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Abstract: The combination of layered double hydroxides (LRHmbalt ferrite (CoF£®,) and gra-
phene oxide (GO) creates a ternary nanocompositectm incredibly improve advantages of each
compound; this is an impressive way to attain rfwrigtional materials with attractive properties. In
this study, a new high-sensitive electrochemicalrOiosensor was fabricated for the electroanalitica
studies of etoposide using a novel ZnAl/layeredbde@inydroxide modified cobalt ferrite- graphene ox-
ide nanocomposite (GO/Cofk&/ZnAl-LDH) that was electrophoretically depositdePD) on the fluo-
rine tin oxide (FTO) substrate. This DNA biosena@s prepared via electrostatic adsorptbiDNA
onto the GO/CoFR©®©,/ZnAl-LDH/FTO electrode. The electrochemical belwawof electrodes was char-
acterized using cyclic voltammetry (CV) and elechemical impedance spectroscopy (EIS). EIS plot
obviously demonstrated a rapid electron transpddva frequencies for GO/Cobk®4/ZnAl-LDH. Dif-
ferential pulse voltammetry (DPV) and square wawedéc stripping voltammetry (SWASV) were em-
ployed for the electrochemical detection of ETOeTsults revealed that DNA/GO/CoBg/ZnAl-
LDH/FTO bioelectrode had ultrahigh sensitivity td @& with the detection limit of 0.0010 uM in the
linear range of 0.2-10 uM. In addition, the develdfiosensor revealed precise reproducibility and e
cellent stability of about 95% of the initial adgtiwafter 6-7 weeks. On the other hand, the prebem-
lectrode was also capable of discriminating diffitiaterferences and was also used to detect etigpos
in real samples such as human blood plasma, sengimuane with good recoveries, ranging from
97.0% to 104.0%. The obtained results of the esnelberformance of this biosensor could be assigned
to the active reaction sites and good electrochanaictivity of nanocomposites, hence helping inseea

the DNA immobilization and accelerate the electramsfer more effectively on the surface electrode.
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1. Introduction

Etoposide (ETO) or VP-16 has been regarded asuthetamtial class of a potent clinical anticancer
agent against various neoplastic diseases. ETGs&rmasynthetic podophyllotoxin derivative that due
to its high potential can be deliverable by varioasomateriald.It is extensively utilized for the treat-
ment of different types of cancers, such as smalg) Icancers, lymphoma and leukemia that lead to
DNA damage in cancer cefisCurrently, the precise mechanism of the drugsragaiancer is still un-
known, but ETO as a cell cycle-specific drug adisee by the formation of free radicals or by inkib
ing the DNA-topoisomerases Il which leads to DNAast breakage and damaging the DNA of cancer
cells® However, the development of sensitive and accueateniques for the testing and monitoring the
drug levels in the biological samples is extrenddgirable. A wide range of qualitative and quantiéa
methods has been applied to determine ETO includliglh performance liquid chromatography
(HPLC)* ® spectrofluorimetryand liquid chromatography—mass spectromé@yrrent methods due to
their use of expensive devices and solvents, are tonsuming and offer a high detection limit for
ETO. However, the electrochemical methods, dudeda targe variety of electrodes could be regarded
as a promising alternative method showing rapid semwkitive detection, and offer more information
about the electron transfer processes of ETO wiklef costs.

Molecular bioelectronics have acquired wide attntiue to their inherent specificity and sensitivi-
ty, good selectivity and strong operability. Since DNA plays an important role in cellular preses
including copying, storage and transmission of geessages, a lot of research has been conducted on
the binding nature and dynamics of small molec@edlutants, drugs) upon DNA and further under-
standing of the action mechanisms of anticanceggifar the design of specific DNA-targeted drigs
the reason is that the presence of such drugs lemicals by influencing the expression of the gene
could lead to diseases that are associated withgelsain cell proliferation and differentiation. &eal-
ly, the interaction mechanism of drugs with DNA oxxthrough various ways including intercalation,
external electrostatic binding to the negativelgrged nucleic acid and non-covalent groove binding.
12 Spectroscopic, molecular modeling, HPLC and etettemical techniques have been exploited for
the characterization of the drug—-DNA interactidi® Recently, electrochemical techniques have been
proposed for the identification of the interactimechanisms between DNA and drugs. Among them for
such detection, the electrochemical DNA biosenbased on the changes in redox signals of the com-

pounds and the conversion of them into useful respaignals, have been extensively appfietf.
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These DNA biosensors provide fast response, anglsiand cost-effective detection of small com-
pounds at the site of interé§tThe immobilization of DNA onto the electrochemita@nsducer surface
(here the nanoparticles coated FTO electrodexrsi@al step for the construction of high-perforroan
electrochemical DNA biosensors so that the stgbidiensitivity and accuracy of the biosensor aee th
substantial links that can further ensure the améon of the DNA and small moleculEsBesides, the
immobilization of DNA directly onto the bare suréscof nanomaterials might cause its denaturation
and loss of bioactivity. Due to thefsvorablestructural, catalytic, magnetic, and electronioparties,
numerous matrixes, such as carbon nanotubes, tgamairbon electrodes, nanomaterials, conduct-
ing/semi-conducting materials like gold, platindihiopolymers and metal oxide nanoparticles and
their composites due to thdivorablestructural, , catalytic, magnetic and electrgmicpertie$' have
been utilized for the modification of the electragleface and the facilitation of the specific bimglbe-
havior using physical adsorption, covalent-bindihglectrostatic bindirf§ cross-linking* and self-
assembly?® In general, the DNA adsorption without a covalkmkage is reversible. Specially, metal
oxide nanoparticles and carbon-based nanomateasdspotential candidate materials for the further
development of electrochemical biosensors dued ldrge specificsurface-to-volume ratio, enhanced
electron transfer, conductivity, quantum-confineteffects, ease of handling, retention of the Hivac

ity because of the biocompatibility of the nanouées and size compatibility with biological com-
pounds (such as proteins and nucleic a¢i$y.Singh’s group have reported an electrochemical DNA
sensor based on chemically Chitosan—iron oxideéhferNeisseria gonorrhoeae detectibRadi report-

ed the electrochemical behaviors of the anticadoeg etoposide and its interaction with DNA in the
solution phase using a DNA modified screen-prirdadon electrode (SPCE) by differential pulse volt-
ammetric with detection limit 0.005 pR.

As hydrotalcite-like anionic clay, layered doubldtoxides (LDHs) with the general formula of M
MCOHL [(A™) wil ©. mH0, have attracted much attention for their applicain numerous
fields including electrochemical sensors, opticaternials, separation and biolod$>? due to their posi-
tively charged layers with counter anions in therlayer spacing, electrochemically active sitpgc-

ic layered structure, effective thermal stabilitydaon-exchange properties. LDHs and their nanocom-
posites have been applied for improving the peréorce of biosensors. For instance, Li et al have re-
ported an electrochemical biosensor based on Najdred double hydroxiden Ti substrate for detec-
tion of the HO2® Despite the aforementioned properties for the LDtHs electron transfer has been
profoundly constrained due to the relatively poondauctivity of LDHSs, difficult separation from selu
tion and the tendency to aggregate together irsolid state. In addition, the electrical condudyivof
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the LDHs-based electrochemical sensors has alsidsyable importance to make a fast response and a
highly active and stable electrochemical platfoiin. overcome these shortcomings and improve the
detection limit, a combination of magnetic nanojsées with LDHs has been suggested for developing
electrode materials with the desired functionalitlgang et al have first prepared a new magnetio-han
scale catalyst, including LDHs with magnesium ferif Among various metal oxide nanoparticles, fer-
rites especially the Cok®, nanoparticles (NPs) with cubic spinel structureehbeen identified as po-
tential candidate materials to promote faster sdactransfer kinetics. Cok®, exhibits a large surface-
to-volume ratio, different redox states, conveniemntrol over the electrode, excellent electroctoaini
stability, high conductivity and strong adsorptiaility.>> These nanoparticles have unique applications
in the immobilization of biomolecules, biosensaslar cells, drug delivery and the removal and dete
tion of heavy metal ions®3® However, one of the key problems for the prepanaif fairly uniform
CoFeO,4 NPs is the agglomeration of the magnetic nanapestidue to the magnetic dipole interaction
between nanoparticles and the high surface ardalithi#s the practical applications of the above-
mentioned properties. On the other hand, the iraratfn of graphene oxide nanosheets with metal ox-
ide nanoparticles is greatly desirable to overctimese problems and achieve increased sensing proper
ties. Shahnavaz et®alfabricated a reduced graphene oxide-supportedecdpprite hybrid and found
this composite demonstrating the highest glucoseation current compared to the pure Csibe As
an emerging form of carbon materials, grapheneeo{@) or reduced graphene oxide (RGO) is a sin-
gle layer of spbonded carbon atoms with such unique propertesigh surface area, excellent elec-
trical conductivity and potential low manufacturingst:® These properties, along with abundant func-
tional groups such as hydroxyl and epoxide groupthe basal planes and carbonyl groups at the edges
of the sheet, make GO (or RGO) suitable for a wahge of applications, including biosensors, taget
drug delivery and the removal of organic pollutatitd? The presence of Cof@,/LDH on electrode
surface provides an improved electrochemical respodue to the unique characteristics of
CoFeO4/LDH such as good electrical conductivity, electtbge surface area and high chemical stabil-
ity. These properties of Cof&,/LDH together with the GO promote charge transéactions. In view
of what was said, the construction of the GO/GAR#EDH composites for an electrochemical sensor is
a great choice. Wu et ahd Zhang et dabricated magnetite— GO-LDH composites for the aeah of
Pb (11) and an organic pesticide from aqueous smaf* **

Nowadays, the study of nanomaterial-based comogitethe fabrication of the electrochemical
DNA biosensor for the sensitive detection of driggstill in the early stages. On the other hanegteod-

chemical methods have received much attentionsasta@ble detection tool for rapid investigatiortie
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field of biosensors. In previous electrochemicatigs, the ETO detection was performed using carbon
based nanostructures at GCE, S#@d SPCE electrod@s*> *°with limit detection (0.005, 005, 0.004
UM, respectively), to the best of our knowledger¢hare no previous reports available on the paepar
tion of the electrochemical DNA biosensors basedamostructures for the detection of drugs, especia
ly ETO. This study, for the first time, reports on a nevatggy for the fabrication of the electrochemical
DNA biosensors in the detection of drugs, alonghwite integration of ZnAl-LDH nanosheets,
CoFe0O, nanoparticles and GO to form a novel nanocompaos#terial deposited on fluorine tin Oxide
(FTO) substrates by the electrophoretic deposii£fPD) technique. The EPD technique is known as a
simple, rapid and cost-effective method for theppration of thin films of nanomaterials and nanocom
posites on conductive substrates that can prodaderon and stable layers of controlled thickness
compared to other coating technigd&additionally, this technique is especially suitlb investigate
the charge transfer properties and ion exchanteeatlectrode-electrolyte interface. FTO sheetsbean
used as an appropriate substrate owing to thelr éligctrical conductivity, excellent chemical stii
and visible transparency. Furthermore, FTO glasgtshare cheap because of the natural abundance of
fluorine compared to indium element and have gbednal stability and diffusion compared to indium
tin oxide (ITO). The purpose of this study was,shio address the critical aspects of treatmerit asc
improved sensitivity and detection limit below thlerapeutic concentration range using the
DNA/GO/CoFe0Q4/ZnAI-LDH/FTO bioelectrode.

2. Experimental
2.1 Materials and Chemicals

Salmon sperm DNA sodium salt was purchased fromS#iwa Company (India). Etoposide in its
pharmaceutical dosage form was kindly provided BEWE Pharmaceutical Company (AUSTRIA). A
stock solution of DNA was prepared in Tris—EDTA feaf(TE, 0.1 M Tris HCI, 0.05 M EDTA) of pH
8.0 and stored at 4 °C prior to use. The molar entration of DNA was determined by UV according
to the absorbance at 260 fifrChitosan (CS) was purchased from Sigma. All otttemicals used in
this study for the preparation of nanomaterials angdporting electrolytes were of analytical reagent
grade (Merck or Sigma) and used as received withather purification. Double distilled water and
ethanol were used as solvents. A 20 mM phosphdtermolution (PBS) with a pH range of 7.0-7.5
was applied as a supporting electrolyte for thectedbehemical measurements using,NRO, and
NaH,PQ, salts. The diluted solutions of DNA and drug web¢ained indirectly with TE and phosphate
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buffer solutions, respectively. The fluorine-dogadoxide (FTO) glass substrates (transmissior?90
in the visible, sheet resistanc&8per square and 2.3 mm thickness) were obtained Dgesol (Aus-

tralia).
2.2 Apparatus

The structural characteristics of the prepared rizdgéewere characterized by a powder X-ray diffrac-
tometer on Phillips X’Pert PRO with a Cu Ka radiatij.=1.54111) in the range of 0°- 80° Bragg’s an-
gle. The average nanocrystalline sizes, D, werkiated by the Scherrer’s formula, D = 088f co9,
where is the wavelength of the X-raygjs the FWHM and is the Bragg diffraction angle. The fouri-
er transform infrared (FT-IR) spectroscopy measar@swere performed using a Magna 550 Nicolet
instrument on pressed KBr pellets to charactehieebionds forming and skeletal vibration of the sam-
ples in the nanostructures in the wavenumber rafg€0 to 4000 ci. The study on the general mor-
phology and elemental composition of the GO/Ga@r&.DH/FTO electrodes and the dsCT-DNA
/GO/CoFeO,/LDH-modified bioelectrodes were carried out usfiedd emission scanning electron mi-
croscopy and Energy-dispersive X-ray spectrosc&iX) instrument (TESCAN BRNO-Mira3 LMU).

In addition, tapping mode atomic force microscofp¥N) (Shimadzu Corporation, Japan) was applied
to characterize the surface roughness of the samplieelectrochemical measurements such as cyclic
voltammetry (CV), square wave anodic stripping awitmetry (SWASV) and differential pulse voltam-
metry (DPV) (Sama 500 potentiostat (Isfahan, l@amj electrochemical impedance spectroscopy (EIS,
AUTOLAB Potentiostat Galvanostats) were performethw& conventional three-electrode system con-
sisted of a FTO (working), platinum wire (countar)d Ag/AgCl (reference) electrodes in phosphate
buffer (PBS, 20 mM, pH 7.4, 0.9% NaCl) containingi® [Fe(CN)]*"*.

2.3 Synthesis of Zn-Al LDH nanosheets

The Zn/Al-LDHs nanosheets with a Zn/Al molar ratib2 were synthesized via a hydrothermal meth-
od. In brief, an aqueous solution containing Zn€H2O (10 mM), AICE-6H,0 (5 mM) and hexame-
thyl-enetetramine (HMT) at 30 mM concentration wagorously stirred at room temperature for 30
min. The solution pH was regulated by HMT, throtlgé hydrolyzation and release of ammonia at high
tempera-ture. The suspension was transferred m@mutoclave and heated at 100 °C for 48 h. The re-
sulting precip-itate was thoroughly washed with IMY water several times, centrifuged and finally
dried at 60 °C over-night.



2.4 Synthesis of CoF®,4 nanoparticles

The synthesis of the Cof&, nanoparticles was carried out by a surfactanstessihydrothermal pro-
cess. In a typical synthesis, the stoichiometriamies of Fe(NG@)3.9H,O, Co(NQ),.6H,O, polyeth-
ylene glycol (PEG-200) and oxalic acid (in molatias of 2:1:1:1) were dissolved thoroughly in the d
sired volume of distilled water under stirring 8@ min at room temperature to obtain a homogeneous
dispersion. After continued stirring, the solutieas transferred to an autoclave and treated at@50
for 20 h. The product was washed with deionizecewahd alcohol several times to remove the impuri-
ties and dried at 70C for 12 h. The precipitation of cobalt iron oxalgirecursor was then annealed at
50011 for 3 h.

2.5 Preparation of GO/CoFgO4/Zn-Al LDH by the self-assembled process

GO was synthesized using a modified version of Hiuenmers metho&® The GO/CoFgD./Zn-Al
LDH nanocomposites were synthesized by alternaésprption Zn-Al LDH with CoF®, and GO in
a mass ratio of 2:1:0.5, respectively. Briefly,adcalated amount of Cok®, nanoparticles was added
into an aqueous solution of Zn-Al LDH (50 ml, 1 mmd/) by ultrasonication for 1 h. The resulting dis-
persion was rinsed with ultra-punater. Then, the solution of GO (100 mL, 0.2 g/lgsaadded to the
obtained CoF®,/Zn-Al LDH and the mixed system was ultrasonicai@d40 min. The black precipi-
tate was collected and dried at 60 °C, yielding@@ CoFeO4Zn-Al LDH.

Afterward, the GO/CoR©,/Zn-Al LDH composite was suspended in 10 ml of 2 &g mL™ solu-
tion of CS (20 mg of chitosan in 100 ml of acetaudéfer 0.05 M, pH 4.2) stirred for 30 min followéy

sonication at room temperature for about 1 h taagatiformly dispersed mixture.
2.6 Electrophoretic deposition of GO/CoFgD./Zn-Al LDH onto FTO electrode

All the nanocomposite films were fabricated on ¢beducting substrates (FTO) using the electropho-
retic deposition technique (EPD). Prior to the fedtion of the multilayered films, FTO glass subtts
(1.5cmx1.5 cm, diameter=2mm) were precleaned witiaally in acetone, ethanol and deionized (DI)
water for 15 min each and dried at 450 °C. The dyiilic and negatively charged surface of FTO was
obtained after immersing in a fresh solution eDHINH,OH/H,O (1:1:5, v/v) at 90C. The FTO sub-
strates were chosen because the bearing an oxideeurFor the EPD of the nanocomposites, the pre-
pared nanocomposites were dispersed in ethanoérgo(l: 3 ratio) after 1 h sonication. During the

EPD process, the migration of nanocomposites asltoward cathode demonstrates that these have a
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positive charge in the solution due to the preserfdéHs” in chitosan on the surface of the nanocompo-
sites. The FTO electrode with a positive potent@ode) and a platinum electrode as the counter-
electrode (cathode) were placed vertically and insee into the suspension solution of the nanocom-
posites in the EPD cell by separation 1 cm. The EiDnique was performed at a constant potential
for about 30 min on the FTO glasses after the apétion of the applied voltage (2-20 V) and deposi-
tion time (60 s- 1h). Then, the prepared electrodlese washed with deionized (DI) water to remove
excess or unbound particles, air-dried and keptesiccated condition for further use. The modified
electrode was denoted as the GO/GQE#DH/FTO. As a comparison, the LDH/FTO and
CoFeO4/LDH/FTO electrodes were prepared under the samdittons.

2.7 Fabrication of DNA/GO/CoFeO4LDH/FTO bioelectrode

Adsorption immobilization of DNA was performed byogping 10.0uL of the fresh solution of DNA
in Tris- EDTA (TE) buffer (pH 8.0) directly onto ¢hGO/CoFgO,/LDH/FTO electrode followed by 2 h
incubation at 25 °C. The negatively charged DNAe@uales interacted electrostatically with the posi-
tively charged CS modified nano GO/CeBgLDH/FTO electrode due to the presence of phosphate
groups (P@) on its backbone. This bioelectrode was subsefjuensed with TE buffer to remove any
unbound DNA on the surface of the electrode ancedtat 4 °C to further use. The different steps for

the fabrication of DNA biosensor are shown in Scedm
3. Results and discussion
3.1. Characteristics of the modified electrode

The successful preparation of the GO/C&l8 DH/FTO electrode for the ETO detection is an im-
portant principle through the whole system. Firsthe prepared GO/Cof@,/LDH/FTO electrode was
characterized by AFM. Fig. 1 depicts the 3D AFM gea of an electrochemically deposited the
GO/CoFg@O4/LDH/FTO electrode (a) and DNA/GO/Cofk&/LDH/FTO bioelectrode (b) scanned at a
rate of 1 Hz. The AFM studies have indicated ti&t toot-mean-square (RMS) roughness values of
GO/CoFgO4/LDH/FTO and the DNA/GO/CoFR©®,/LDH/FTO are estimated to be about 58 nm and 30
nm, respectively, showing that the electrode befbeeimmobilization of DNA has much rougher sur-
face compared with that after the immobilization@NA with the smoother surface. These results

clearly indicate that the DNA molecules were weihobilized on the surface electrode.



The surface morphology of the GO/CeBgLDH/FTO electrode before and after DNA immobiliza-
tion was investigated by FE-SEM (Fig. 2). Fig. 2aveals the morphology of the uncoated
GO/CoFgO4/LDH/FTO. It is apparently seen from Fig 2a thattbthe hexagonal crystals of LDH and
the CoFgO4 nanospheregniformly agglomerated on the surface of GO, rawngalhe formation of the
GO/CoFegO4/LDH nanocomposite with rough porous morphology. Rb exhibits that the morphology
of the GO/CoFg./LDH nanocomposite was well preserved after theciefit coating of DNA. It is
noticeable that a favorable environment is providgdhe GO/CoF€.,/LDH nanocomposite for DNA
immobilization via electrostatic interactions beemecationic CS surface and negative DNA molecules.
Furthermore, this porous network provides an effecsurface of the substrate electrode to immadbiliz
large amounts of DNA and prevents DNA from leactthgThe EDX data of the
GO/CoFgO4/LDH/FTO nanocomposite in Fig. 2C shows the existeaof the Zn, Al, Fe, Co, O, N and
C elements, conforming the composition of LDH ameF€0, on the GO surface. Whereas, after the
immobilization of DNA (Fig. 2d), the presence of additional peak of phosphorus (P) gives the evi-
dence that DNA was well immobilized on the surfatelectrode.

The XRD patterns of the pristine ZnAl-LDH, Caoll, CoFeO,/ZnAl-LDH and GO/CoFe0O.4/ZnAl-
LDH are shown in Fig. 3. The diffraction peaks lo¢ Zn-Al LDH/CoFeO, at = 30.48° (220), 35.86°
(311), 37.13° (222), 43.5° (400), 53.96° (422),467.(511), 62.97° (440) and 74.91° (533) can be in-
dexed to a typical cubic (fcc) crystal structuredmio(JCPDS No0.22-1086) of the Cebg nanoparti-
cles, while = 11.55°, 23.14°, 34.64°, 39.19°, 46.63°, 52.6%.95°, 60.22° and 61.53° correspond to
the (003), (006), (012), (015), (018), (1010), (D1X110), and (113) planes of Zn/Al LDH nanoshgets
respectively (JCPDS file No. 38-0486). The mainkgeaf LDHs and CoFR©, are well maintained with
those of LDH/CoFgO,. It has to be noted that, no significant differencan be observed in the XRD
pattern for the GO/CoFR©®./ZnAl-LDH nanocomposites after the addition of G&hich may be due to
their low content in the composites, Low intengltffraction, fine dispersion of GO in the composite
and/or the overlaps with the (006) strong peakefZn-Al LDH at 23.14°. The observation of the XRD
results confirms the successful preparation ofGRECoFeO,/ZnAl-LDH nanocomposites.

The formation of the LDH, CoFR©,, CoFeO4/ZnAl-LDH and GO/CoFgl,/ZnAl-LDH nanocompo-
sites were further investigated by FTIR spectrogdnpthe range 400- 4000 ¢h(Fig. 4). In the spec-
trum of CoFeO,, the absorption bands observed at 3430 and 1626amnrelated to the O—H stretch-
ing vibration and bending vibration of the adsorkbeater molecules on the surface of the ferrite rano
particles, and the higher frequency bang (570 cm') and the lower frequency banab) (430 cn)
correspond to the stretching vibrations of theatetdral groups ([C6- O?] and [F€*-0?]) and the
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stretching vibrations of [F& O] at the octahedral sites of the spinel structtespectively’* In the
spectrum of LDH, two common bands at 3433 and I823are also detected, which could be attribut-
ed to the hydrogen-bonded to metal-OH groups inbtieite layers and in the interlayer water mole-
cules and the water deformation band. The bandsaapg from~1000 to 400 cit in the low wave-
number region can be attributed to the metal-oxygtite vibrations like Zn—-O and Al-O in the octa-
hedral hydroxyl sheets. Furthermore, the charatiefhands at around 1390 and 880 tare assigned

to the vs and v, modes of interlayer CO?® ions, respectively** The FT-IR spectrum of the
CoFeO4/ZnAl-LDH sample revealed a combination of the smddand features of pure Cegkr and
pristine ZnAl-LDH, although some vibrations overpega. Hence, the gained results proved the for-
mation of the CoR®,/ZnAl-LDH nanocomposites. In the spectrum of GG feak at 1728 crhcan

be corresponded to the C=0 stretching vibrationthefcarboxylic acid (-COOH) groups or carbonyl
moieties, while the intense peaks at 3407 and t&19can be ascribed to the stretching vibrations of
the -OH band and C=C deformation vibration, respeht The peaks at 1385 and 2926-2853"dne-
long to the C-OH stretching vibration of the carplaxacid groups and the symmetrical and asymmet-
rical stretching vibrations mode of C-H aromatithe peaks at 1229 and 1070 tare attributed to the
stretching vibration band of alkoxy (C-0). In adufit the bands position shifted after the inteactf

the CoFgO.4/ZnAl-LDH nanocomposites with GO to a lower waverendue to the covalent linkage

of nanocomposites onto the GO surface.

3.2 Electrochemical behavior of modified electrodes

The electrochemical behavior of the different miedifelectrodes was also investigated using Cyclic
Voltammetric (CV) and Electrochemical Impedancecmscopy (EIS) in PBS (20 mM, pH 7.4, 0.9%
NaCl) containing [Fe(CN)E]"*" (5 mM)] (Fig. 5).

Fig. 5 shows the typical CV sweep curve obtainedfre the FTO, LDH/FTO, CoRe,/LDH/FTO,
GO/CoFgO4/LDH/FTO and DNA /GO/CoF®,/LDH/FTO bioelectrode, respectively, to investigate
the changes of the redox behavior of modified ebelets after each assembly step at a scan rateDof 10
mV/s. From the CV curve results, a pair of wellidedl reversible redox peaks for all the prepared-el
trodes is clearly evident, suggesting a quasi-sbkr electrode process. The CV of bare the FTO
shows a couple of redox peaks corresponding teltwtron transfer of [Fe(Ch}/[Fe(CN)]* with the
anodic (Epa) and cathodic (Epc) peak potential. 48 V and -0.157 V, respectively having peak oxi-
dation current (Ipa) about 111/A. After the deposition of LDH nanosheets onto FTit& peak current

increases significantly to 1628\ while a negligible change is observed in the pathe peak separa-
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tion potential (0.017 V) compared to bare the FT&€ateode, indicating a highly improved redox behav-
ior of the LDH/FTO electrode that may be attributedhe electrostatic attraction of the electroati
ferro and ferricyanide ions to the LDH cationic ngheets. Furthermore, a larger surface area isdarov
ed for the diffusion of [Fe(CN)*™ towards the electrode surface. The peak currénthe
CoFeO,/LDH /FTO (2062 pA) is higher with the peak-to-pesdparation voltage of 0.04 V in compar-
ison to with that LDH/FTO, which is due to the goel@ctron communication properties of Cegbge

and the improvement in the electrical conductiahd electron transfer between the electrode and the
electrolyte. The magnitude of peak current (392) pAd peak-to-peak separation potential (0.074 V)
increases considerably after the integration of @@ the CoFg./LDH /ITO electrode surface. This
improved electrochemical behavior of the electrode be due to the high conductivity, unique elec-
tronic structure of GO and high surface area thailifating their electron transfer at electrotfeFinal-

ly, the further decrease in the peak oxidationenirto 3537pA along with a decrease in the peak-to-
peak separation of the redox potential (0.04V) webserved after immobilizing DNA onto the
GO/CoFeO4/LDH/FTO electrode via electrostatic interactionstviieen cationic chitosan matrix and
polyanionic phosphodiester backbones of DNA. Tlasrdase of peak current can be probably attribut-
ed to the repulsive forces between the negativiedyged phosphate backbone of DNA present onto the
GO/CoFgO,/LDH/FTO electrode surface and the negative chafedCN)]>™, indicating slower
electron transfer kinetics because of the longpelychain of DNA and resulting in reduction peak-cu

rent. The result indicated that DNA had been swgfoélg immobilized onto the electrode surface.
3.3 Efect of scan rate

Fig. 6a exhibits the effect of scan rates10-400 mV &) on the peak current to study the various ki-
netic parameters of the GO/CeBg/LDH/FTO electrode and DNA/GO/CoFa,/LDH/FTO bioelec-
trode in PBS 20 mM. As evident, a significant nsebserved in redox the peak currents (Ipa & Ipc)
linearly with a square root of scan rat&? for both the electrodes (Fig. 6a and b; insedtigesting a

diffusion-controlled electron-transfer processhet inodified electrode that follows the equatiSr(1) -

(4)

Ipa(GO/CoFgO,/LDH/FTO) = 272.45 []A] + 94.688 |A (s/mV) [scan rate (mV/s)] ()
R?=0.9971
I (GO/CoFgO,/LDH/FTO) = —162.13 [|A] -210.33}A (s/mV) [scan rate (mV/s)] (2)
R?=0.9948
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Ipa(dsCT-DNA /GO/CoFgD,/LDH/FTO) = 256.71 [|A] + 418.28 |A (s/mV) [scan rate (mV/s)] (3)
R*=0.9971

Ipc (dsCT-DNA /GO/CoFgD,/LDH/FTO) = -235.22 [|JA] — 441.74 |A (s/mV) [scan rate (mV/s)] (4)
R? = 0.9967

3.4 Electrochemical impedance studies

The effect of the changes occurring during theag@fimodification process on the interfacial eleetro
transfer resistance {Rwas also characterized by electrochemical impeglapectroscopy (EIS). Fig. 7
displays the results of the EIS measurements aatdior the various electrodes in the PBS solutpdth (
7.4) containing 5 mM [Fe(CNJ*™* as the redox probe in the constant frequency rafd®0 kHz to
0.01 Hz at 0.25 V .In EIS, the semicircle portidsserved at the higher frequencies region attribites
the charge transfer-controlled process, while aigit sloping line seen at lower frequencies corre-
sponds to the diffusion-controlled process. As shawFig. 7 (inset), the Randles equivalent cirguas
utilized for modelling the data obtained from ths Eneasurements, which contains solution resistance
(Rs), charge transfer resistance.fRnd the Warburg impedance,jZesulting from the ions diffusion
resistance of the redox probe in the electrodestsire. A parallel combination of the two elemeoits
the Randles equivalent circuitifRnd double layer capacitor {Crepresent the dielectric and insulating
nature at the electrode/electrolyte interface. Aghtdrese aforementioned parameters, the recorded R
value we utilized after each modification step, &aee the electrode modification processes strongly
affect the electron transfer kinetic at the eladbtrinterface and the redox probe.

The EIS plot indicated that the ctRof the bare FTO, LDH/FTO, Cole,/LDH/FTO and
GO/CoFgO4/LDH/FTO were 75.3, 66.4, 57.1 and 2&% respectively. It is clearly observed that the
charge-transfer resistance value for bare the FST'€ignificantly largest of all suggesting a diffusi
limited electrochemical process on this electrdel@thermore, the values of the:Ror different elec-
trodes deteriorate progressively in the order of HIBTO > CoFegO,/LDH/FTO >
GO/CoFgO4/LDH/FTO. This indicates that the low.Rralue for the LDH /FTO, as compared to that
for the bare FTO might have occurred due to theeixechange and layered structure characteristics and
electrostatic interactions between positive chardgggers of LDH and the negatively charged
[Fe(CNY]*™ probe. As a result, the accumulate of more ion&*(Fe) and effective surface of elec-
trode can increase due to the presence of LDH wieiatis to poor LDH/FTO conductivity. Further-
more, this decreasing trend of thgiR the CoFgO,/LDH/FTO and GO/CoFR®©,LDH/FTO electrodes
12



reveals that the presence of CgBenanoparticles or GO on the electrode surface gesvan increased
electroactive surface, thus leading to more elesttoansfer to electrode from the redox probe,sard
gesting that GO has good electrical conductivigt flacilitates electron transfer more effectivetytbe
surface electrode and improves the electrocherheladvior of the electrode towards the redox probe.
The obtained results reveal that the best eleatroatal behavior among all of the electrodes observe
for the GO/CoFgO./LDH/FTO electrode. The results of impedance expents were congruous with
the CV results. Upon the immobilization of DNA ov80/CoFgO.,/LDH/FTO electrode, there was a
significant increase in the.R/alue than that for the GO/Cofaa/LDH/FTO electrode because of more
electrostatic repulsive force between the elecagative phosphate group in DNA and the negatively

charged redox species preventing the movementegfIf)s]>"*

ions towards the electrode during re-
dox reaction. This also confirms that DNA is susfedy immobilized onto the prepared

GO/CoFeO4/LDH/FTO electrode surface.

3.5 Electrochemical response studies of DNA/GO/Cokea,/LDH/FTO bioelectrode

In order to investigate the electrochemical prdperof the modified electrodes differential pulsstyv
ammetric (DPV) and square wave anodic strippingavoinetry (SWASV) were performed and record-
ed. Fig. 8a, b and c display DPV and square wawdiarstripping voltammetry (SWASV) response of
bare the FTO (Curve a), LDH/FTO (Curve b), Cgb£LDH/FTO (Curve c), GO/CoR©,/LDH/FTO
(Curve d) and DNA /GO/CoR®4/LDH/FTO bioelectrode (Curve e), respectively ire thbsence and
the presence of the ETO in PBS solution contaisimiM[Fe(CN)]> "~ asthe background electrolyte.
The DPV parameters were carried out for the pakrdange of 0 V to 0.5 V using a pulse amplitude 50
mV, pulse width 30 s, sample width 0.02 s. It igdent that, the LDH/FTO electrode (curve b) shows
an increase in peak current as compared to ththedbare FTO (curve a). The value of response icurre
(1058 pA) in case of CoF®/LDH/FTO (curve c) has increased suggesting thengtrelectrical con-
ductivity of CoFgO,. A sharp increase in the magnitude of the peakenti (1402.8.A) (curve e) is
observed after the integration of GO onto the GOE&DH /ITO electrode surface, which is due to the
presence of extra non-binding sites on GO, gooctrgtal conductivity resulting in faster electroars-
fer and increased electroactive surface area.dsiiegly, the magnitude of the maximum current de-
creases to 1278A (curve d) with the immobilization of DNA on the@CoFeO4,/LDH/FTO electrode
surface via electrostatic interactions between gbsitive charged cationic chitosan and polyanionic
phosphodiester backbones of DNA, which might betdu@ie immobilization of DNA onto the surface
of electrode leading to blocking the electron tfandetween the electrode and the redox probdsein t
13



solution. The obtained sensing results for theteddesby SWASYV llustrate that the response of each
electrode to the ETO in the absence and the presem&[Fe(CN}]* " (Fig. 8b and c) is the same as
the increase in the current of the electrodes medday DPV in the absence of ETO. However, the ob-
tained peak currents at the electrodes increaseh@ngdosition of the potential peak measured by CV
(0.1 V) shifts to the negative potential (from Otbv-0.48, Fig. 8b and from 0.1v to -0.15, Fig..8ihe
results show that these changes might be due teffet of both intercalation and electrostatiemt-
tions of ETO with the electrodes and good sensytiof the electrodes at the ETO determination. The
observed electrochemical behavior for DPV and SWASSM agreement with the results in CV.

The electrochemical response of the DNA /GO/GOR#EDH/FTO bioelectrode as a function of ETO
concentration varying from 0.2-10 uM was measudguDPV in phosphate buffer (20 mM, pH 7.4)
containing 5 mM [Fe(CNJ*™* (Fig. 9). It was observed that the magnitude ofdieent response ob-
tained for the DNA/GO/Cok©,/LDH/FTO bioelectrode at a potential of -0.1 V degsed proportion-
ally as the ETO concentration increased. The olesetiecrease in the peak current could be assigned t
the strong interaction of the drug with the surfaoafined DNA layer. The results might have occdrre
due to the effect of both intercalation and elestatic interactions of ETO with the anionic phodpha
moieties of DNA. As seen in the inset of Fig. rthis a linear relationship between the peak otirre
and ETO concentrations according to the followingation: ji(nA) = 1054.2-63.408 (uM), with a
standard deviation (SD) of 3.7 % and correlatiorfiicent of 0.9927. The detection limit (LOD) is
calculated from the equation of 3SD/m, where SD ranare the standard deviation of the blank and the
slope of the calibration curve, respectively, wasunid to be 0.0010 pM. The DNA
/GO/CoFeO4/LDH/FTO bioelectrode displayed a low detectionitimith the high sensitivity of 63.408
HA/UM compared with those for the FTO, LDH/FTO, @gP,/LDH/FTO and GO/CoF©,/LDH/FTO
(data not shown). As demonstrated above, the faiedcDNA /GO/CoFg€,/LDH/FTO bioelectrode
exhibited the improvement in the detection limitrgzared to the other electrodes giveable 1. This
might be attributed to the excellent electrical dactivity, high surface of the fabricated matrixttee

DNA immobilization and good electron communicatadstained by the prepared nanocomposite.
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Table 1.Comparison of the analytical parameters for etm@odetection using different electrode configumas

LoD
Method  Electrode Modifier Linear dynamic range (M) M) Ref.
CPE - 0.25-25.0 0.10 3]
GCE - 0.06-10 0.017 [54]
g GCE MWCNT 0.02-2.0 0.005 [47]
5 SPCE DNA 0.1-10 0.005 [29]
IS GCE CQDs 0.02-10.0 0.005 [54]
[8)
2 sio, GNWs 0.05-1 0.004 [46]
FTO DNA/GO/CoFgO,/LDH 0.2-10 0.001 vTvg'rSk

CPE: Carbon paste electrode
GNWs: Graphene Nanowalls

SPCE: screen-printed carbon electrode

3.6 Reproducibility, Stability and Selectivity of he bioelectrode

The Reproducibility, operation stability  and stagag stability of the
DNA/GO/CoFeQ4/LDH/FTO bioelectrode as two important factors tbe determination of
ETO were evaluated using DPV in optimized experit@econditions (Fig. 10).

The reproducibility of any biosensor is a measurihe results performed over a period of time.
In this paper, the reproducibility of the DNA/GO//E®0,/LDH/FTO bioelectrode was investi-
gated using two measurements in the buffer solyjdh 7.4) containing the 10 uM ETO solu-
tion. The relative standard deviation (R.S.D.) &53%6 was estimated in response to the 10 ETO
MM ETO using five different electrodes, showinghigproducibility of the constructed DNA
electrochemical biosensor. Additionally, the pregd bioelectrode could be regenerated and
utilized for at least 9 times with a relative stardldeviation of 5.2%. The stability analysis of

the designed biosensor was determined by its sfeeBtudy.
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To evaluate the operation stability, the DNA /GOFe®,/LDH/FTO bioelectrode was applied
for sensing 1M ETO in the buffer solution (pH 7.4) for 30 CV dgs. Fig. 10a displays the
1st to 30st cycles in the electrochemical sensingT®. No significant changes in current re-
sponse were observed as compared with the cuespbnse attained before storing as remained
about 95% of its initial value even after 30 cycl€ke results present the good operation stabil-
ity of the sensor. The storage stability of the DINAO/CoFeO./LDH/FTO bioelectrode was
tested by keeping the bioelectrode in a refrigerg&C) at regular interval for about 1 week and
the obtained peak currents of ETO were plotted barachart. There were not significant chang-
es in current response as compared with the curespbnse attained before storing as remained
about 95% of its initial value even after 6-7 weekstorage (Fig. 10b). The high reproducibility
and stability confirmed the suitability of the DN&O/CoFgO,/LDH/FTO bioelectrode for the
analysis of actual samples.

To determine the selectivity of the DNA /GO/CgeBgLDH/FTO bioelectrode, the effect of
some interfering agents existing in the biologisamples (human blood/serum) was evaluated
by the DPV method in the solution containing 10M of ETO as listed in Table 2. In this ex-
periment, the change in the oxidation peak cunesponse was studied in the absence and pres-
ence of such interfering species such as uric gtitose, ascorbic acid (AA), citric acid (UA),
methionine, valine, caffeine, ibuprofen, acetamirapand metal ions as N&*, C&*, Mg®"

Fe** at their physiological concentration. The resultsveed that the current response of ETO in
the biological samples by the DNA /GO/CgBg/LDH/FTO was not significantly influenced
after the addition of interferents species up tb0A0-fold excess The tolerance limit was de-
scribed as the concentration of interfering spresiting an approximately +5% relative error in
the ETO determination. Thus, it is suggested thatprepared bioelectrode displays high selec-

tivity in the ETO detection even in the presencentérfering molecules.

Table 2.Effect of interfering species

Tolerable concentration

SPecies (analyte: interfering ion)
Ibuprofen, acetaminophen 1:100
ascorbic acid (AA)Fe 1:300

uric acid, glucose, citric acid (UA), Methionine,
Valine, caffeine

Na', K*, c&*, Mg®* 1:1000
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3.7 Testing on real sample

To further evaluate the feasibility of the propos#dA /GO/CoFeO./LDH/FTO biosensor, di-
rect determination of ETO in human plasma and uwae carried with the DPV technique. The
recovery tests were performed $tgndard additionsf ETO to urine and plasma using the pro-
posed method. Before analysis, the samples cetlestre separated by centrifuges for 30 min
at 4000 rpm and the supernatants were diluted ib@stwith PBS buffer. Then different con-
centrations of ETO were spiked to the above phaewtézal samples and the recovery values
were in the range from 97% to 104% the relativadadad deviations (RSDs) for determinations
were found to be in the range from 2.2% to 3.6%e fidtovery results are showrniliable 3. The
results obtained for repeatable on each sample statistically repeated, corroborating that the
DNA/GO/CoFeO,/LDH/FTO bioelectrode could be applied for the det@ation of ETO in

real samples.

Table 3. Determination of ETO in serum sample solution

sample Gudded Ciound (M)  Recovery RSD (%)
(HM) (%) (n=4)
) 1.0 0.97 97 2.5
urine
4.0 4.08 102 3.6
1.0 1.04 104 3.4
plasma
4.0 3.96 99 2.2

4. Conclusions

In summary, a new graphene oxide-cobalt ferritelZlager double hydroxide nanocomposite
which was electrophoretically deposited onto FT@ted glass substrate was successfully syn-
thesized. This GO/CoR®4/ZnAl-LDH/FTO electrode provided an excellent subast for the

DNA immobilization through the electrostatic intetian between positively charged CS (NH
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and negatively charged phosphate {lP@ackbone of DNA to fabricate highly sensitiveatte-
chemical DNA biosensor for etoposide (ETO) detects one of the widely utilized drugs for
the treatment of different types of cancers in denconcentration range (0.2-10 uM). The mor-
phological studies of theDNA/GO/Cof&/ZnAl-LD/FTO using SEM, EDX and AFM tech-
niques clearly confirmed that the DNA molecules everell immobilized on the surface nano-
composite. The DNA/GO/Cok®4/ZnAl-LDH/FTO bioelectrode showed an increase @icaio-
catalytic activity in comparison with the pristih®H and CoFgO,/LDH electrode for the ETO
detection. The electrochemical results of the tated DNA/GO/CoF£4/ZnAl-LD/FTO bioe-
lectrode exhibited a high sensitivity (63.408 pA/udhd a low detection limit of 0.0010 pM. In
addition, this bioelectrode revealed such advastageeasy preparation, long-term stability (6-7
weeks) with 5% loss, excellent selectivity and gosgroducibility to etoposide making it a con-
venient platform for the determination of etopositleeal samples (i. e. plasma and urine) with a
recovery range of 97.0%-104.0%. These propertighintie assigned to the excellent electron
transfer ability, sufficient active sites, goodattenic conductivity and high surface area of the
nanocomposites, suggesting that they can be amegtficandidate for the other practical applica-

tions such as drug delivery systems and cell/enagmeobilization.
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Fig. 1 3-Dimensional (3D) AFM images of the (a) GO/CgB#£LDH and (b) DNA/GO/CoF£,/LDH
thin films on the FTO.
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Fig. 2 FESEM images of (a) GO/Cof#y/ZnAl-LDH and (b) DNA/GO/CoFgD,/ZnAl-LDH thin films
on the FTO; (c) EDX of GO/Cok®,/ZnAl-LDH and (d) DNA/GO/CoFgD,/ZnAl-LDH.
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Fig. 3 XRD patterns of CoR®,(a), LDH (b), CoFgD/ZnAl-LDH (c) and GO/CoF£,/ZnAl-LDH (d)

(e) nanocomposites.
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Fig. 5 Cyclic voltammograms of various electrodes in PB8 mM, pH 7.4, 0.9% NaCl) containing
[Fe(CN)6F ™ (5 mM)] at 100 mV &.
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Highlights

* A novel DNA biosensor was constructed electrophcatly based on graphene oxide-
cobalt ferrite-ZnAl/llayered double hydroxide compes and utilized for the
electrochemical detection of ETO.

 CV, EIS and DPV were employed to investigate tleztebchemical characterization of
the GO/CoFgO,/LDH/FTO.

» The developed biosensor demonstrated ultrasengitivdetection of etoposide with low
detection limit of 0.0010 pM for ETO.

* Develop bioelectrode was successfully used to dfyagtoposide in real human samples
with recovery from 97.0% to 104.0%.



