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Abstract:

A new electrochemical biosensor was developed tootstrate the effect of Acridine
Orange (AO) on DNA damage. Then, the biosensorusasd to check the inhibitors effect of
three flavonols antioxidants (myricetin, fisetindakaempferol) on DNA damage. Acridine
Orange (AO) was used as a damaging agent becasisews a high affinity to nucleic acid
and stretch of the double helical structure of DNDRcreasing on the oxidation signals of
adenine and guanine (in the DNA) in the presencA®@fwere used as probes to study the
antioxidants power, using DNA-modified screen mthigraphene electrode (DNA/SPGE).
The results of our study showed that the DNA-bigssercould be suitable biosensor to
investigate the inhibitors ability of the flavona@atioxidants on the DNA damage. The linear
dependency was detected in the two regions inathges of 1.0 — 15.0 and 15.0 — 500.0 pmol
L. The detection limit were found 0.5 pmof land 0.6 pmol L for guanine and adenine,
respectively. To confirm the electrochemical resuliv-Vis and fluorescence spectroscopic

methods were used too. Finally molecular dynamib)&imulation was performed on the
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structure of DNA in a water box to study any int#i@n between the antioxidant, AO and

DNA.

Keywords: Flavonols anti-oxidants; DNA damage; Graphene niedifscreen printed

electrode; Voltammetry; Molecular docking.

1. Introduction

Flavonols are a class of flavonoids those are devagroups of naturally occurring
polyphenolic compounds ubiquitously distributed otighout the plane kingdom. The
function of flavonoids in plants is controversiatdapoorly understood. Over the years
bewildering arrays of biological effects have baseribed to the flavonoids. These include
but are not limited to antibacterial, antiviral aadtifungal effects; anti-inflammatory and
anti-angiogenic effects; anti-mutagenic, mutageaittj-proliferative, anti-cancer and anti-
aging effects [1,2]. Similarly, recent epidemidt®j and experimental studies indicate that
flavonols can also act as important proteasomebituns and apoptosis inductors [3]. In
many countries, onions, apples, tea and red wieeher main dietary sources of flavonoids,
also these are common in vegetable, fruits, pladtreerbal medicines [4].

DNA is an important functional biomolecule, whichshreceived considerable attention
by researchers [5]. The detection of DNA damage beme one of the most important
themes in DNA research fields because of the drumke of DNA in mutagenesis,
carcinogenesis and aging [6]. If the damaged DN#Anoa be repaired properly, the caused
gene mutation will result in cancer and tumor inMieplication process [7,8]. Thus, quick,
economical and sensitive screening of new cheminalgro for potential toxicity and before

their exposure to environment in commercial use reat significance.



While 32P—postlabelling, chromatographic or elgutaretic separation of hydrolyzed
samples have been coupled with mass spectrometry {Riorescence, and
photoelectrochemical [10] may provide detailed molar information on DNA damage.
Microbiological and animal toxicity tests may suggsome direct proof for genotoxicity
[11]. All of the methods are exhausting or wastimgich time and may include costly
instruments. In contrast, electrochemical methogs fast, simple and selective tools to
provide detailed molecular information on DNA dam§t2-14]. The DNA electrochemical
biosensor is a device that incorporates immobilipddA as the molecular identification
element in the biologically active layer on thectlede surface, and measures specific
binding processes with DNA using an electrochemitahsducer. The electrochemical
DNA-biosensor has been used to sense in situ oxdatamage to DNA. The
electrochemical data can contribute to the explanatf the mechanism by which DNA is
oxidized by some compounds with a view to what leappn the living cell [15,16].
Interactions of various substances with ds-DNA hdwveen studied using DNA-
electrochemical [17,18], and permit explanatiorihaf interaction with ds-DNA as well as its
electrochemical mechanism.

Acridine orange (AO) is a nitrogen-containing ardicdye with a basic structure of 3,6-
bis(dimethylamino)-acridine monohydrochloride, whoglanar structure is come from
anthracene [19]. It shows a high attraction forleigcacid and intercalates into double strain
DNA (ds-DNA) or binds electrostatically to singlegan DNA (ss-DNA). This compound
can further oxidative damage to DNA in cancerouts ¢arough the generation of reactive
oxygen species [20]. AO bind DNA via intercalativanner and slip between next base pairs
and stabilizes pigment—-DNA complexes through chargatralization of DNA backbone

phosphate group [21], which cause stretch of dobbleal structure [22-24]. Moreover, the



stacking contacts are formed between ligand modéscand DNA base pairs while the
lengthening of DNA occur cause untwisting of h¢it%s,26].

In this work, AO was used as a model for DNA dambgeause it can intercalates into
ds-DNA or binds electrostatically to ss-DNA andodbietween adjacent base pairs and cause
stretch of double helical structure. Reduced gragploixide (rGO) was used at the surface of
screen printed carbon electrode. Then, DNA-modifsedeen printed graphene electrode
(DNA/SPGE), was prepared. Then, decreasing on thdatoon signals of adenine and
guanine (in the DNA) in the presence of AO wereduas probes to study the antioxidants
power. The effect of three flavonols antioxidanisylicetin, fisetin and kaempferol) to
inhibit the degradation of ds-DNA were studied gsklectrochemical and spectroscopic
methods. In the second section of this study, nutdealocking was used to investigate the
interaction of DNA/AO and DNA/flavonols. The thetical results confirm the experimental
observations. The anti-damaging effects of kaemopfand fisetin are comparable with

myricetin.

2. Experimental

2.1. Chemicals and materials

All chemicals were of reagent grade quality andduse received without further
purification. Graphite, nitric acid and hydrofluoracid were purchased from Merck. AO,
double-stranded salmon sperm DNA (ds-DNA, catalog DB899), reagent grade Tris—HCI,
CH3;COOH, NaCl and NaOH were purchased from Aldrich @icals (Milwaukee, USA). A
salmon sperm ds-DNA stock solution (100 nmid)lwas prepared in Tris—=HCI buffer and kept
frozen. More diluted solutions of the ds-DNA werepared with acetate buffer solution (pH

4.8) containing 0.02 mol T NaCl. 1.0 mmol [} AO solution was prepared too.



2.2. Apparatus

Field emission scanning electron microscopy (FE-$kMs made on a Philips XL-30
ESEM at an accelerating voltage of 20 kV. Founiansform—IR spectra were recorded using
a JASCO FT-IR (680 plus) spectrometer, the vibratidransition frequencies are reported
in wavenumbers (cm). The fluorescence signal was measured using eoJE®750
spectrofluorometer with an excitation radiation486 nm. UV-Vis spectra were measured
with a double beam spectrophotometer, Jasco medéb®using 1.0 cm quartz cells.

A p-Autolab electrochemical analyzer, Model PGSTB02N potentiostat/ galvanostat
(Eco—Chemie, the Netherlands), controlled by a otemputer was used for all
voltammetric and  Autolab  electrochemical analyzerModel @ PGSTAT30
potentiostat/galvanostat (Eco—Chemie, the Nethdslanwas used for electrochemical
impedance spectroscopy study. Data were acquirddoeotessed using GPSE computrace
software 4.9.007. A standard three-electrode celitained a platinum wire auxiliary
electrode, a saturated Ag/AgCIl reference electr@€€l sat’d) and the screen printed
graphite electrode (SPGE) was used in all the exgats. All the electroanalytical
measurements were performed at room temperature.

Molecular docking is an attractive study to undamdt ligand-receptor interactions. The
DNA sequence d(ACCGACGTCGGJwas taken from the Protein Data Bank (PDB id:
423D) at a resolution of 1.60°A. (http://www.pdlghr Several conformers of DNA were
taken from the MD simulation and subjected to dogkfor representing conformational
changes and flexibility of DNA. Binding sites weigentified from the cavities within the
structure of DNA duplex with Discovery Studio 2.87] (Accelrys Inc, San Diego, CA,
USA). For preparation step of DNA, CHARMm forcelfievas applied, hydrogen atoms

were added and all water molecules were removed.



Molecular docking simulations were carried out withscovery Studio 2.5. GOLD
program was used to dock antioxidants into the Déilfplex [28]. GOLD is a genetic
algorithm for the docking of flexible ligands inteceptor binding sites which accounts the
side chain flexibility for the target receptor. Thleemical structure of the antioxidants were
constructed by Hyperchem package (Ver. 7.0), ardggnminimizations were performed by
AM1 semi-empirical method with Polak—Ribiere alglomn (root mean square gradient of
0.01 kcal mot). The resulting structures were imported into Disry Studio, and typed
with CHARMmMm force field and partial charges werdcoéated by Momany-Rone option
[29]. Then, they were minimized with Smart Minimjzeehich performs 1000 steps of
steepest descent with a RMS gradient tolerance,ofolbwed by conjugate gradient
minimization. Other parameters were set as theuttgbeotocol settings. Finally, Gold score
was used to evaluate the affinity of antioxidantsdrd the candidate pocket of HSA.

Molecular dynamic (MD) simulation was performed ttve structure of DNA in a water
box. The MD simulations were performed with the @RACS 4.5.3 simulation package
[30] by the use of Amber99 force field [31]. Themetsystem was placed in cubic box
(7.54%x7.54%x7.54 nm3). Water molecules were addedjws simple charge (SPC216) model
[32] and the solvated system was neutralized byingdtiventy two sodium ions in the
simulation. An energy minimization step was perfednfor the full system without
constraints using the steepest descent integratodsd000 steps, until a tolerance of 10 kJ
mol™. This was followed by a short (200 ps) positiostr@ned equilibration simulation at
310 K. Finally, molecular dynamics simulations weesformed for a period of 5 ns with a
time step of 2 fs. The LINCS algorithm (Linear Cwmamt Solver) which is three to four
times faster than the SHAKE algorithm was usedawstrain the length of covalent bonds
[33]. The Particle—Mesh Ewald (PME) summation teghe was used to compute long-

ranged electrostatic interactions [34,35]. ThelGmb and van der Waal’s cut-offs were set



to 1.0 and 1.4 nm, respectively. The constant teatpee and pressure (NPT) ensemble at
310K with periodic boundary conditions was useg@édorm the simulation. Initial velocities
were assigned from Maxwell distribution at 310 KieTBerendsen thermostat was applied to
keep the temperature constant [3dje stability of system and the structural geometag
examined by mean of the deviation (RMSD) of DNAhwiéspect to initial structure of DNA.
The average RMSD value of DNA backbone was caledlad be 5.50 nm. The average
structures of DNA were calculated for the time mg&ds: 1000-2000, 2000-3000, ... , 4000-

5000 ps and were used for docking.

2.3. Synthesis of exfoliated graphene oxide

Graphene oxide was prepared using a modified Stauwmlen method [37]. Natural
graphite powder (with a particle size of 70 um angurity of 99.999%) was chemically
oxidized form graphite oxide (GO) at room tempemtGraphite (1.0 g) was continuously
stirred in a mixed solution of conc. sulfuric agD mL), conc. nitric acid (10 mL) and
potassium chlorate (10.0 g) for approximately 100te resulting GO was rinsed with 5.0
wt% (w/w) HCI aqueous solution and then repeatedighed with deionized water until the

pH of the filtrate became neutral and the produd éréed in air [37].

2.4. Electrochemical deposition of graphene oxide the screen printed carbon
electrode

Pretreatment of screen printed carbon electrod€EpRvas carried out before electro-
reduction of graphene oxide, to create porositytlom surface of SPCE by removing
impurities for the immobilization .The reason faetlow activity may result from the lack of

functional groups on the surface [38]. Electroclehideposition was carried out in a



deaerated borate buffer solution (pH 9.0) contajirice mg mL* GO with running cyclic

voltammogram (CV) with stirring, for ten cycles find0.60 to —1.60 V at scan rate 25 mV/ s

2.5. Preparation of DNA—-biosensor and procedure

For adsorptive of the ds-DNA on a SPGE, the ds-Dih#s immobilized on a SPGE
surface by applying a potential at +0.45 V for eliéint preselected times (optimum time of
180 s) from a stirred (constant rate) solution aiming 20.0 mg L ds-DNA in the acetate
buffer containing 0.02 mol T NaCl. The electrode was then gently rinsed with dletate
buffer to remove unbounded ds-DNA. The voltammestigpping step was performed by
employing a positive-going differential pulse pdtahscan (from 0.40 to 1.40), using a pulse
amplitude of 0.06 V, a modulation time of 0.04 sl anstep potential of 0.01 V in the acetate
buffer plus 0.02 mol I* NaCl to have the blank signals of the biosenstie xidation
signals of guanine and adenine were recorded. Tbeegure was repeated using a new
modified-SPGE in a phosphate buffer solution (p8) €ontaining different concentrations of
AO when the solution was stirred at constant raie I20 s at open circuit. After
accumulation of AO, the ds-DNA-modified SPGE wassed. Then, differential pulse
voltammograms in the blank solution (the acetatéfebwplus 0.02 mol [* NaCl) were
recorded to have the biosensor-AO signals.

In order to investigate the effect of three kindsotioxidant (kaempferol, myricetin and
fisetin) to the distractive effect of AO on the B&IA, the DNA biosensor immersed into a
phosphate buffer solution (pH 7.0) containing déf@ concentrations of AO and constant
concentration of the antioxidant (1.0 x4,0.0 x 10% and 1.0 x 10 umol L% when the
solution was stirred at constant rate for 120 anabpen circuit system. After accumulation of
AO and the antioxidant, the ds-DNA—modified SPGEwased. Then, the differential pulse

voltammogram was recorded in the blank solutiore (#tetate buffer plus 0.02 mol™L



NaCl). The raw data were treated using the Savitzky Golay filter (level 2) of the GPES
software, followed by the GPES software moving agerbaseline correction, using a “peak

width” of 0.02 (this method in all experiment wased).

2.6. Uv=Vis and fluorescent study

UV-Vis spectra of the blank solution (containingsHHCI buffer (pH 7.0) and acetate
buffer solution (pH 4.8) containing 0.02 mol‘INaCl), ds-DNA (30 mgL?), AO (20.0 umol
L™ and ds-DNA in the presence of AO at concentratib(20.0 umol *) were recorded in
the wavelength of 200 to 600 nm. The graph was toacted as the absorbanaes.
wavelength.

The fluorescence signal of different concentratioh&O in the presence of ds-DNA (20
mg L™) was recorded. Then, the effects of three kindantibxidant (kaempferol, myricetin
and fisetin) to the distractive effect of AO on tis-DNA were investigated using three
concentrations of the antioxidant (0.01,1.0 and a®®l| L™) in the presence of different
concentrations of AO. The graph was constructethadluorescent signais. wavelength.
Then, the fluorescence signal of each concentraifohO at 524 nm was selected and the
graph was constructed as the fluorescence sign#te AO concentration, then the slope of

all graphs were reviewed.

3. Results and discussion

3.1. Characterization of the screen printed graphefectrode

Electrochemical methods were used to charactedre&PGE. Fig. 1a shows a typical CVs
of the ten successive scan for the electrochemachiction of EGO at pH 9.0 (borate buffer).
This reveals that the graphite oxide (GO) was whekfoliated as individual GO sheets at

pH 9.0 with ultrasonication. It is broadly accepthdt the peak at ca. —1.40 V is attributed to



the irreversible electrochemical reduction of eidigld graphene oxide (EGO) [38,3%he
continuous increasing in the peak current with essive CV scans (Fig. 1 a) indicated that
EGO was successfully reduced to rGO, and attachexitbe electrode surface. Despite EGO
can form well dispersed aqueous colloids; it islwabwn that electrochemical reduction of
EGO sheets in aqueous solutions results in thewersible agglomerate. Therefore, it is
reasonable to speculate that when EGO sheetsantdiontact with an electrode surface, it
electrochemically was reduced. The resulted graplséeets will also be insoluble, and thus
directly attach to the electrode surface [39,40].

Fe(CN)*"*, as a redox probe, was used to evaluate the rsprégted carbon electrode
(SPCE) and SPGE (Fig. 1b). The modified SPGE shaavslightly smaller peak potential
separation and larger peak current than the SP@&.improved performance demonstrated
faster electron transfer and larger electroactivdase area of the electrochemically rGO-
modified electrode. These results also indicated tie ferrocyanide electrochemistry at the
SPGE and SPCE mainly took place within a 3D pordestrode structure.

AC impedance spectroscopy was also used to evalbat&PCE and SPGE. Fig. 1c
shows the Nyquist diagrams of the electron transifeetic for the redox probe at the SPCE
and SPGE, in 0.10 mmolt[Fe(CN)]*"* It can be seen that a small and well defined semi
circle obtained at the SPCE at higher frequendisdicating small interface impedance.
However, the electron resistance of SPCE decreasethrkably after electrochemical
deposition of EGO on the surface of SPCE, sugggsha excellent electro-conductivity of
SPGE. “Here Fig. 1”

FT-IR (Fig. 2a) and Raman (Fig. 2b) spectroscopsewsed to examine the reduction
degree of rGO. The FT—IR spectrum of EGO presetitedcharacteristic absorption bands
corresponding to the stretching of O—H, C=0 of oayhb and carbonyl groups, C=C, C-0-C

and C-O. After the electrochemical reduction of G@gst of the absorption bands

10



disappeared, only the peak of C=C (1618 8nand a weak peak of C=0 (1741 dn
remained, which proved the effective elimination tbé oxygen-containing groups. The
Raman spectrum of EGO contained both G and D banti355 and 1595 crh respectively.
The Raman spectrum and the ratio of bond D to erghown the reduction degree of the
graphene oxide to reduce graphene oxide. FE-SEMemaf SPCE and SPGE showed a
typical wrinkled sheet texture of graphene toolasas in Fig. 2c and Fig. 2d, respectively.
EDX was also used to confirm the reduction of geapghoxide. The results confirmed that
after reduction of graphene oxide the oxygen péagenreduces from 47.37% to 36.38%.
This is due to the reduction of oxygenated funalagroups at the surface of the graphene
oxide. The results are shown in Figs. 2E, 2F ardyasen in Table 1 [41,42].

“Here Fig. 2 and Table 1”
3.2. Electrochemical optimization

To camper SPCE and SPGE as a substrate for immiagilof the DNA, differential pulse
voltammograms of ds-DNA at the surfaces of thesedlgctrodes were recorded. The result
showed that the oxidation peaks current of guaaie adenine at the DNA/SPGE is higher
than the DNA/SPCE because the surface area of mddifectrode was increased and more
DNA can adsorb on the surface of the SPGE. (Fit)) S-

To get the maximum sensitivity, the influence ofpesimental parameters affect the
fabrication of the biosensor, including adsorptipotential of the dsDNA at SPGE,
concentration and accumulation time of the DNA riegaring DNA-SPGE were studied. The
oxidation signals of guanine and adenine at the BidNdsensor, before and after interaction
with AO on the electrode surface, were used asgzaising differential pulse voltammetry
(DPV). To find the optimum adsorption potential @NA, six different potential (between
0.00 and +0.60 V) were selected. The results ofstudied showed that the DPV signals

increased till +0.45 V and then levelled off, a®wh in Fig. 3A. To find the optimum
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concentration of the ds-DNA, five different conaations of the ds-DNA (between 5.0 and
35.0 mg %) were tested. The results of our studied (Fig. 8)wed that the guanine and
adenine signals at the electrode surface weredsetkby increasing the DNA concentration
up to 20.0 mg T, and then levelled off. Therefore, 20.0 mg bf salmon sperm ds-DNA
was selected to fabricate the biosensor. To fimdaptimum accumulation time for the ds-
DNA at the surface of SPGE, five different timest{leeen 60 and 360 s) were selected using
20.0 mg C* ds-DNA at 0.45 V. The DPV signals of the guanimel adenine increased till
180 s and then levelled off (Fig. 3C). Therefor801s was considered as an optimum
accumulation time.

The binding of AO with the ds-DNA at the DNA-biosem depends on the interaction
(incubation) time too. The incubation time for theeraction of AO with the DNA-biosensor
was optimized during 60-240 s. The results (Fig.) 3Dowed that by increasing the
incubation time up to 120 s, the oxidation peakseru of adenine and guanine decreased till
120 s and then they were levelled off for the longeubation time. Accordingly, 120 s was
selected as the optimum time for the interactioA©fwith the DNA—-biosensor.

“Here Fig. 3”

The effect of solution pH on the interaction of Af@th the DNA-SPGE was also
investigated in 0.10 mol® PBS at different pH levels (in the range of 2.09)@ontaining
1.0 x 10° pumol L AO with stirring. The variations on the peaks poi@ and peaks current
of the adenine and guanine were recorded at diffgykl, using DPV. The optimum pH of
the measurement was found to be 7.0.

After adsorption of the DNA on the surface of elede, we couldn’t use the electrode
more than one measurement and therefore, they dabetreplaced each time. The
reproducibility results (RSD%) (n=5) of the meargrbf adenine and guanine peaks current

(after accumulation of the dsDNA on the surface EP@as calculated as 7.4%.
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3.3. Interaction of AO with the ds-DNA

The oxidation signals of the guanine and adenindMMA-biosensor, before and after
interaction with AO, are shown in Fig. 4A. Diffeteconcentrations of AO were used to
interact with the ds-DNA on the surface of the DNWesensor. The results showed that the
oxidation signals of guanine and adenine obtainéti the ds-DNA-modified electrode
before interaction of AO were higher than the ordamed after interaction with AO.
Decreasing of the oxidation signals of guanine addnine bases were attributed to the
binding of AO to these electroactive DNA bases.sTihecreasing could be explained as a
possible damage or shielding of the oxidizable gsoaf guanine and adenine bases while
AO interacts with the ds-DNA either on SPGE surfaldee percentage of reduction on the
oxidation peaks current of guanine and adenine &Bdr82% and 54.90%, respectively.
These type of experiments are very important terd@nhe DNA sites and rational design of
new DNA-targeted molecules for the applicationsamcer therapy. Our obtained results
showed that DNA-biosensor might be used for thedlien of AO interaction with the ds-
DNA. Using DPV and following the changes in the oxidatsignals intensity of guanine and
adenine, after their interactions with AO, the #@inalependency was detected in the two
concentration ranges of 1.0 — 15.0 and 15.0 — 506l L. The regression equations for
guanine were |(A) = 0.1446Go + 0.4572 with R=0.9943 and |(A) = 0.0017Go + 2.5391
with R? = 0.9989, respectively and for adenine werg\)(= 0.1405Go + 0.6567 with R =
0.9845 and I{A) = 0.0032Go + 3.0814 withR? = 0.9852 where C is the concentration of
AO in pmol L% The detection limit (3Sb/m, four times of therstard deviation of the blank
divided by the slope of the calibration curve) wévend 0.5 pmol [* and 0.6 pmol L for

guanine and adenine, respectivelyHere Fig. 4”

3.4. Inhibition effect of the antioxidarda the interaction between ds-DNA and AO

13



DPV oxidation signals of guanine and adenine at Bbidsensor, before and after
interaction with AO in the present of the threedamnof the antioxidants, on the electrode
surface, are shown in Fig. 4 (B: fisetin, C: kaeenpf and D: myricetin). Different
concentrations of AO along constant concentratibeach of the antioxidants were used to
interact with the ds-DNA on the surface of the DNMesensor. The results showed that the
oxidation signals of guanine and adenine remaireatiy constant after interaction of AO
with the ds-DNA at the electrode surface in thesprné of each of the antioxidants. The
percentage of the decreasing in the oxidation peakent of guanine and adenine were
3.59% and 6.06%, 10.89% and 10.57%, 26.7% and %(.35r in the presence of
kaempferol, fisetin and myricetin, respectively. éascribed before, the percentage of the
reduction on the oxidation peaks current of guarand adenine in the absence of these
antioxidants were 54.82% and 54.90%, respectivdlgese results confirm that the
antioxidants inhibited the DNA damage by AO. Thsutts of our studied also confirm that
the anti-damaging effects of kaempferol and fisat@ncomparable with myricetin.

To emphasize the electrochemical method, fluorescaignal of AO in the presence of
DNA was recorded with and without of the antioxitlafmyricetin, fisetin and kaempferol).
It is clear that the fluorescence intensity of ADtlhe presence of myricetin, fisetin and/or
kaempferol was differents. its fluorescence signal in the absence of theorigkants. The
results of this study revealed the anti-damagirigcef these antioxidants in the interaction
of AO with dsDNA. In order to evaluate the endueabiihabit effect of the antioxidants, the
fluorescence signal of AO was recorded with différ@ncentration of AO in the presence of
different concentrations of myricetin, fisetin akaempferol (to draw the calibration curves
of AO). Fig. 5 shows the fluorescence spectra &edlihear variations in the fluorescence
intensities of AO vs. its concentration in the prese of the ds-DNA (20.0 mg'). and 0.01

nmol L from A: fisetin, B: kaempferol and C: myricetinh@ same results for the other

14



concentrations of the antioxidants are given inl@&oand Figs. S-2, S-3 and S-4. The results
showed that the AO fluorescence intensity (in tressence of the ds-DNA) was significantly
changed in the presence of myricetin, fisetin and@empferol. The results in Table 2
confirms that lower concentration of the antioxiafvs. AO) are enough to prevent the
DNA damage. The binding of AO to ds-DNA extremefyuses increasing in the fluorescence
intensity so the slope of the calibration curver@ases, whereas in the presence of the
antioxidants the intercalation of AO to ds-DNA wasluced and therefore the slope of the
fluorescence calibration curve was decreased. Dssilplity of the fluorescence intensity
being affected by a quenching effect caused by waakactions of the dye with antioxidant
molecules are also studied in the presence of 28 hthAO in the presence of 1.0 pmof'L
myricetin, or fisetin and/or kaempferol. The resyfig. 6, A: AO, B: kaempferol, C: fisetin
and D myricetin) confirmed that the antioxidantd dot have any interaction with AO to can
guench the fluorescence signal. The results coefirnthe anti-damaging effects of
kaempferol and fisetin are comparable with myritetrhich are consistent with the DPV
results.

“Here Fig. 5, Fig. 6 and Table 2”
3.5. Calculation of association constant of AO ViNA

According to the method of Qu et al. [43] it is@sed that DNA and AO only produced a
single complex DNA.AQ according to the following reaction:

DNA + mAO <> DNA.AOn, (1)

The peak current (of the DP voltammogram) is messi#ive to the equilibrium constant
of DNA.AO,, complex. The decreasing the peak current is ptigmal to the concentration
of DNA.AO,, complex. In terms of the all-or-none (Hill) coopgve of multiple ligand
binding [44,45], the fraction of DNA to which AO isound as DNA.A@, relative to the

total DNA concentration in the supporting electtelfDNA]o= [DNA.AO ] max IS given by:

15



f = [DNA.AOy])/[DNA.AO mlmax= [AO]™/(JAO] ™+ K¢™]) and K¢ =[AO]™(1-)/f (2)
where [DNA.AQmax IS the maximum concentration of the complexed inigadites, [AO] is
the concentration of free AO,qKs the dissociation equilibrium constant and nthis Hill
coefficient. Note that K= [AO]os, i.e., at half occupation. The association coriskanis
given by the reciprocity: K= Kq ™. It is not advisable to use the overall constant &)™,
which would have the physically meaningless dimemsif M™. The interaction partners for
AO is the binding sites of DNA. Mass conservatiactates that:

[DNA] = [DNA.AO m]max— [DNA.AO] ©)

[AO] = [AO]o— [DNA.AO] (4)
where [AO} is the total concentration of AO. According to thikovic equation for an
irreversible electrode [46].

| = k.JAO] (5)
where k is a constant. According to the above egoathe current differencal is defined
as: and that Insertion of Egs. (3) and (4) into & yields

Al = k([AO]o— [AQ])= k.m.[DNA.AO] (6)
From Eqg. (2), we obtain that:

log[f/(1-)] = m.log (K/M™Y) + m.(log[AO])/M). (7)

and LogAl/(Alma— Al)] = m(log KM ™) + m.log ([AO]/M). (8)
By keeping the DNA concentration at 20 m¢g hnd varying the concentration of AO, a plot
of log[Al/(AlmaxAl)] as a function of log(JAO]/M) is a linear with slope of m. From the
results, m = 0.46 anid, = 8.2 x 18 M™* were obtained in the concentration range of the

applied AO.

3.6. Molecular docking of AO and the antioxidantsthwthe DNA sequenced

(ACCGACGTCGGT)
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Several conformers of DNA were taken from the Mdation and subjected to docking for
representing conformational changes and flexibdityDNA. The chemical structure of AO
and the antioxidants were constructed by Hyperclpaokage (Ver. 7.0), and energy
minimizations were performed by AM1 semi-empiricathod with Polak—Ribiere algorithm
(root mean square gradient of 0.01 kcal MolTo provide a better representation of the
system, an ensemble of DNA conformers and not glesistructure was used. Docking
against several structures of the DNA increase<lhiaece of finding a receptor in the right
conformational state to embed a given ligand. Tioeee the average structures of DNA were
calculated for the time intervals: 1000-2000, 2@0090, ..., 4000-5000 ps.. It should be
noted that not all of these conformations were dblénteract with the given molecules.
Binding sites were derived from the cavities witliihre structure of DNA duplex. Since
different conformers of DNA has been used, threwlibg sites (a, b and ¢) were found on
the average structures of DNA duplex at differ@netintervals and thus the given molecules
can interact with the DNA in these three sites. &mmple, fisetin interacts with the three
parts of DNA duplex as shown in Fig. 7. It can bersthat the hydroxyl group of fisetin can
form two hydrogen bonds with nucleobase DG7 (in dhe b) of the average structure of
1000-2000 ps, while there is no interaction betwiesztin and DNA from 2000 to 3000 ps.
Molecular docking of the average structure of 3@000 ps reveals that there are two
hydrogen bonds between DG16 base and the hydraogpgof fisetin and there is a
hydrogen bond between DT12 and fisetin, while th@metic ring of fisetin has twa-c
interactions with DG16 and DT12 (site a). There aiso three hbonds between the
nocleobases DG4 and DG23 of the average struct@00-5000 ps and fisetin (site a).
“Here Fig. 77
Kaempferol interacts with the three binding sitésDINA duplex in the different time

intervals. For example hydrogen bonding interacti@s found between hydroxyl groups of
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kaempferol and DG10 and DC15 base (site a) of tlezage structure of 3000-4000 ps,
between hydroxyl groups of kaempferol and DT8, #ra@oxygen atom of kaempferol with
the base DG16 (site a) of the average structu#000-5000 ps. There were other H-bond
interactions between the average structure of 000 ps and kaempferol in the site c (the
oxygen atom of kaempferol-hydrogen of DG4 and tit®gen atom of DG23-hydrogen of
kaempferol).

The resulting docking model revealed that myricetm interact with the three binding

sites of DNA duplex as well as fisetin and kaemgifdfor example, there are three hydrogen
bonds between hydroxyl group and two hydrogen atofmayricetin and hydrogen, oxygen
and amine groups of DG16 respectively, and a H-bworneéraction between DT12 and
myricetin, while the aromatic ring of myricetin hag-c interaction with DT12 (site a). The
values of the GOLD score obtained are listed inld @b These GOLD score values indicate
the high binding affinity between the ds-DNA andiaxidants.
The docking models revealed that there is a hydrdged between N15 atom of AO and
DG16 base (3.29 A). Also, there are hydrophobidacts between C3 and C13 with DA17,
between C5 and C6 with DG11, between C3 withDGEdwben C20 with DC18, between
C19 with DC9 and between C8 and DG10.The bindingstamt for interaction AO with

DNA found to be 2.80 x fonol L%, “Here Table 3"

4. Conclusions

Damage to the genome of living cells is appareathormal part of cell functioning. There is
continuous and significant damage to the DNA fromngnsources, all of which can lead to
mutations and chromosomal aberrations that comg®rthe fidelity and integrity of the

genome. Repair of all types of DNA damage and gisevent DNA damage to be an

important factor in healthy cells. In this paper elactrochemical biosensor was developed
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(DNA/SPGE) to demonstrate the effect of AO on DNAnthge. The reductions in the
intensities of guanine and adenine oxidation sgya#ter their interaction with AO were used
as indicators in electrochemical study. Then, thiads of flavonols antioxidants (myricetin,

fisetin and kaempferol) were used as anti-damagiuglel. The inhibition of the DNA

damage was investigated by electrochemical anddhoence methods. Moreover, to confirm
the experimental results, molecular docking as eor#ttical method was used too. The
obtained results showed that if the factor of iittob of injuries to DNA, make weak

interaction with DNA, it will be possible to useas an anti-damaging drug, but if it make
strong, it can damage to DNA itself. With considiera of the experimental and theoretical
results, as much as constant binding is more, ¢fct is less and cannot inhibit the
interaction of AO with DNA. The results shown th&iadamaging effects of kaempferol and

fisetin is better than myricetin.
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Table 1
EDS results from GO and rGO.

Element line Intensity (c/s) Atomic % Conc. Ui
GO rGO GO rGO GO rGO GO rGO
C Ka Ka 66.81 80.04 61.59 71.49 52.63 63.62 Wt.%
@] Ka Ka 18.79 12.50 38.41 28.51 47.37 36.38 W1t.%
Total 100.0 100.0 100.0 100.0 W1t.%
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Table 2

Linear regression equation of the calibration careeAO in the presence of different concentratiohkaempferol, fisetin and myricetin.

Antioxidant

Kaempferol

Fisetin

Myricetin

Concentration
(nmol L™

0.01

1.00

100

Is=4.51(-2.20)+1.83C¢= 0.21)

1s=0.76(+0.20)+0.18C(-0.02)

1s=0.88(+0.16)+0.16C{-0.02)

Is=1.18(-0.45)+0.16C¢-0.05)

Is=4.51(+2.20)+1.83C{-0.21)

Is=0.57(+0.10)+0.17C(-0.01)

Is=0.77(+0.31)+0.17C{-0.02)

Is=2.56¢0.50)+0.16C{=0.05)

Is=4.51(+2.20)+1.83C{-0.21)

Is=0.44 (+0.64)+0.20C{0.02)

1s=0.46(+0.17)+0.25C{-0.01)

s=0.36¢-0.41)+0.25C{=0.02)
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Table 3
The Gold score fitness of the best conformers efrkaferol, fisetin and myricetin docked into thesthbinding sites of average structures
of DNA duplex at different time intervals.

Antioxidant Kaempferol Fisetin Myricetin
Time interval
1-2 ns (binding site b) 44.52 42.90 44/23

2-3 ns (no binding site) - - -

3-4 ns (binding site a) 45/13 47.99 44.45
4-5 ns binding sites a 36.65 48.03 43.40
binding sites ¢ 45.99 30.81 41.05
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Legends for the figures:

Fig. 1. (A): Cyclic voltammograms of the electroreductiexfoliate graphene oxide in borate
buffer (pH 9.0) at a scan rate of 25 m¥.gB): Cyclic voltammograms of Fe(CN)Y*
solution (5.0 mmol ) containing KNQ (0.1 mol % at 1): SPCE, 2): Treated-SPCE and
3): SPGE, with a scan rate of 50 mV.C): Nyquist plots of Fe(CNJ™ solution at 1):

SPCE, 2): Treated-SPCE and 3): SPGE.

Fig. 2: (A): FTIR and (B): Raman spectra of EGO and rGO @#as) respectively. (C): FE-
SEM images of SPCE, and (D): FE-SEM images of SPEkergy dispersive X-ray

spectroscopy results of (E): EGO and (F): rGO.

Fig. 3. Effect of (A): The adsorption potential appliedricthg the DNA immobilization step at
SPGE on the guanine and adenine signals; (B): Efftécds-DNA concentration for
immobilization of the ds-DNA at SPGE on the guaniaed adenine signals; (C):
Accumulation time for immobilization of the ds-DN& SPGE on the guanine and adenine
signals; and (D): Influence of incubation time 0O at the DNA-biosensor. Conditions:
scanning potential between +0.40 and +1.40 V, agpamplitude of 0.06 V, a modulation

time of 0.04 s and a step potential of 0.01 V ietate buffer solution (pH 4.8).

Fig. 4: A): Differential pulse voltammograms for the intetian of AO at the ds-DNA-
modified SPGE; The oxidation signals of guanine adenine after their interaction with 0.0,
1.0, 5.0, 10.0, 15.0, 50.0, 200.0 and 500.0 pmbKO (from up to down); Differential pulse
voltammograms for the interaction of AO at the ddmodified SPGE; The oxidation
signals of guanine and adenine after their intevaavith 0.0, 1.0, 5.0, 10.0, 15.0, 50.0, 200.0
and 500.0 pmol T* AO (from up to down) in the presence of 0.10 piidiB): Fisetin, C):

Kaempferol, and D): Myricetin. Conditions as in Fg
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Fig. 5 Fluorescence spectra of AO with different concaimans as 5.0, 10.0, 15.0, 20.0,
25.0, 30.0, 35.0 and 40.0 nmof (from down to up) in the presence of 20.0 mbds-DNA

and 0.010 nmol tof A): fisetin, B): kaempferol and D): myricetin.

Fig. 6: Fluorescence spectra of 25 nma! AO before and after in the presence of 1.0 pmol

L%, A): kaempferol, B): fisetin, and C): myricetine.

Fig. 7. The best conformer of fisetin docked in the thb&eding sites of DNA duplex at
different time intervals by the use of GOLD prograesults in hydrogen bonds ameb
interactions. H-bonds are marked by dotted-grerasliandr interactions are shown in

orange lines.
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A simple methodology was used to develop a biosensor to check DNA damage.
The ability of three flavonols antioxidants to prevent DNA damage were studied.
Acridine orange was used as a DNA damaging agent.

Uv-Vis and fluorescence spectroscopy were used to confirm the electrochemical results.
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To camper SPCE and SPGE as a substrate for immabilof the DNA, differential pulse
voltammograms of ds-DNA at the surfaces of these swbstrate were recorded. For this
purpose, the ds-DNA was immobilized on the surfat&PCE and SPGE by applying a
potential at +0.45 V for 180 s from a stirred (dams rate) solution containing 20.0 mg'L
ds-DNA in an acetate buffer containing 0.02 mo! NaCl (pH 4.8). The scanning potential
was changed between +0.40 and +1.40 V with a patsglitude of 0.06 V, a modulation
time of 0.04 s and a step potential of 0.01 V. Témults are shown in Fig. S-1. The results
show that the oxidation peaks current of guaning ahenine on the DNA/SPGE is higher
than the DNA/SPCE, because the surface area of SP@Gigher than SPCE, and therefore,

more DNA can be assembled on the surface of thitretk.
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Fig. S 1. Differential pulse voltammograms of ds-DNA at 1I3PCE and 2): SPGE.
Conditions: The ds-DNA was immobilized on a SPCHE &PGE surface by applying a
potential at +0.45 V for 180 s from a stirred (d@ms rate) solution containing 20.0 mg‘L

ds-DNA. Conditions: scanning potential between ®Gad +1.40 V, pulse amplitude of 0.06
V, modulation time of 0.04 s and step potentialodd1 V in the acetate buffer solution

containing 0.02 mol T* NaCl (pH 4.8).
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Fig. S-2: Fluorescence spectra (A) and linear variatiorthenfluorescence intensity of AO
(B) with increasing its concentration as 5.0, 1a®0, 20.0, 25.0, 30.0, 35.0 and 40.0 nmol
L (from down to up) in the presence of ds-DNA (20§ L™).
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Fig. S-3: Fluorescence spectra of different concentratioh® as 5.0, 10.0, 15.0, 20.0, 25.0,
30.0, 35.0 and 40.0 nmol'i(from down to up) in the presence of 20.0 migds-DNA and
1.0 nmol L* of A): fisetin, B): kaempferol and D): myricetimdet: Linear variations in the

fluorescence intensity of AO with its concentration
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Fig. S-4: Fluorescence spectra of different concentratioh® as 5.0, 10.0, 15.0, 20.0, 25.0,

30.0, 35.0 and 40.0 nmol'i(from down to up) in the presence of 20.0 mds-DNA and

100 nmol L of A): fisetin, B): kaempferol and D): myricetimdet: Linear variations in the
fluorescence intensity of AO with its concentration



