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Abstract: Innovations in the field of electrochemical sensamsl biosensors are of much
importance nowadays. These devices are designddpnobes and micro electrodes. The
miniaturized designs of these sensors allow anslgdematerials without damaging the
samples. Some of these sensors are also usefelddime analysis within the host system,
so these sensors are considered to be more adegantathan other types of sensors. The
active sensing materials used in these types afosgrcan be any material that acts as a
catalyst for the oxidation or reduction of partmulanalyte or set of analytes. Among
various kinds of sensing materials, deoxyriboneclacid (DNA), carbon nanotubes
(CNTs) and nanoparticles have received consideraibtaction in recent years. DNA is
one of the classes of natural polymers, which oégract with CNTs and nanoparticles to
form new types of composite materials. These comtgpasaterials have also been used as
sensing materials for sensor applications. The lmdvantages in characteristics such as
extraordinary low weight and multifunctional profyes. In this article, advantages of DNA
incorporated in CNT and nanopatrticle hybrids farcelochemical sensors and biosensors
are presented in detail, along with some key resudted from the literature.

Keywords. DNA, carbon nanotubes, nanoparticles, electroch@nsensors, biosensors,
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1. Introduction

Sensors can be broadly classified in two categorsdemical sensors and biosensors. The
biosensors can be defined in terms of sensing &spe&bere these sensors can sense biochemical
compounds such as proteins, nucleotides and essue8 of living organisms [1-3]. Similarly, the
chemical sensors are used for the detection obwsrthemical compounds. Within these sensors, the
active sensing material on the electrode shouldaact catalyst and catalyze the reaction of the
compounds to obtain the output signals [4, 5]. Gahe the working principle of these two sens@s i
based on the electrochemical method used in theepso[6-8]. The selection and development of an
active sensing material is one of the challenge®.hEhe active sensing material should act as a
catalyst for the oxidation or reduction of parteuénalyte or set of analytes. The recent develofsne
in the nanotechnology have paved the way for largaber of new materials and devices of desirable
properties which have useful functions in numerelgstrochemical sensor and biosensor applications
[9-13]. Basically, by creating nanostructures itpisssible to control the fundamental properties of
materials even without changing the chemical contiposof the later. In this way, an attractive webrl
of low dimensional systems, together with the auirreendencies on the fabrication of functional
nanostructured arrays has risen in the field obteshnology. Further, the nanostructures can bé wel
used in the processes of efficient transport afted@s and in optical excitations atitese two factors
make them critical to the function and integrat@manoscale devices [14-16]. In fact, nanosystems
are the smallest dimensional structures which @nded for efficient transport of electrons andsthu
they becomeessentialto the function and integration of the nanoscaleiads. Due to their high
surface area which is associated with nanometedsinaterials, a tremendous improvement in
electrochemical properties is achievable along wiith reduction in size of these devices [17].
Generally, these kind of nanostructures could lepared by two methods, one is by “bottom-up”
approach where, the self-assembly of small sizedttsires form into larger structures. The othdryis
“top-down” approach where, the reduction of largstems down into smaller sizes to produce
multifunctional nanoscale structures [18, 19].

Recent studies have shown considerable attractinartls these nanostructures, particularly on
carbon nanotubes (CNTs). CNTs are rolled up graptieets that are in nano scale tube form. After
the discovery of carbon nanotubes by lijima [204rious types of CNTs such as single-walled
(SWCNTSs), double-walled (DWCNTs) or multi-walled YWCNTSs) graphene tubes have been
produced by various methods like chemical vaporodigjon (CVD) and arc-discharge [21]. The
properties of CNTs allow them to interact with somganic aromatic compounds throughr
electronic and hydrophobic interactions [22-25]e3& interactions are used for preparing composite
sandwiched films for electrocatalytic studies [Z§-and in the designing of nano devices with thig he
of non-covalent adsorption of enzyme and proteimghe side walls of CNTs. This has resulted in
novel CNTs based nanostructures which contain aterand biochemical units in them [30, 31]. For
example, in our various work, the functionalized MWTs have been used for the preparation of
composite films. The active materials used withctionalized MWCNTSs are poly(neural red), Nafion,
metal nanoparticles, cytochrone (cyt ¢) and hydroxypropyB-cyclodextrin. The MWCNTs-poly
(neural red) has been used for NADH, neurotranemsitt(-)-epigallocatechin gallate, halogen and
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sulfur oxyanion sensors [10, 13]. Similarly, MWCNilith cyt c composite has been used for the
detection of halogen oxyanions, ascorbic acid eraysteine [16]. The other active materials with
MWCNT mentioned above have been used for the sametius determination of neurotransmitters
with ascorbic and uric acid [9, 11, 15].

Besides CNTs, nanoparticles possess unique phyasighlchemical properties. Previous studies
unleashed various possible applications of suchopemicles in the development of information
storage, photovoltaic and biosensor devices [32¢hXinds of nhanometer size materials are gold [33,
34], SIQ nanoparticles and the like [35, 36]. For exampkeda et al. demonstrated that gold
nanoparticles could self-assemble both inside #tevark and on the surface of the silica gel [37].
Willner et al. explored the possible use of Au array for the troigson of an electrochemical sensor
with an extraordinary electrocatalytic property #wds the electrochemical reduction of molecular
oxygen in acidic media [38].

Further, the literature survey has shown that tmakgnation of nanomaterials and biomolecules is
of great interest in the field of electroanalysi¢anoparticles could play an important role in
immobilization of biomolecules due to their largeesific surface area, excellent biocompatibilitglan
good conductivity. The important components of sonahoscale systems composed of biomaterials are
proteins or enzymes, antigens or antibodies, recepand deoxyribonucleic acid (DNA). These
nanoscale systems demonstrate unique catalytiecognition properties [39]. The immobilization of
these proteins on nanostructured materials su€Nas with colloidal gold hybrids, montmorillonite,
clay, mesoporous materials and molecular sieves baen identified as very promising methods for
biosensing applications [40-45]. In the literatugkectrochemical sensor device designing, selection
suitable sensing material for suitable analyte thiett wide applications are already abundant [4p6-49
Among these, application of CNTs in biosensorshbeen seen as the most interesting study [50-54].
However, detailed literature survey reveals thdil mow no one has attempted to present a review on
DNA with CNT and nanoparticle hybrids as an actmaterial for biosensing applicatianin this
review, we are especially interested in reportitgpua the electrochemical sensor and biosensor
devices made of DNA incorporated with CNT and nambge hybrid films as active sensing
materials.

2. Purification and Functionalization of CNTs

Various creative methods have been employed inpteearation of CNT modified electrodes.
Among them, in the preparation, the proces&lves one step or multi-step procedures. The CVD
growth of CNTs on the carbon paper and cutting plaiger to a suitable size and then placing it on a
teflon jacket with an electrical contact providesimple direct preparation of CNT modified elecesd
[55]. Soft lithography mediated CVD and plasma stesi CVD have also been used to prepare CNTs
on Si or PDMS substrates and were applied direslworking electrodes [56]. A flexible and aligned
CNT electrode has been prepared by Cleeal. where, numerous steps have been involved such as
spin coating of iron (lll) tosylate on CNTs which followed by chemical vapor phase polymerization
of 3,4-ethylenedioxythiophene and casting of pelpylidene fluoride), and then finally pealing diet
electrode from the quartz supporting plate [57hétthan the above mentioned electrode preparation
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methods, CNT modified disk electrode preparatiorthoés [58], Ni nanoparticles assisted plasma
enhanced CVD methods [59] have also been repartdeiliterature.

So far, the direct preparatianethods of CNT modified electrodes from the CVDrobar have
been explained. In the later decades, scientigtsrted that the quantities of carbon and metallic
impurities in the raw materials are often too higeguiring post synthesis purification steps which
should be used to remove them. The effect of metatipurities present in raw CNTs can be listed as
deagglomeration of bundles and ropes, CNT dispersiignment and interfacial bonding. Numerous
reports have been made on the post synthesis qatidin of CNTs. It is obvious that the effective
utilization of CNTs in composite applications degerstrongly on the ability to disperse the CNTs
individually and uniformly throughout the matrix twout destroying their integrity or reducing their
aspect ratio. The preprocessing of CNTs after yin¢hssis could be explained by the following three
steps; purification to eliminate non-nanotube malterdeagglomeration for dispersing individual
nanotubes and chemical functionalization for imjpngwnanotube/matrix interactions for processability
with property enhancement. Briefly, in the purifioca process, the difference in oxidation rate
between carbon nanotubes and carbon by produats aslvantage, where the oxidative treatments are
helpful in removing the impurities. These purificat procedures are further classified in to wet
oxidation and gas phase oxidation. The wet oxidatiefers to the oxidation using a solution
containing strong oxidizing reagents such as stamid or HO, [60-63]. The gas phase oxidation is
done using air or oxygen [64-66]. A typical examplewet oxidation would be as follows: CNTs
(about 100 mg) are dispersed in 6.0 M HCI (60 ndr) 4 h under ultrasonic agitation, then washed
until the pH of the solution is neutral and finadlgied. In the same article, another purificatioetinod
was also proposed follows: the CNTs have been disdein 2.2 M HN@ (60 mL) for 20 h at room
temperature with the aid of ultrasonic agitatioar (BO min), then washed with distilled water to
neutrality and dried in an oven at 37 °C [67]. T®WT purification has also been accomplished by
stirring the CNT in concentrated nitric acid atZ5for 24 h [68]. Other than the above wet oxidatio
methods, numerous acid treatments are also awailatthe literature, which have been used for the
purification of CNTs [45, 69-77]. Other purificatianethods have also been reported in the literature
such as, the electrochemical oxidation of MWCNTsNaCl or NaBr solution, which leads to
halogenation of MWCNTs and the formation of oxygemtaining functional groups on MWCNTs
[78]; the etching of individual MWCNT in a KCI sdion by applying a positive potential higher
enough for the occurrence of the electrochemicatlaiion [79]; purification by a galvanostatic
electrochemical oxidation in 430,. These attributed to the purification mechanismatdaster
oxidation rate of amorphous carbon than that of MNVE.

The functionalization of CNTs plays a vital rolethre preparation of CNT modified electrodes. In
one of our work, we followed Yast al. to functionalize MWCNTSs with hydrophilic groupsdB
Briefly, the hydrophobic nature of MWCNTs can beneerted to a hydrophilic nature by placing
MWCNTSs (10 mg) and potassium hydroxide (200 mga muby mortar and grinding them together for
2 hr at room temperature. Then, the reaction mextardissolved in double distilled deionized water
(10 mL) and then precipitated many times in meth&émothe removal of potassium hydroxide. This
process not only makes MWCNTs hydrophilic in naturat this also helps to break down larger
bundles of MWCNTSs into smaller ones [10]. Numerotiser methods have also been reported in the
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literature for the functionalization of CNTs [81]After the pretreatment, purification or
functionalization procedures, the CNTs must be usethe electrodes for the sensor applications. The
electrodes have been modified with CNTs using maysor chemical adsorption or electrochemical
deposition. However, because of the CNTs hydroghobture there is an important challenge in the
preparation of uniformly dispersed CNT solution,iethalone should be used to cast on the electrode
surface. Different dispersion methods have beeorteg on the literature, such as dispersion of a
sample of purified CNTs (2 mg) in 0.5 wt% Nafionathanol (1 mL) for 4 h under ultrasonic agitation
[76] or suspension of CNTs (1 mg) in 1 wt % HAwEblution (1 mL) by sonication for 5 min to make
nanotubes disperse equably, followed by the ditutibthe suspended solution to 100 mL with doubly
distilled water and heating to boiling while stirgi [77]. Similar dispersion methods using ultrasoni
agitation and stirring are widely available in therature [81].

Even though numerous methods of dispersion exist,important factors necessary for a good
dispersion are stability of the solution, no damagenodification on the CNT structure, and longner
stability of the uniform homogeneous solution. Gallg, as reported above, the dispersion of CNTs
has been carried out by physical (ultrasonicatiod milling) and chemical methods (covalent and
noncovalent functionalization). These methods calsseage to CNTs and add impurities to it [82,
83]. To overcome these drawbacks, in one of oukwwee have followed the previous studies for the
dispersion of MWCNTSs, which were conducted by KGhun et al. [84]. Briefly, homogeneous
dispersion of MWCNTSs in ethanol solution was pregansingr-stacking interaction. The chemicals
used for making ther-stacking complex were potassium as a doping nahtgshenanthrene as a
nonpolar molecule and 1,2-DME as a dipole solvBWCNTs (about 50 mg) were added to a 1,2-
DME solution (20 mL) containing 0.2 mol dhphenanthrene. The reaction mixture was stirredguai
magnetic bar at 400 rpm at room temperature (2b2Lfor 48 h. The resulting doped MWCNTSs were
washed thoroughly with ethanol and water for sdviamaes and dried. Then, the obtained MWCNTs
(10 mg) in ethanol (10 mL) were sonicated for 3@ @ get a uniform dispersion. Figure 1 shows the
characterization of the well dispersed CNTs thepared.

Figure 1. (a) Highly entangled as-synthesized MWCNTIs) Low magnification image of
dispersed MWCNTSs (5.7 mg d¥ Reproduced from [84] with permission.
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3. Magnetite Nanoparticleswith MWCNT and Polypyrrole Hybrid for DNA sensor

Mercaptoacetic acid (RSH) coated magnetite nanigfestcapped with 5’-(NbE) oligonucleotide on
MWCNTs-COOH/polypyrrole (ppy) modified GCE as aeratochemical biosensor show good results
for monitoring DNA hybridization processes [85]. &hMWCNTs-COOH/ppy film was
electrochemically deposited on the pretreated G§IEgu0.1 mol [* pyrrole, 0.2 mg m! MWCNTs
and 0.2 mol [* KCI in PBS (pH 2.0). The potential range usedtfa electrochemical deposition of
polypyrrole was 0 to 0.7 V by CV. The magnetite opwarticles were prepared by dissolving
FeSQ-7H,0O (0.1668 g) and FegbH,O (0.27 g) in 200 mL solution with Nourging for 30 minutes.
About 1.5 mol [* ammonia was added slowly into the solution withovous stirring until the pH of
solution reaches 9.0. The resulting solution wdulah to colloidal formation. Then the residue was
washed with water and alcohol and suspended in 4@loohol solution. The coating of RSH on the
surface of magnetite nanoparticles was done byngiraagnetite nanoparticles solution (5 mL) with
RSH (0.4 mL) and keeping it in a nitrogen atmosptfer 8 hours. The resulting solution was washed
with alcohol for many times and finally stored iB® (pH 7.0).

For the experiments, human porphobilinogen dearaif@B8GD) promoter 5-CCT CCA GTG
ACT CAG CAC AGG TTC CCC AG-3' (from 170 to 142) wased as a probe sequence with an
amino group at 5’ end. The oligonucleotides wereduss target sequences without amino group at 5’
end. The preparation of DNA probe/magnetite narnaparconjugate was done by dissolving 5-NH
capped oligonucleotide in 0.1 mol*limidazole solution (100 pL) for 30 min, and themgnetite
nanoparticles suspension (5 mL) with 0.008 mdl 1-ethyl-3-(dimethylaminopropyl)-carbodiimide
hydrochloride (EDAC) was added into the solutioDAE is a water-soluble coupling reagent used to
covalently link oligonucleotides probe (amino gratp' end) with the carboxyl groups of MWCNTS.
Further, the mixture was stirred for 48 h at roemperature. The unbound oligonucleotides present in
the solution were removed using a magnet and thdtneg solution was washed with PBS. Then, the
magnetite nanoparticle/DNA probe was suspendedi® @H 7.4, 5 mL). Then, daunomycin (DNR)
solution (100 pL; it is a well known anti-tumor driy intercalating into GC sequence of DNA)
(cDNR = 3.15 x 10 mol L") was added to DNA probe solution (1 mL) with slstirring for 15
minutes. The non-bound DNR was eliminated by waghiith PBS. Finally, the reduction peak
current for DNR on DNA probe was measured by déféial pulse voltammetry (DPV). Similarly, the
hybridization of target oligonucleotide was addathwgentle stirring at 38 °C for 30 min and washed
with PBS to remove the partially absorbed ssDNAemthe DNR reduction peak was measured using
DPV. Figure 2 shows the film fabrication process.

The characterization of RSH coated magnetite natiolgs was done by transmission electron
microscopy (TEM) and it shows that most of the ipba$ are quasi-spherical in the average diameter
of about 10 nm. The characterization of chemicaldsobetween the g@,;, RSH and DNA were done
by IR spectrometry. The IR results confirmed tteg presence of RSH and the hybridization of DNA
onto the magnetite particles. The electrochemiebblior of DNR at MWCNTs-COOH/ppy GCE was
examined by DPV. The result showed that the redocpeak current for DNR at MWCNTs-
COOH/ppy GCE was obvious and the peak potentidleshto negative side. Authocdaim that, this
result shows the acceleration of electron transppeied and increased active sites on the modified
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electrode. The optimization of DNA hybridization sv&xamined from complementary sequence
oligonucleotide and three-base mismatched sequeragyonucleotides. In these experiments, the two

important factors, temperature and ionic strengfluénce the oligonucleotide hybridization process.

The temperature raise from 28 to 38 °C gradualtyeiased the response for the difference between
complementary and three-mismatched sequence addalira decreased when the temperature rose
higher than 40 °C.

Figure 2. Schematic representation of electrochemical deteaif DNA hybridization
based on RSH coated magnetite nanoparticles labl®igdnucleotide DNA probe by
MWCNTs/ppy GCE. Step A is the preparation of DNAIpe, step B is the detection of
DNR connected on DNA probe and step C is the higaitbn with target sequences and
its detection. Reproduced with permission from [85]
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The DNA hybridization detection by DNA electrocheadi probe is purely based on the DNA
duplex match. Similarly, the selectivity is basad RSH-coated magnetite nanoparticles, where the
presence of nanometer sized magnetite (10 nm) eebaihe selectivity. The selectivity and DNA
hybridization detection process showed that thpaese for non-complementary sequence is the same
with DNA probes. Further, this complementary segeereduced the DNR reduction peak current,
which indicates that there is difference betweeaséhsequences. The increasing target concentrations
of complementary sequences exhibited linear withdbncentration of target oligonucleotides. Also,
this type of sensor showed very low detection linutnparing with the literature reports. Thus, the
DNA probe combined with MWCNTs-COOH/ppy modifieceefrode has been successfully applied



Sensors 2008, 8 7198

for the detection and determination of the complateny sequence, non-complementary sequence and
three bases mismatched sequences.

4. Platinum Nanoparticles Combined MWCNTsfor DNA Biosensors

Platinum (Pt) nanopatrticles were used in combinatdth MWCNTSs for fabricating sensitivity
enhanced electrochemical DNA biosensor [86]. Thatimhm nanoparticles were prepared using
sodium citrate method, wherebyPCk:6H,O (4 mL, 5% aqueous solution) was mixed with desil
water and heated at 80 °C with constant stirrimgn tsodium citrate (60 mL, 1% aqueous solution) was
added. The resulting solution was maintained at-805 °C for about 4 h. This above mentioned
reduction process was observed by absorption gsecipy. The stock solution was prepared by
mixing MWCNTs (2.0 mg) with Nafion (100 pL) and PR&noparticles solution (900 pL) and
sonicating for about 40 min, which forms unifornaigpersed MWCNTSs with Pt nanoparticles. Before
modification, the electrode was cleaned by cycpotential between -0.5 and +1.2V (versus Ag/AgCl)
in 50 mM PBS pH 7.2, until a stable CV profile wastained. After this process, the modification of
GCE was done by dropping MWCNTs/Pt nanoparticlesu{§ and drying in air. Further, the
immobilization of oligonucleotides probe on the MWTs/Pt nanoparticles was done by immersing
the modified GCE in 2.25 x T0omol L™ oligonucleotide solution containing 0.1 mot EDAC and 10
mM acetate buffer (pH 5.2) for 10 h with stirringraom temperature. The electrode was washed well
with sodium dodecyl sulfate (SDS) containing PBSrémove the unadsorbed binding. Using this
above method, oligonucleotide probes were immadilinn the modified GCE with the formation of
amide bonds between -COOH on MWCNTs. The hybridimabf DNA on probe captured ssDNA
modified MWCNTs/Pt nanoparticles/GCE was obtaingddipping the modified electrode in PBS
containing different concentration of target DNA 80 min at 37 °C. Again, the electrode was rinsed
with SDS containing PBS to remove the non-hybridizarget DNA. This modified electrode was
dipped in PBS containing daunomycin (1.0 x°8ol ) and then washed with PBS to remove the
non-adsorbed molecules. Figure 3 shows the deteliéstrode modification process.

The presence of MWCNTSs with Pt nanopatrticles wadisoed by analyzing the film by TEM. The
electrochemical characteristics of three diffetgpes of films were characterized using CV. The¢hr
different films are Pt nanoparticles/GCE, MWCNTs&&nd MWCNTs/Pt nanoparticles/GCE. From
the CV response, authors found that, MWCNTSs/Pt pariles have much larger surface area, where
larger quantities of ssDNA can be immobilized. Thiso results in lowering the detection limits of
sequence-specific DNA. To find the optimized filmndition and hybridization, the Pt nanoparticle
solutions were also used in combination with nafionthe solubilization of MWCNTs. From the
above experiments, the optimum concentration fdondhe mixture was 2.0 g’k Similarly, for the
electrode modification 5.0 pL of MWCNTSs/Pt nanopels was found to be the optimum amount. To
prevent the non specific binding, before the ird&tor binding process, the ssDNA modified
MWCNTSs/Pt nanoparticles/GCE was pretreated with®d.8DS. Further, the pretreatment of the
modified electrode with SDS showed decrease inrddox current of daunomycin. Using this
pretreatment, authors prevented the strong nonfgpetteraction between daunomycin and ssDNA
along with lowering the detection limit of DNA hybization.
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The electrochemical detection of DNA hybridizatiwwas done by DPV technique. The difference in
DPV responses between MWCNTs/Pt nanoparticles/G&ligogucleotides immobilized film) and
MWCNTs/GCE shows that the use of MWCNTs/Pt nanigdad/ GCE possess two times larger
electrochemical signals for daunomycin. In selégtiof DNA hybridization, probe/MWCNTs/Pt
nanoparticles/GCE showed increase in current valudaunomycin at +0.44 V when hybridized with
its complementary sequence. Further, the peakuofeDPV for intercalated daunomycin increases
with the increasing concentration of complementarget DNA.

Figure 3. Schematic representation of the electrochemidactien of DNA hybridization
based on platinum nanoparticles combined MWCNTgqrédiced with permission from

[86].
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These results confirm that MWCNTSs/Pt nanopartitlased hybridization showed good selectivity.
Furthermore, the results exhibit that MWCNTs/Ptoparticles based hybridization assays have high
selectivity and wide range of measurements withelodetection limits. The enhancements in the
selectivity and detection limits are due to the amement in electrical contact between the
components in the presence of high surface areariparticles. In general, Pt nanoparticles possess
high catalytic activities for chemical reactions, the sensing signal for DNA hybridization is ghgat
amplified. From these arguments it is confirmedt tR& nanoparticles combined with MWCNTs
fabrication has been exhibited as a good electrocda DNA biosensor.

5. MWCNTs and Colloidal Gold Nanoparticles with DNA for the Detection of Effect of
Berberineon DNA from Cancer Cells

The chemical modification of screen printed carletectrode (SPE) with MWCNTs and colloidal
gold nanopatrticles (GNP) in PBS has been usedesitimal transducer of dsDNA based biosensor
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[87]. This type of biosensor has been used inrtgstif berberine, with significant antimicrobial and
anticancer activity. Berberine has a very stroogcentration dependent, effect on the structuridityab

of DNA from the human cancer cells (U937 cells)eT937 cells and keratinocyte cells used for the
experiments were washed with PBS and lysed witmiitol L™* TRIS, 10 mmol [* EDTA, 0.5 %
Triton X-100 mixture solution supplemented with {ginase K (1 mg mL). After lysis, RNA-ase was
added and incubated for 1 hour, which was usedherelectrode modification process. The DNA
stock solution was manually dropped on the bare S&face and the nanostructured films were
prepared by layer-by-layer coverage method (DNAdnaaterial/SPE) and mixed the coverage (DNA-
nanomaterial/SPE) and evaporated for overnighbrRa the first measurement, the DNA modified
electrode was immersed in 5 mmol*LPBS, pH 7.0, for 5 min with constant stirring. éftthis
process, the DNA marker [Co(phe}if was deposited by open circuit potential from its 50" mol

L™* solution in 5 mmol [* PBS for 120 s with stirring. Further, the cathobieV of the marker peak
current was measured, evaluated and corrected aiok,bland it was reported as negligible. The
modified electrode was then regenerated by immersirhigh ionic strength PBS solution (0.1 mol
L™ for 120 s, with constant stirring to remove treetially accumulated DNA marker ions from the
layer. To validate the effect of berberine on DNAe DNA modified electrode was incubated in
berberine solution in PBS with constant stirringl darther rinsed with water. The CV of;Re(CN)
was also recorded and evaluated against blank PBS.

The electrochemical characteristics of DNA mark@o(phen)]®*" was evaluated for different type
of SPE modification with the mixture of DNA and mamnaterials. The results showed that higher
marker signals were obtained for DNA-GNP/SPE andAEEMWCNTs-SDS)/SPE biosensors. The
comparison of these results with DNA-(GNP-MWCNTsSISPE showed that there is no synergism
effect of nanomaterials (biocompatible). The digst@n rate constant evaluation results are indieat
that there is some difference between DNA struttamangement with the marker binding ability on
the electrode surface, in the presence or absdnoanostructured materials. This confirms that the
stable marker binding with the DNA modified showgreat interest for the electron transfer process.
The modified electrodes were further examined WitfFe(CN)] as redox indicator in the solution.
The Fe(CNy* plays as an indicator, and the function based lectrestatic repulsion of Fe(CN)
anion with negatively charged DNA phosphate backbdimom these results authors found that SDS
for MWCNTs dispersion is significant despite itsgagve charge and acts as a barrier for the
hexacyanoferrate anion. The bare SPE was chamadeby measuring CV in §Fe(CN)]. This has
been compared with DNA modified SPE, which showestse& separation with bare SPE. But the
nanomaterials showed better redox reversibilitheftacyanoferrate in presence and absence of DNA.
The voltammetric signal for guanine and adeninglves were examined at various types of modified
electrodes. GNP-MWCNTs (MWCNTs in DMF or SDS) caas@egative shift of guanine moiety
when comparing with DNA/SPE. At the same time,ddenine moiety, the negative shift in oxidation
peak occurs for DNA-MWCNTs/SPE, DNA-(MWCNTs-SDS)ESPand DNA-(GNP-MWCNTs-
SDS)/SPE when comparing with DNA/SPE, respectivéljis negative shift is because of the
electrocatalytic property of MWCNTS.

Before the berberine analysis, authors have exairtime stability of human DNA on the modified
electrode surface and the results were found aatfy. The effect of berberine was analyzed bggisi
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voltammetric techniques. The concentration of béneeused was in the range of 0.1 to 75 ug'mL
The damage of berberine concentration indicatedhbydecrease in the DNA marker signal which
represents the portion of dsDNA survives incubatiothe solution. The interaction of berberine with
DNA was the formation of an intercalation compleithmdsDNA in low ionic strength solution. From
the CV of K[Fe(CN)], it was found that the changes in DNA were foumith the increasing
concentration of berberine. Also, the changes wgeater for DNA from cancer cells than the
keratinocytes. Further, at DNA-(MWCNTs-SDS)/SPE thgFe(CN) current was measured. The
DNA-(MWCNTs-SDS)/SPE sensor incubation affected eV signal of the guanine and adenine
moieties. For low concentration of berberine (il & g mL*) there is no effect on the signals from
DNA for U937 and kerationcytes. At the same tinie increasing concentration of berberine (75 pg
mL™) shows change in guanine and adenine signalshvduinfirms the greater effect of berberine on
DNA from the cancer cells. From the above illustnag authors clearly demonstrated that this type of
DNA based biosensor acts as effective chemicatityxéensor for the rapid detection of DNA damage
species, and screening of DNA anticancer agents asiberberine.

6. MWCNTSs/Nano Zirconium Dioxide/Chitosan for DNA Hybridization Detection

A novel and sensitive electrochemical DNA biosertsmsed on MWCNTs/nano zirconium dioxide
(ZrOy)/chitosan (CHIT) modified GCE has been fabricat@dng with the immobilization of
oligonucleotides [88]. Before the film modificatiqgrocess, the zirconia nanoparticles were treated
with SDS (100 mL 0.7%) and the pH was adjusted &md stirred for 6 hours. The resulting solution
was filtered and washed to obtain the surfaceeddeairconia nanoparticles. Similarly, the MWCNTs
were treated with 3:1 mixture of concentrategb&, and HNQ, which was ultrasonicated for 6 hour
to establish the carboxylic acid groups onto the ®\V's surface. These oxidized MWCNTs were
filtered, washed and dried at 100 °C. The CHIT sofuwas prepared by dissolving the CHIT flakes in
0.05 mol ! acetic acid with constant stirring for 3 h. Theface treated zirconia nanoparticles and
MWCNTs were dispersed in 0.1% CHIT. The mass ratithe film has been maintained at 1:2.5:100
(ZrO,: MWCNTSs:CHIT). The resulting mixture was sonicatedobtain a highly dispersed colloidal
solution. This colloidal MWCNTSs/ZreédCHIT was casted on the pretreated GCE and driedr irifter
drying, the electrode was mounted with probe DNA & pL (130 nmol [Y) using a pipette. Finally,
the modified electrode was washed with PBS to remibne unadsorbed probe DNA. The resulting
ssDNA modified electrode was further immersed ibridization buffer solution for 30 min which
contains the target DNA. After this process, thedified electrode was immersed in DNR solution
(1.0 pmol ) and allowed for 15 min for sufficient reactiondocur. After the accumulation process,
the modified electrode was washed with PBS anddbgonse signal was measured by CV and DPV in
0.01 mol L* PBS.

The SEM analysis confirmed the presence of MWCNA® &rQ,. Further, to discern the role of
individual components, electrochemical charactéomeaof different type of film has been carried .out
For ZrQy/CHIT, MWCNTs/CHIT, MWCNTs/ZrQ/CHIT the CV response was gradually increased.
For ZrQ,/CHIT film there is no obvious voltammetric peakt@ibed, which shows that Zg(as no
catalysis for the oxidation of daunomycin (DNR)s#8|] the introduction of MWCNTSs increased the
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unique catalysis feature and excellent electronsfea ability of the film. The three electrodes (i)
SSDNA/ZrQ/CHIT/GCE electrode, (ii) sSDNA/MWCNTSs/CHIT/GCE eteode and (i)
ssDNA/MWCNTs/ZrQ/CHIT/GCE electrode were compared by CV. The comsparshows that the
signal obtained for the electrode (a) and (b) wewmer than (c). The authors reported that this is
because of the synergistic effects of MWCNTs/ZEHIT, which provided the increased loading of
ssDNA with good electron transfer ability and hagttive surface area.

Figure 4. The DPV response of daunomycin as indicator in B@$ 7.0) using ssDNA
probe modified MWCNTSs/ZrO2/CHIT/GCE electrode (after exposure to 1.32 x 20
mol L™ four-base-mismatched DNA sequence (b) ; the sdtee lybridization with the
complementary target DNA sequence (7.45 x1@nol L%) (c). Reproduced with
permission from [88].
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In this type of biosensor, the hybridization tinoe bbtaining the DPV signals was found as 0.25 to
1.5 h at 60 °C. Based on this, the incubation tivas adopted as 30 min in all the experiments. The
accumulation time for the increasing peak currdrDR was found as 15 min. From the DPV peak
current calibration curves of DNR, it is obviousattihe response signal increases linearly with the
increase of logarithm of the target DNA concentratiThis above mentioned increase was linear with
very low detection limit of 7.5xI8 mol L (S/N=3). The selectivity of SSDONA/MWCNTS/ZsTHIT
was found by hybridizing the film with differentrids of DNA sequences. Figure 4 shows the DPV
response of ssDNA modified electrode (a), ssDNA ifietielectrode hybridized with 1.32 x Tamol
L™* of four base mismatched oligonucleotide (b) ar@Nss modified electrode hybridized with 7.45 x
10° mol L™ of perfectly matched oligonucleotide (c). The serghowed small responses during the
hybridization with four base mismatched oligonutig®. Comparing the current ratios, it shows 0.66
for four base mismatch sequence and 1.77 for thmplie complementary oligonucleotide
concentration. According to the results, the commgletary target sequence showed a significant signal
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increase, which confirms the high selectivity asttype of sensor. Also, the comparison with prasio
literature reports showed that this DNA sensor étds than the previous reports. Further, the
reproducibility was measured for three DNA sensord it showed that the current response values are
within acceptable variable coefficient. This shaws sufficient reproducibility of this type of sems
These results also show that MWCNTSs/Z@CHIT composite film shows obvious electrochemical
detection.

7. Probe Labeled with Silver Nanoparticles Loaded MWCNTsfor DNA Hybridization Detection

Gao et al. proposed a sensitive electrochemical method ferdétection of DNA hybridization
based on the MWCNTs with silver nanoparticles (A89]. The proposed method has been
successfully applied for the DNA detection in aydtbrosis related process. The silver nanopasdicle
have been prepared in the range of 10-20 nm (aweti@gneter of 15 nm) and stored in dark at 4 °C.
The MWCNTs were purified by ultrasonication method solution containing nitric acid and
perchloric acid (7:3), and then activated by puydia gas for overnight following the addition of 1.5 g
of SnCb.2H,O with constant stirring. The activated MWCNTSs veakled to plating solution and then
electroless plating reaction was carried out a2@%or 15 min with the agitation process. Finathe
suspension of Ag-MWCNTs was filtered and the prigaip was washed with distilled water. In the
next step of the process Ag-MWCNTs with DNA seq@ens label has been prepared by the self-
assembly technique, whereby Ag-MWCNTSs (10 mg) wespended in water (10 mL) and 33 pmdl L
3'-thiol-modified DNA (0.5 mL) [P1 (3'-HS-ATC CTC AC TCT-5") 12 bases or P2 (3'-HS-CTT
TTA TAG TAA CCA CAA AG-5’) 20 bases] was added tgMWCNTSs suspension solution (1 mL).
After standing for 20 h, the PBS concentrationhef $uspension was gradually adjusted to 0.08 ol L
by adding aliquots of 1.0 mol'LPBS. Then, after 6 h the NaCl concentration indirspension was
adjusted to 0.075 mol'tby adding aliquots of 1 mol'tNaCl. Further, the concentration of NaCl was
readjusted in suspension by adjusting 0.10 moby adding aliquots of 1 mol'tNaCl after 2 h and
finally allowed to stand for 90 h. Finally, the AgWCNTs-labeled DNA probe was washed with PBS
(0.10 mol L* PBS) and redispersed in PBS (10 mmd| L mL). The resulting suspension (final
concentration of Ag-MWCNTs-labeled DNA probe wasdl0') was stored at 4 °C and used as Ag-
MWCNTs-labeled DNA probe. The Ag-labeled DNA prdbe assessment was prepared in the similar
way. The optimization of DNA hybridization has beeramined by self-assembled time of target
single strand ssDNA. The results exhibitédt the response increases with the increase Ibf se
assembled process from 3.5 to 4 h. The influenceootentration of Ag-MWCNTs-labeled DNA
probe on the DPV signal was also examined. Similddr target sequence, the electrode has been
fabricated by immersing the pretreated gold elelerm the target analyte solution for 4 h and the
target sequence was immersed in 0.10 mmblLthexanethiol (HT) for 1 h to eliminate nonspexifi
adsorption. Then, the modified electrode was imegkis the probe suspension Ag-MWCNTs-labeled
DNA or Ag-labeled DNA for hybridization approxim&gefor 40 min. This hybridized electrode was
employed as the working electrode.

The analytical performance of DNA hybridization wasestigated and it was found that the peak
current increased when using Ag-MWCNTs-labeled DplAbe with the concentration of the target
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ssDNA. The values are linear with the logarithntofcentration of the complementary target ssDNA.
The detection limit was 1 nmol™L(S/N = 3) for the complementary target ssDNA, wahis much
lower when compared with that of Ag-labeled DNA Ipeo The specificity of Ag-MWCNTs-labeled
DNA probe for electrochemical detection of DNA higlization was also examined. The results have
shown that there is three bases mismatch withatget DNA in a lower signal. Further, a negligible
oxidation signal was obtained for non complementarget DNA. The DPV peak current of target
DNA solution is two times higher to that of 3-bas@ismatch ssDNA and 20 times greater than that of
non complementary ssDNA. From these results, astftamd that, the efficient discrimination within
the specific binding and non specific binding hasrbdone.

Table 1. DNA sequences studied at different modified eletgm

Electrode DNA sequences

Magnetite Probe: 5-CCTCCAGTGACTCAGCACAGGTTCCCCAG-3'

Nanoparticles- Complementary: 5-CTGGGGAACCTGTGCTGAGTCACTGGAGG-3'

MWCNTs-ppy  Three-base mismatch: 5-CTGGTGAACCTGTCCTCAGTCACTGEA3'

[85] Noncomplementary: 5-~AACCCCTTAAACAAAATCAAGTGAATCAA3

Pt Probe: 5-NH2-GAGCGGCGCAACATTTCAGGTCGA-3'

Nanoparticles- Complementary: 5-TCGACCTGAAATGTTGCGCCGCTC-3'

MWCNTs [86] Noncomplementary: 5-GAGCGGCGCAACATTTCAGGTCGA-3'

MWCNTs-GNP Calf thymus dsDNA

[87]

MWCNTs- Target: 5'-

ZrO2-CHIT [88] AAAACTTGTGGTAGTTGGAGCTGATGGCGTAGGCAAGAGTGCCC-3'
Mismatch DNA: 5'-
AAATCTTGTGGTAGTTGTAGCTGATGGCGCAGGCAAGAGTGCGC-3'
Probe DNA: 5'-
GGGCACTCTTGCCTACGCCATCAGCTCCAACTACCACAAGTTTT-3'

Ag-MWCNTs Synthetic (P1): 3-HS-ATC CTC AAC TCT-5

[89] Complement of P1: 3'-HS-GTC GTA AGA GTT GAG GAT-5'

Mismatch of P1: 3'-HS-GTC GTA AGA CTT CAC GAT-5’
Noncomplementary of P1: 3'-HS-AGC CTT CGG CAT TGCGC¥5’
Cystic fibrosis: 3'-HS-CTT TTA TAG TAA CCA CAA AG-5
Complement of P2: 3'-HS-CTT TGT GGT TAC TAT AAA AG-
Noncomplementary of P2: 3'-HS-AGC CTT CGG CAT TGCGC5’

MWCNTs-Pd Probe: 5-NH2-GAG CGG CGC AAC ATT TCA GGT CGA-3

nanoparticles ~ Complementary: 5-TCG ACC TGA AAT GTT GCG CCG CTC-3

[90] Three-base mismatch: 5’-TCG TCC TGA AAC GTT GCG CCTC-3’
Noncomplementary: 5-GAG CGG CGC AAC ATT TCA GGT 8&’

The real application of this type of sensor wastfa@ detection of DNA segments related to the
cystic fibrosis. It is one of the most common fajahetic diseases in European origin and in U.S.A.
About 75% cases are responsible by mutation arek thrissing bases which lead to the deletion of
508" codon. The Ag-MWNTs-labeled DNA resolved the elechemical detection of mutagenic DNA
hybridization. The selectivity of the proposed noeths feasible for this type of detection and peak
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current increased linearly with the complementarget concentration from 3.1 x 1bto 1.0 x 10"
mol L. Authors claim that, this range is sufficient eglifor the cystic fibrosis samples in clinical
diagnosis. The list of various electrodes discugselis article and the DNA sequences studiechahe
electrode are given in Table 1.

8. Palladium Nanoparticles Combined with MWCNTs for DNA Biosensor

Palladium (Pd) nanoparticles combination with MWQGN\Thafion and oligonucleotides (amino
groups at the 5’ end) has shown remarkable imprewsnn electrochemical DNA detection [90]. The
palladium nanoparticles were prepared by mixingNefPdCl (40.6 mg) in DMF (20 mL) with a
solution of NaBH (75.5 mg) by fast stirring method. The reactioxtomie was put undezontinuous
stirring for 24 h, after the mixture reaches deegwn in color. Finally, the precipitate was centgéd,
washed and dried at 60 °C for 24 h. The Pd narniofgthus obtained have an average diameter of 3-
5 nm. About 8.0 mg of obtained nanoparticles withrhg MWCNTs were dispersed in the mixture of
100 mL of nafion and 900 mL of DMF, and then sotedafor 60 min. For electrode modification, 5.0
mL prepared solution (MWCNTs/Pd nanoparticles) wasobilized on pretreated GCE and dried in
air. The immobilization of oligonucleotide probe svdone by the formation of amide bonds between
the COOH groups on the MWCNTSs and -Nef the oligonucleotides at 5’. This was carried by
immersing MWCNTs/Pd nanoparticles/GCE in oligonotige solution containing 0.1 M EDAC and
10 mM acetate buffer (pH 5.2) for 5 h with continscstirring. Further, the hybridization process was
exhibited by immersing the modified probe DNA of MONMTs/Pd nanoparticles/GCE into the
hybridization solution containing target DNA witlrtstant stirring. Then, the electrode was rinsed to
remove unbound DNA and the hybridized electrode whksed in Tris-HCI buffer containing
methylene blue (MB) with stirring for 5 minutes.IlBwing the above said process, the electrode was
washed with PBS to remove the physically adsorb&Javd the DPV measurements were conducted
to measure the electrochemical signal. From thesarement of MB reduction, the target DNA has
been detected. Figure 5 explains the electrochérdet@ction of DNA hybridization based on Pd
nanoparticles combined with MWCNTS.

The electrochemical characterization of MWCNTs/Rahaparticles/GCE has been carried out in
KsFe(CN)} solution and the results showed that MWCNTs/Pdoparticles/GCE hold more
electronegative surface area than that of MWCNT&GIis has been explained as; Pd-NPs (3-5 nm)
hold the capability to adsorb hydrogen producednduthe MB redox process, which catalyzes to the
oxidation of MB to occur easier than on the Pd-MBsent modified electrode. The peak current for
MWCNTs/GCE exhibits obvious decrease when compawity MWCNTs/Pd nanoparticles/GCE.
Also, MWCNTs/Pd nanoparticles/GCE exhibits largerface area with probe DNA, which shows the
enhanced detection limit for DNA detection. Furthgre MWCNTs/Pd nanoparticles/GCE showed
higher catalytic activity with MB. In presence ofl Panoparticles the modified electrode shows the
potential shift from -0.375 to -0.321 V. The incsg®y concentration of Pd nanoparticles increases th
peak current of MB, which proves that the reacttdrMB was accelerated by Pd nanoparticles. The
immobilization of probe DNA was investigated by tignal of MB. After successful immobilization
of probe DNA, the peak current of MB was decreased.
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Figure 5. Schematic representation of the electrochemidactien of DNA hybridization

based on Pd nanoparticles (Pd-NPs) combined MWCIREéproduced with permission
from [90].
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This result shows that dsDNA has successfully farraad the interaction of MB with guanine
residue was prevented. With three bases mismatch, B¢ decrease in the response of MB reduction
is slightly low; this was due to the partially hidized mismatch DNA bases with the probe. From
these results, authors found that the high selgctof DNA hybridization assay is based on
MWCNTSs/Pd nanoparticles.

Table 2. Summary of sensitivity values and detection linsits’arious electrodes.

Detection

Electrode Intercalator ~ Slope of thelinear range (DPV) limit (pM) Reference
Magnetite DNR 0.8255-0.0847c target oligonucotide 0.023 [85]
Nanoparticles- x10" (uA)

MWCNTs-ppy

Pt Nanoparticles- DNR y = 3.264 log x-3.375 (LA) 10 [86]

MWCNTSs

MWCNTs-GNP [Co(pher)®*  Guanine (0.7 and 12A); adenine - [87]
(5.4 and 6.11A) for U937 cells and
keratinocytes respectively

MWCNTs-ZrO2- DNR | =32.62 + 3.037 log gxa (M) 75 [88]

CHIT

Ag-MWCNTs - [(0.1uA) =4.21log C-1.9 (unitof Cis  0.010 [89]
10" M)

MWCNTs-Pd MB y = 4.637 log x+9.811uA) 0.12 [90]

nanoparticles

The quantitative detection of DNA hybridization hlasen carried out from the increasing MB
reduction peak current, when increasing the comgleary target DNA concentration. Three
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independent measurements have been carried oute Wieeaverage values are linear with logarithmic
values of the complementary sequence concentrfiiom 7.5 x 10 to 2.3 x 10 M. The detection
limit of the complementary sequence was found td.lex 10"*M (n = 11). The strong interaction
between MB and ssDNA exhibits higher electron tiemen MWCNTs/Pd nanoparticles/GCE. From
these above results it was found that this new atetbthows good sensitivity and nonspecific
adsorption protocol is obviously dismissed. The suamy of sensitivity values and detection limits of
various electrodes discussed in this article arergin Table 2.

9. Conclusions

In conclusion, the advent of nanotechnology alloman to change the fundamental properties of
matter in tailor made materials with desirableilafittes, and fabricate functional devices of any
dimension. Especially, using simple, however efiitj DNA with CNT and nanoparticle hybrid
materials containing sensors has shown their owforpeance of good stability, fine selectivity and
high sensitivity. Also, their electrical and theldnpaoperties are excellent. However, each approach
reported here has its advantages and disadvantéigeduture development of nanotechnology will
embrace various approaches discussed above witlrékaive contributions depending upon specific
applications. Without doubts, these DNA incorpada®NTs and nanoparticles hybrid materials offer,
an important step towards the development of setectiown to few target molecules sensitive bio
recognition electrodes for various sensor appbeegti In addition to the above described approaches,
there are many other, yet unexplored, strategieshé field of electrochemical and biosensor
applications. These strategies are waiting to @oeed soon and there is a high expectation among
the scientists that such devices would be develsped, targeting towards the reliable diagnostfcs o
cancer and other diseases.
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