in the PBS for DPV scanning. The
MB-dsDNA/GO-CS/AuNPs film, at this stage damaged by BPA, NP or OP, was defined to be in State 1V
(Scheme 2), and the corresponding DPV peak current was labelled Ip;y. Each treatment and the associated
measurements were repeated at least three times.

2.4.2. Interaction of BPA, NP or OP with dsDNA

For the DPSV experiments, the concentrations of BPA, NP or OP were kept at 2.5x10°° mol L™, and the
DNA was added at different concentrations in the range of 0.0 to 4.0x10° mol L™ at intervals of 5.0x10~’
mol L™ (total: nine analytical samples). The potential was scanned from 0.2 to 1.0 V with a scan rate of 100
mV s, pulse width of 50 ms, pulse amplitude of 25 mV, and deposition time of 60 s. All experiments were

carried out in PBS (pH 7.0) at 25 + 1 °C.

3. Results and discussion

3.1. Characterization of dsSDNA/GO-CS/AuNPs/GCE

Scanning electron microscopy (SEM) images (Fig. 1) showed various aspects of morphology of the untreated
GCE (A), AuNPs/GCE (B) and GO-CS/AuNPs/GCE (C). The surface of the untreated GCE appeared to be
relatively smooth (Fig. 1A) but after the electro-deposition of the gold nanoparticles for 30s, it was more or

less covered by globular nanoparticles with diameters of approximately 100-150 nm, (Fig. 1B). When



GO-CS was deposited on the AuNPs/GCE, a very uneven, crumpled, and layered structure of the graphene
film seemed to form on the surface of the GCE (Fig. 1C).

The electrochemical properties of the modified electrodes were investigated with the use of the
electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) (Fig. 2), and the experiments
were performed in 5x10 2 mol L™ [Fe(CN)s]*™* (1:1) solution containing 0.1 mol L™ KCI.

In general, typical EIS data consists of the electron—transfer resistance (R.) values at the electrode’s surface,
and when presented on a Nyquist plot, such data is often distributed as a semi—circle, the diameter of which
is related to the properties at the interface of the electrode [39]. Such plots display changes of the
semicircular diameters (Re) in the Z' (the real part of the impedance) versus Z" (the imaginary part) space, i.e.
the Nyquist plots. In this work, the changes in such plots were investigated as a function of the modification
of the film on the working electrode, i.e from its GCE state to the fully modified
dsDNA/GO-CS/AUNPs/GCE (Fig. 2A). In this context, for the untreated GCE, a small well-defined
semi—circle (Re) was obtained at higher frequencies (a in Fig. 2A); this indicated the presence of a small
impedance at the interface. When the AuNPs were electro-deposited on the surface of the GCE, these
impedance values (Re) were further reduced as compared to those from the GCE. This indicated that the
AUNPs/GCE (b in Fig. 2A) was strongly conducting. When GO-CS was introduced onto the AuNPs/GCE
surface (c in Fig. 2A), the impedance values (Re;) did not show any significant changes compared with that
from the AuNPs/GCE, and this indicated an even smaller interface electron transfer resistance. This could
occur because CS is positively charged at pH 5.5. Given this, the electrostatic attraction between
[Fe(CN)e]*™ and the positively charged sensing platform facilitated the diffusion of [Fe(CN)¢*™* to the
electrode’s surface [40]. However, when the fully modified dSSDNA/GO-CS/AuNPs/GCE (d in Fig. 2A) was
tested, the impedance curve of the modified electrode included a relatively well formed semicircle. This
indicated a relatively high electron transfer resistance and suggested that the DNA was immobilized on the
GO-CS/AuNPs film.

CV experiments with the same electrode systems and in the presence of the same redox probe, [Fe(CN)s]*"*",
produced results (Fig. 2B), which supported the conclusions obtained from the EIS work. Thus, at the
untreated GCE electrode, CV oxidation and reduction profiles were observed as expected (a in Fig. 2B);

profiles b and c (Fig. 2B) were expected to show more intense CV responses because AuNPs with their good



electrical conductivity, and CS with its positive charge, should have facilitated the electron transfer to the
electrode’s surface. When DNA was deposited on the surface of the GO-CS/AuNPs/GCE (d in Fig. 2B), the

current response of [Fe(CN)s]*"*

decreased, again as expected, leading to the least intense profiles. This
observation is most likely to be related to the electrostatic repulsion between the poly-anionic DNA on the
modified electrode and the anionic redox ions in the solution. In general, the CV results supported those from
the EIS (Fig. 2A).

Chronocoulometric curves of the reduction of Ks[Fe(CN)s] (5%10 2 mol L™) in KCI (0.1 mol L™) obtained
from different electrodes were used to compare the apparent electrode areas. According to Equation 1 [41]:

Q = (2nFAD01/2ﬂ_71/2C0) t1/2 (1)
where: Q — absolute reduction charge, n — number of electrons transferred, F — Faraday constant, A —
apparent electrode area, t — time, Dy — diffusion coefficient and C, — bulk concentration of the oxidized form
of the hexacyanoferrate (I11) complex. The electrode area, A, may be estimated from the slope of the Q

versus t2 plot (Fig. 2C). Thus, the order of the slope values was: GO-CS/AuNPs/GCE (a) > CS/AuNPs/GCE

(b) > AuNPs/GCE (c) > GCE (d), i.e. GO-CS/AuUNPs/GCE has the largest A value.

3.2. Influence of the differently modified electrodes on the MB loading

Each of the five electrodes, dSDNA/GCE, dsDNA/AuNPs/GCE, dsDNA/CS/AuNPs/GCE, dsDNA/GO-CS
IAUNPs/GCE and GO-CS/AuNPs/GCE was immersed separately in MB (Immol L™*) PBS (pH 7.0) for 2 h,
and the modified electrodes were then rinsed with doubly-distilled water, dried in a stream of nitrogen and
immersed in PBS (pH 7.0) for DPV scans. Compared with the MB-dsDNA/GCE (a in Fig. 3), and the other
two modified electrodes (b and c in Fig. 3), the MB-dsDNA/GO-CS/AUNPs/GCE (d in Fig. 3) produced the
most intense DPV peak current. This showed that the dsSDNA/GO-CS/AUNPs/GCE had the relatively highest
MB loading of the four types of electrode (a — d) investigated. However, compared with the other four
electrodes (a, b, ¢ and d in Fig. 3), the oxidation peak potential of the MB-GO-CS/AuNPs/GCE (e in Fig. 3)
shifted to about 36 mV in the negative direction, and its oxidation peak current was considerably lower than
that of the MB-dsDNA /GO-CS/AuNPs/GCE. The results showed that MB interacted mainly with the
dsDNA, and not the GO-CS system.

This observation can be explained by noting that the GO-CS/AuNPs/GCE has a large surface area, and thus,



can absorb many DNA molecules. Also, it has been demonstrated [42] that there are two modes of interaction
between MB and DNA — one depends on strong binding and involves semi—intercalation, and the other
involves relatively weak binding via electrostatic interactions. Consequently, the DNA/GO-CS/AuNPs/GCE
can interact with many MB molecules. Thus, all of these observations showed that the GO-CS was an

effective sensing platform for the immobilization of DNA.

3.3. Loading/releasing of MB at the dsSDNA/GO-CS/AUNPs film

In order to investigate the reversibility of the loading/releasing behavior of MB onto and from the film, the
fully loaded MB-dsDNA/GO-CS/AuNPs/GCE was immersed in PBS (pH 7.0), and DPV scans were
obtained. They showed strong anodic peaks at about —0.27 V versus SCE (a in Fig 4A; State | in Scheme 2).
This modified electrode was immersed in PBS for 4 h with stirring. Under these conditions, it was expected
that some of the loaded MB immobilized by non-specific binding, would be released from the film, and the
DPV profiles would decrease significantly as, indeed, is illustrated in b, Fig 4A, and State Il, Scheme 2.
Subsequently, the electrode in its treated or modified state, as the case may be, was re-immersed into the MB
solution for 2 h to facilitate the reloading of the MB. The MB-dsDNA/GO-CS/AuUNPs/GCE produced very
similar DPV profiles (a and c, Fig 4A). This indicated that the loading/releasing of MB was readily
reversible and the dSSDNA/GO-CS/AuNPs film on the electrode was quite stable and able to retain its original
structure and binding capability.

The ability of the MB molecule to be stabilised and retained well inside of the dSDNA/GO-CS/AuUNPs film
was also investigated. This was achieved by comparing the influence of the immersion time of the treated
electrode in PBS on the DPV oxidation peak current (l,,) after MB was loaded on the film for 2 h. This
experiment showed that the MB was gradually released from the film into the buffer (Fig. 4B), and when
compared with the initial peak current, it was evident that about 65% of MB was retained in the film after
immersion for 30 min. Even after further immersion of up to 6 h in the PBS, about 30% of the initial DPV

peak current was still recorded; thereafter, the DPV peak current decreased slowly.

3.4. Detection of natural DNA damage induced by BPA, NP or OP
The DPVs (Fig. 5) were collected with the use of the MB-dsDNA/GO-CS/AuNPs/GCE, which was

immersed in a PBS (pH 7.0); this contained sufficient amount of BPA, NP or OP solute so as to produce
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solutions of the same concentration. The electrode was immersed for different periods of time. The anodic
peak currents decreased with the increase in the immersion time. This indicated that the DNA films damaged
by BPA, NP or OP cannot reload as much MB as with the undamaged DNA films, and thus, this observation
suggested that the interaction between EDCs and dsDNA was irreversible, i.e. DNA damage could be
induced by the EDCs.

In order to investigate the extent of the damage to the DNA films induced by BPA, NP or OP, the damage
rate of the DNA in a film deposited on the electrode, was estimated from the slope of the linear plot of the
peak current ratio (lp; / Ip;v) versus treatment time with BPA, NP or OP (inset, Fig. 5), where Ip; and Ipy,
were the DPV peak currents of the MB-dsDNA/GO-CS/AuNPs films in States | and IV (Scheme 2),
respectively. In these experiments, each electrode was used only once during the reaction process from State
I to State I1l. In order to correct for any electrode—to—electrode variations, the relative peak current ratio (Ip; /
Ipnv) Was used for any calculations, instead of the absolute peak current, (lp;v). This ratio, (Ip; / Ipv),
increased linearly with the BPA, NP or OP preparation time from 20 to 120 min, and over 120 min, the
decrease of Ip;y was not significant, i.e. the amount of DNA damage was approaching stability. The related
damage rates were 0.0069, 0.0044 and 0.0031 min ™%, with correlation coefficients of 0.995, 0.986 and 0.997,
respectively. This indicated that the reaction between BPA and DNA produced most severe damage; the

damage was less severe during the reaction between OP and DNA under the same conditions.

3.5. Detection of DNA damage by the EIS technique

The EIS technique is well-known for the detection of DNA damage [17], and in this work, it was use to
verify any damage induced by BPA, NP or OP; it was shown that the DNA/GO-CS/AuNPs/GCE displayed
relatively high charge transfer resistance (see arrow on curve a, Fig. 6), which occurred because the
electronegative phosphate backbone of the DNA prevented the [Fe(CN)s]* " from reaching the surface of
the electrode [40]. Subsequently, DNA/GO-CS/AuNPs/GCE was treated in 1.0x10° mol L™ BPA, NP or OP
solution for 30 min at 37 °C, respectively, and a slight increase in charge transfer resistance value was
detected, i.e. the semicircle diameter was somewhat larger (see arrow, curve b, ¢ and d, Fig. 6); this possibly
occurred because the insertion of EDC molecules into the dsSDNA reduces its charge transport. The insertion
of the EDC molecules may result in a more negative charge environment on the dsDNA surface, which

hinders accessibility of the [Fe(CN)e]*" anion. This may form a steric barrier at the base of the dsSDNA
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structure, which decreases the charge transport contribution of the dsDNA [20].

3.6. Interaction of DNA with BPA, NP or OP: DPSV analysis

Differential pulse stripping voltammetry (DPSV) was used to study the electrochemical behavior of BPA, NP
or OP in the absence or presence of DNA at a GCE. The first profile (curve 1, Fig. 7) indicated that the
anodic peaks for BPA, NP or OP, in the absence of DNA, occurred at 0.496, 0.540 and 0.504 V, respectively.
When DNA was added to the BPA, NP or OP solutions (curves 2-9, Fig. 7), the compounds reacted with the
DNA, respectively, and their associated peak currents clearly decreased. Also, the peak potentials shifted
from 0.496, 0.540 and 0.504 V, respectively to the more positive values of 0.564, 0.632 and 0.620 V.

It has been noted [43] that the negative and positive peak potential shifts represented the electrostatic and
hydrophobic interactions between the intercalated metal chelates and DNA, respectively. Thus, it is
reasonable to suggest that the three EDCs, i.e. BPA, NP and OP, can interact with DNA to form a complex,
primarily by intercalation, i.e. DNA-EDC., where ‘m’ is the stoichiometric coefficient. If this complex is
stable, it is likely that some DNA may be damaged by this type of reaction at relatively high concentrations
of the BPA, NP or OP compounds.

If it is assumed that the complex, DNA-EDC,,, was formed by EDC biding to DNA then:

DNA + mEDC <> DNA-EDC,, (2)
where m is the stoichiometric binding coefficient, then the binding constant, K, can be evaluated from:

K = [DNA-EDC,] / [DNA][EDC]" (3)

According to the Ilkovic equation for an irreversible electrode process [44]:

AImax = k Cbona (4)
Al =k [DNA-EDC] (5)
Almax — Al = K(Cona — [DNA-EDC]); (note: cona = [DNA] + [DNA-EDA]) (6)

On rearranging Egs (3) — (6), the new expression is:

(17 A =1/ Alyax) + {[1/ (KAlna)] x (1 /[EDC]™)} ()
or
log [Al /(Almax — Al )] = m log K + m log[EDC] ()]

where Al represents the difference in the oxidative current in the absence or presence of DNA, and the

12



maximum value of Al is AlnaxCona. Also, [DNA] and [DNA-EDC,] are the total, free and bound concentrations
of DNA in the solution, respectively. If DNA interacts with EDC to form a single complex, then the plot of log

[Al [ (Almax — AD] versus log[EDC] should be linear with a slope, m, (Fig. 8), and the corresponding equations

are:
log[Al / (Almax — Al)] = 2.712 + 0.429 log[BPA] (r = 0.9919) 9)

log[Al / (Almax — Al)] = 2.723 + 0.446 log[NP] (r = 0.9931) (10)
log[Al / (Almax — Al)] = 2.552 + 0.427 log[OP] (r = 0.9887) (11)

According to the slope and intercept, the binding constants for BPA, NP and OP were calculated to be 2.09 x
10°, 1.28 x 10° and 9.33 x 10°M™. The results indicated that the interaction between BPA and DNA was the
strongest, and that the interaction between OP and DNA system was the weakest under the same conditions.
These findings are consistent with the conclusion in Section 3.4. A possible structure of the dsSDNA-EDCs

complex and the interaction caused by the addition of EDCs are shown in Scheme 1.

3.7. Reproducibility and stability of the sensor

The MB-dsDNA/GO-CS/AuNPs/GCE was prepared three times in PBS (pH 7.0) using the same GCE (pH
7.0) for DPV scans, and the average relative standard deviation (%RSD) of the peak current for MB was 7.23
+0.68, which indicated that the modified electrode has acceptable reproducibility. Additionally, the stability
of the modified electrode was estimated, and the sensor was immersed and stored in PBS (pH 7.0) for 15
days at 4 °C. It was found that the anodic peak current of MB decreased by 18%. Thus, this result indicated

that MB-dsDNA/GO-CS/AuNPs/GCE was reasonably stable.

4. Conclusions

The layer-by-layer construction method was used to construct a dsDNA/GO-CS/AuNPs, which were
deposited on a GCE. This modified electrode was successfully used to detect indirectly DNA damage with
the use of Methylene Blue (MB) acting as the electroactive probe. The damage was caused by any one of the
three endocrine—disrupting compounds (EDCs) — bisphenol A (BPA), 4-nonylphenol (NP) and
4-t-octylphenol (OP). The results indicated that loading/releasing of MB at the dSDNA/GO-CS/AuNPs film

is reversible. However, when the MB-dsDNA/GO-CS/AuNPs films were treated in BPA, NP or OP solution,

13



the peak current for MB (Ip)y) significantly decreased in comparison to the lp;. This showed that the
interaction between EDCs and dsDNA was irreversible, i.e. the DNA damage could be induced by EDCs.

Also, the presence of any dsDNA damage was verified with the use of the EIS technique.
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Captions
Scheme 1. A stepwise, schematic representation of interactions of DNA with MB followed by the damaging

effect of the EDC to form the DNA-EDC complex and related products. Structural formulae of three
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endocrine - based disrupting compounds (EDCs) — bisphenol A (BPA), 4-nonylphenol (NP), 4-t-octylphenol
(OP) as well as Methylene Blue (MB).

Scheme 2 A representation of the loading/release/reloading process of the MB in dsDNA/GO-CS/AuNPs
films electro-deposited on a GCE. Corresponding DPV profiles are provided.

Fig. 1 SEM images: (A) GCE, (B) AuNPs/GCE and (C) GO-CS/AuNPs/GCE.

Fig. 2 Nyquist plots (A) and cyclic voltammograms (B) of: (a) GCE, (b) AuNPs/GCE, (c)
GO-CS/AuNPs/GCE and (d) DNA/GO-CS/AuNPs/GCE. All electrodes were immersed in 0.1 mol L™ KCl,
which contained 5x10° mol L™ [Fe(CN)¢]*'* (1:1); Nyquist plots were collected over the frequency range
0.01 - 1x10* Hz, initial potential +0.256 V and amplitude 0.01 V: Chronocoulometric curves (C) were
collected from: (a) GCE, (b) AuNPs/GCE, (¢) CS/AuNPs/GCE and (d) GO-CS/AuNPs/GCE, for the
reduction of 5x10~ mol L™ K3[Fe(CN)g] in 0.1 mol L™ KCI.

Fig. 3 DPV responses: (a) MB-DNA/GCE, (b) MB-DNA/AUNPs/GCE, (c) MB-DNA/CS/AUNPs/GCE, (d)
MB-DNA/GO-CS/AUNPs/GCE and (e) MB/GO-CS/AuNPs/GCE in PBS (pH 7.0). The potential was
scanned from - 0.6 to 0.1 V: amplitude: 0.05 V, pulse width: 0.06 s, and scan rate: 0.1 V' s™.

Fig. 4 (A) DPV responses of MB-DNA/GO-CS/AUNPs/GCE immersed in PBS (pH 7.0): (a) in State | after
the DNA/GO-CS/AuNPs/GCE was immersed in MB (1mmol L) PBS (pH 7.0) for 2 h, (b) in State Il after a
4 h immersion of the electrode in PBS (pH 7.0), and (c) after the electrode at State Il was re-immersed
in MB (Immol L™) PBS (pH 7.0) for 2 h. Other conditions were as in Fig. 3. (B) Influence of the
immersion time in the PBS (pH 7.0) on the DPV anodic peak current (l,,) for the MB-DNA/GO-CS/AuNPs
film deposited on a GCE (experiment repeated 3 times).

Fig. 5 DPV responses of MB-DNA/GO-CS/AuNPs/GCE immersed in PBS (pH 7.0), which produced State
IV profiles for different treatment times. Experiments involved solutions containing 1.0x10> mol L™ BPA,
NP or OP compounds, which were kept at 37 °C and were stirred for 0—120 min. Inset: dependence of the
peak current ratio, I, / Iy, on treatment time of solutions containing BPA, NP or OP. The I, and I, refer
to the DPV anodic peak currents obtained from the above treated electrodes immersed in PBS (pH 7.0) and
producing State | and State 1V profiles, respectively. Other conditions were as in Fig. 3.

Fig. 6 Electrochemical impedance spectra (EIS) recorded in the 5x107° mol L™ [Fe(CN)¢ ¥ (1:1)

solution with the use of: (a) DNA/GO-CS/AuNPs/GCE; immersed in 1.0x107° mol L™*(b) BPA, (c) NP and
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(d) OP solutions for 60 min at 37 °C, frequency range 0.01 - 1x10* Hz, initial potential +0.256 V and
amplitude 0.01 V. Arrows represent the semicircle diameters.

Fig. 7 DPSV of 2.5x10° mol L™ BPA, NP or OP in the absence (profile 1) and presence (profiles 2—9) of
5.0x10""~ 4.0x10°® mol L' DNA in PBS (pH 7.0) at a GCE. The potential was scanned from 0.2 to 1.0 V;
scan rate : 100 mV s %, pulse width: 50 ms, pulse amplitude: 25 mV, and the deposition time: 60 s.

Fig. 8 Relationship between log [Al / (Alnex — Al] and log [EDC] (log[BPA], log[NP] or log[OP]) at the

MB-DNA/GO-CS/AuNPs/GCE in PBS (pH 7.0).
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Fig. 1
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6
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Fig. 7
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Fig. 8
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