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based gold nanoribbon biosensor
to aid the preclinical evaluation of anticancer
properties†
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Hunasepalya Nagaiah NaveenKumard and Sangaraju Shanmugame

In this work, we report a microbial biosensor fabricated for the preclinical assay of anticancer compounds.

Gold nanoribbons were used as a transducer for mounting the microbe. For the synthesis of these unique

Au nanostructures, quercetin stabilized gold nanoparticles (Q-AuNPs) were synthesized as a first step using

onion peel. Later, dityrosine peptide was used as a sacrificial template for the synthesis of the gold

nanoribbons (AuNRs). The structural morphology of the as-synthesized Au nanomaterial was examined

using UV spectroscopy, XRD, SEM and TEM. The AuNRs were found to be <10 nm in diameter, which

provided a good biocompatible environment and effective protection for the immobilization of

Agrobacterium tumefaciens (At), a causative agent of crown gall disease. At is reported to cause tumors

in plants through a tumorigenic mechanism similar to that of humans. Inhibition of At indicates that the

inhibitory compound being screened exhibits anticancer activity. Clitoria ternatea (Ct) is traditionally used

to cure many diseases and is known to possess anticancer activity. Therefore, we have used a Ct flower

extract in the preclinical study of its anticancer activity against At by fabricating a simple electrochemical

sensor. We have employed electrochemical techniques such as CV and EIS for the characterization of

the developed microbial biosensor. Moreover, the as-synthesized AuNRs behave as an ideal transducer

and platform, thus improving the electrode surface area and providing good biocompatibility for the

immobilization of At. In contrast to other immobilization techniques and biosensors that often require

elaborate procedures, cross-linking agents and rigorous chemical reactions, At was directly adsorbed

onto the electrode under optimum conditions without any mediators. The results show that the

developed biosensor is useful in the pre-clinical analysis of anticancer properties. Indeed the study

examines the use of electrochemistry, demonstrating the rapid response and high sensitivity of the

proposed sensor in contrast to bioassay procedures. In conclusion, the experimental results indicate that

the developed biosensor accentuates the excellent properties of the synthesized AuNRs, which promises

to be a novel avenue in designing biosensors.
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1. Introduction

Cancer is a terrible and highly fatal illness characterized by
anomalous cell growth caused by mutations in normal cells.1 It
is known to be a major reason for mortality throughout the
world. The invention of new drugs that can combat cancer is of
great interest to many researchers. In the current era, many
plants have been documented to treat cancer; for instance vinca
alkaloids are used against leukemia, Podophyllum is used for
small lung and testicular cancer, Taxus spp. is antagonistic to
skin cancers and Taxus brevifolia is inimical to ovarian and
breast cancer.2 Clitoria ternatea (Ct) is one such plant that has
been documented to alleviate an extensive variety of ailments. It
belongs to the Fabaceae family with common names such as
‘Buttery pea’, ‘Aprajita’, ‘Shankupushpi’ and ‘Girikarnika’. It is
shown to have antidepressant, anticonvulsant, antioxidant,
RSC Adv., 2016, 6, 60693–60703 | 60693
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anesthetic and sedative, hypoglycemic, anthelmintic, anxiolytic,
antidote, hypoglycemic and anticancer properties.3–6 Several
glycosides such as malvidin-3-b-glycoside, delphinidin-3-b-
glycoside, anthocyanins, ternatins (C1–C5 and O3) and pre-
ternatins (A3 and A4) have been reported to exist in the plant.
The owers of Ct have also been reported to contain many
therapeutic bioactive compounds.7,8 This gives a brief outline of
how plants have made a contribution in drug discovery
research.

Thousands of new compounds for cancer treatment are
being invented by researchers and scientists across the globe,
very few of which compounds are considered for clinical anal-
ysis owing to factors such as cost and ethical considerations.
Thus a pre-screening method is essential. The intention behind
this process is to recognize and select the compounds which act
against cancer in order to promote them to the next level in
clinical research. Nevertheless, the pre-screening method
should be rapid, uncomplicated and affordable with a favorable
prognosis of pharmacodynamic activity.9,10

In recent years electrochemical techniques have gained
precedence over the conventional methods of analysis owing to
the fact that they possess a greater sensitivity, with low cost and
a relatively short analysis time when compared with other
analytical techniques. Efforts have been made in the research
area of analytical electrochemistry in the quest for the develop-
ment of electrochemical biosensors that are capable of meeting
the essential requirements. Nanomaterials such as nanowires,
nanotubes and nanocrystals have been extensively used as the
transducing element in the development of biosensors due to
their promising and unique properties.11 Gold nanoparticles
(AuNPs), nanoribbons, nanobelts, quantum dots, zinc oxide,
silver, platinum, palladium, carbon nanotubes, graphene etc. are
some of the examples of nanomaterials that are known to
increase the performance of biosensors in terms of the selec-
tivity, sensitivity and long term stability.12–19 In particular, the
synthesis of 1D Au metal nanostructures such as nanowires,
nanotubes, nanobelts and nanoribbons is given exceptional
consideration in this eld as they are known to improve optical,
thermal and electronic properties.20,21 Apart from this, they are
also used widely in the elds of fuel cells, batteries and super
capacitors. Some challenges are faced by the scientic commu-
nity that hinder the development of these nanostructures,
including the need for simple, facile, low cost and high yielding
preparative methods.22 1D nanostructures are of great impor-
tance compared to bulk metal nanoparticles mainly due to their
simple preparative procedures and better catalytic activity.23 The
synthesis of the nanostructures can be carried out as
reviewed22,24 using methods such as template assisted growth,
electrochemical beam irradiation, electrochemical deposition
etc. Palladium nanowires synthesized by electron beam irradia-
tion are reported to have good electrocatalytic activity and
stability for ethanol oxidation.25 In addition, an alloy of Pt–Co
alloy nanowires showed excellent electrocatalytic activity
towards methanol oxidation.26 Likewise, Pd–Ag nanotubes were
reported to exhibit superior electrocatalytic activity towards
formic acid oxidation.27 MnO2 nanotube and nanowire arrays
were fabricated using galvanostatic electrodeposition on
60694 | RSC Adv., 2016, 6, 60693–60703
a porous alumina template.28 At this point, it is important to
state that our group is also actively involved in the synthesis of
Au nanostructures. We have reported gold nanoparticle nano-
tubes (AuNPNTs) employing an alumina membrane as
a template29 and Au nanotubes synthesized using b-diphenyla-
lanine (b-FF) as a sacricial template.30 These nanostructures
were applied in the development of biosensors for the determi-
nation of hydrogen peroxide and cholesterol respectively.

Apart from electrochemical analysis, bioassays are a set of
procedures in which a compound (drug, pesticide, fungicide etc.)
is tested for its activity against biological entities (an animal,
bacterial cells, human cancer cells etc.). The capability of the
tested compounds to suppress the biological entities is consid-
ered to correlate to their activity as therapeutic agents. Bioassays
benet standardization when analyzing the active bioactive
compound in plant extracts. The isolation of a bioactive
compound in a plant extract from heterogeneous compounds by
physical and analytical methods can be subtle because the
chemical complexity and the relative amount present may vary
from each process of the isolation technique. In many instances,
the therapeutic activity exhibited by the plant’s bioactive
compound is not due to a single constituent but a combination
of many constituents. Therefore, analytical techniques take
a back seat.31 To date, one available technique is the potato disc
tumor assay which is considered as the simplest bioassay
approach to determine the anticancer activity of crude plant
extracts. Volumes of manuscripts have been published giving
evidence of the benets of utilizing this method.2,32–36 The prin-
ciple that this assay is based on is the antimitotic inhibition of
Agrobacterium tumefaciens (At) induced tumors in potato. Agro-
bacterium tumefaciens is a Gramnegative bacteriumwhich causes
crown gall tumors in more than 60 families of dicotyledonous
plants, some monocots and some gymnosperms.37 The tumor
induction involves a unidirectional mechanism in which a small
segment of T-DNA present in a 190 kb Ti (tumor inducing)
plasmid is transferred into the plant genome. The incorporated
T-DNA gene encodes enzymes, namely tryptophan mono-
oxygenase, indoleacteamide hydrolase and isopentenyl trans-
ferase. The rst two enzymes aid in the conversion of tryptophan
to indoleacetic acid (auxin) and the latter converts AMP to cyto-
kinin isopenetenyl adenosine (cytokine). The overproduction of
these plant hormones (auxin and cytokinin) results in uncon-
trolled growth of tissue and gall formation on the crown, roots
and in some other parts of the plants.38–40 The signicance of
crown gall disease is that it is similar to human cancer, i.e., the
cellular mechanism with reference to chemical reactions such as
the type IV secretion system is the same in these members of the
two kingdoms.41–44 It has already been reported that compounds
which vanquish Atmay show activity in the 3PS leukemic mouse
assay and 9KB or 9PS cytotoxicity assays and therefore can be
considered as an anticancer drug in humans.2,45 Therefore
Agrobacterium tumefaciens can be used in anticancer studies.46,47

As a solution to the acknowledged problem, in this manu-
script we have attempted to develop a novel biosensor based on
Au nanoribbons (AuNRs). Initially, quercetin stabilized Au
nanoparticles (Q-AuNPs) were prepared. This is because
colloidal gold solutions are not stable for a long duration in the
This journal is © The Royal Society of Chemistry 2016
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native state. Therefore, we isolated quercetin from onion peels
and used it as a stabilizing agent. The uniqueness of this work is
the synthesis of gold nanoribbons using dityrosine peptides as
a structure directing agent for the synthesis of AuNRs and the
electrochemical application of the as-synthesized AuNRs for the
bioassay. The dityrosine peptides afford controlled growth of
the nanoribbons along the longitudinal axis of the template,
preventing aggregation of the nanoparticles. This is the rst
report, to the best of our knowledge, on the application of these
peptides as a sacricial template for AuNRs. The AuNRs behave
as an ideal transducer and platform, thus improving the elec-
trode surface area and providing good biocompatibility for the
immobilization of At. In contrast to other immobilization
techniques and biosensors that oen require elaborate proce-
dures, cross-linking agents and rigorous chemical reactions, the
At was directly adsorbed onto the electrode under optimum
conditions without any mediators. Furthermore, a biosensor
fabricated using the AuNRs as an immobilizing matrix for At to
study the preclinical anticancer screening has not been re-
ported so far. This electrochemical approach is simple and
offers high sensitivity and excellent selectivity. We have also
demonstrated that the sensor operates at a low working
potential, thereby eliminating the possible interfering electro-
active substances. The practical applicability of the sensors
towards H2O2 detection was also veried.
2. Materials and methods
2.1. Materials

Gold(III) chloride hydrate (HAuCl4), N,N0-dicycloxicarbodiimide
(DCC) and N-methylmorpholine (NMM) were procured from
Sigma Aldrich. Isopropyl alcohol, chloroform sodium bicar-
bonate (NaHCO3), sodium sulfate (Na2SO4), ethanol and
methanol were purchased from Rankem, India. 1,1,1,3,3,3-
Hexauro-2-propanol (HFIP) was purchased from Spectrochem,
India. Luria Bertani Agar Miller was purchased from Himedia
for the isolation and growth of Agrobacterium tumefaciens (At). A
PK-3 electrode polishing kit containing 1 mm aqueous polishing
diamond and 0.05 mm polishing alumina was obtained from
BAS Inc. Tokyo, Japan. Phosphate buffer saline was prepared
from a stock solution of 0.1 M KH2PO4, 0.1 M K2HPO4 and 0.1 M
KCl. The pH was adjusted using 0.5 M HCl and 0.5 M NaOH.
30% H2O2 was obtained from Merck.
2.2. Electrochemical measurements

All electrochemical experiments were carried out with Versa-
STAT 3 (Princeton Applied Research, USA). A eld emission
scanning electron microscope (FE-SEM), Hitachi S-4800II
model, with an accelerating voltage of 5 kV was utilized to
observe the surface morphologies of the electrodes and the
elemental analysis of the electrodes was carried out by energy
dispersive X-ray analysis (EDAX). All experiments were done in
a conventional three electrode electrochemical cell with bare Gr
and amodied electrode (Gr/AuNR/At) as the working electrode,
a saturated calomel electrode as the reference electrode and
platinum wire as the auxiliary electrode.
This journal is © The Royal Society of Chemistry 2016
3. Experimental
3.1. Extraction of plant material

Flowers of Ct were obtained from Idappadi taluk, Salem district,
Tamilnadu. The taxonomical characterization of the plant was
conrmed with the help of a professional botanist. The owers
were cleaned gently, air dried and powdered coarsely. The
powdered ower was soxhlet extracted with ethanol for 2 hours,
followed by vacuum ltration, and the powder was discarded.
The excess solvent was removed and the extract was concen-
trated by distillation. Finally, the ethanol extract was accurately
weighed and dissolved in water to a concentration of 0.2 mg
mL�1 for our electrochemical studies.
3.2. Extraction of quercetin from Allium cepa (onion) for the
synthesis of quercetin stabilized AuNPs

Fresh onions were collected from a local market. The collected
sample was cleaned with tap water and subsequently washed
with pure water. The bulbs were separated and the tunics were
sliced and dried in the shade for 2–3 days. As a rst approach,
about 750 g of the dried sample was pulverized into a coarse
powder and subjected to soxhlation with petroleum ether. The so-
obtained extract was ltered and concentrated to dryness over-
night at room temperature. The extract was then partitioned into
two equal fractions. These partitioned fractions were extracted
separately, each with 85%methanol and 90% ethanol for 12 h for
isolation of quercetin. The methanolic extract and ethanolic
extract obtained in this way were mixed in equal volumes and
then concentrated to dryness. Screening of the products was done
by TLC and the desired compound was puried by column
chromatography. The isolated quercetin was characterized and
conrmed by UV, IR and mass spectroscopy (results not shown).
Finally, its melting point and structure were determined.
3.3. Synthesis of AuNPs

The procedure for the synthesis of quercetin stabilized AuNPs
(Q-AuNPs) comprises the following steps. A solution of HAuCl4
was rst prepared by dissolving 0.393 g of metal precursor in 1.5
mL of isopropanol under an argon atmosphere using a glove
box. To this, a few mL of pure water was added at room
temperature and the solution was irradiated by ultrasonication
for 3 minutes to obtain a homogeneous suspension. At this
point, 20 mL of a 0.1 M aqueous solution of freshly extracted
quercetin was added swily while irradiating the solution at an
intensity of 100 W cm�2. The reaction mixture changed to a red
wine colored solution within 15 min, indicating the formation
of AuNPs. However, in order to ensure the complete reduction
of Au(III) ions to AuNPs, ultrasonication was continued for
further time. The product was obtained by repeated washings
and centrifugation. The as-synthesized Q-AuNPs were investi-
gated by UV-Vis spectroscopy, XRD, SEM and EDAX.
3.4. Synthesis of AuNRs

In the present work, we have employed a novel route for the
synthesis of one dimensional metal nanostructures in which
RSC Adv., 2016, 6, 60693–60703 | 60695
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dityrosine peptide serves as a structure directing agent for the
synthesis of AuNRs. For the fabrication of the dityrosine building
block, the dipeptide was initially synthesized following a re-
ported procedure.48 Briey, 0.04 g carboxyl protected tyrosine
peptide (H2N-Tyr-OMe) was added to 250mL round bottom ask
and suspended in CHCl3 (25 mL). This solution was cooled to
0 �C and a solution of 2.23 mL NMM was added and stirred for
30 min. Subsequently, to the stirred solution 0.04 g of Boc-pro-
tected tyrosine (Boc-Tyr-OH) dissolved in CHCl3 was added. Aer
a few minutes of stirring, the coupling of the dipeptide was
accomplished using 2.1 g DCC. The ice bath was removed and
the reaction mixture was stirred at room temperature for 24 h.
The solvent was then removed by ltration and the residue was
given multiple washings with CHCl3. The resulting residue was
resuspended in the ltrate and washed with 5% NaHCO3 and
saturated NaCl. The organic fraction was dried (Na2SO4), ltered
and concentrated under reduced pressure. Finally, the resulting
product was re-crystallized and analyzed by mass spectroscopy.

The experimental procedure was then extended for the self-
assembly of the dityrosine peptide exploiting the Reches and
Gazit procedure.49 The puried dityrosine peptide was dissolved
inHFIP at a concentration of 100mgmL�1 and then diluted with
water at a concentration of 2 mg mL�1, leading to the formation
of the self-assembled peptide structures. Subsequently, we
focused on the synthesis of AuNRs using the self-assembled
dipeptide. To grow one dimensional Au nanostructures, the Q-
AuNPs obtained above were mixed with the self-assembled
dityrosine peptide solution at a concentration ratio of 4 : 1
(gold to peptide solution).50 This mixture was allowed to stand in
the dark at a temperature of 4 �C for at least an overnight time
period to allow optimum binding of the Q-AuNPs on the peptide
substrate. The formation of the one dimensional Au nano-
structure was easily determined visually with the formation of
a red precipitate at the bottom of the vial. The obtained precip-
itate was collected by centrifugation, washed and dispersed in
water by ultrasonic irradiation. The peptide–Q-AuNP solution
was found to be stable against ultrasonication as revealed by the
subsequent SEM analysis. This was followed by proteolytic
cleavage50 for the facile release of the desired AuNRs. This
method relies on the use of proteinase K by incubating it with
the peptide–Q-AuNP ensemble solution at a concentration of 100
mg mL�1 for 1 h at 37 �C in 50 mM Tris–HCl (pH 7.5) containing
10 mM CaCl2. The peptide cleavage procedure degrades the
dityrosine peptide and ejects the well dened metal coated
AuNRs AuNRs. Notably, in practice the detachable template re-
ported in this manuscript has impressive thermal stability,
mechanical stability and cost effectiveness. The peptide solution
remained stable for more than one year, providing a strong
indication that it can be considered as an alternative substrate
for the traditional template directed synthesis with good results.
3.5. Preparation of microbial suspension

Agrobacterium tumefaciens was grown in Luria Bertani Agar
Miller, with an incubation period of 28–30 �C for 18–24 h. Aer
24 h, a solid white mass deposit was observed. This was
centrifuged; the solid deposit was collected, suspended in
60696 | RSC Adv., 2016, 6, 60693–60703
distilled water and centrifuged again. The cell mass was sus-
pended in 0.5 mL of 0.9% NaCl and successive dilutions were
done to determine the density of the biomass spectrophoto-
metrically at 560 nm. The cell suspension used for the devel-
opment of the biosensor was freshly prepared before the
experiment and the viable cells was in their growth curve cor-
responding to the log-phase of bacterial cells (OD560 ¼ 0.6).
3.6. Development of electrochemical biosensor

An electrode was prepared by drilling a Teon bar to a 6 mm
diameter and a graphite (Gr) cylinder was introduced into it.
Electrical contact was made with a copper wire through the
center of the Teon bar. Prior to modication, the Gr electrode
was polished to get a mirror shine surface by means of a PK-3
electrode polishing kit. It was then ultrasonicated for several
minutes and rinsed with pure water to remove adhered impu-
rities. To this cleaned surface 5 mL of AuNRs were drop-casted
and this was kept overnight. Later, 5 mL of At cell suspension
was added and allowed to stand for about 20 min at room
temperature. This modied microbial biosensor is termed Gr/
AuNR/At henceforward in this manuscript. The schematic
representation of the preparation of the electrode is shown in
Fig. 1.
4. Results and discussion
4.1. Structural characterization of Q-AuNPs using UV-Vis
spectroscopy, XRD and SEM

All metal nanoparticles display a characteristic intense color
depending on the surface plasmon resonance band (SPR). The
position of this SPR relates to the size, shape and extinction co-
efficient of the NPs. Therefore the optical properties of the Q-
AuNPs were investigated using UV-Visible spectroscopy.
Fig. 2A shows the typical extinction spectra of the as-synthesized
NPs recorded in the spectral range 400–700 nm. The Q-AuNPs
exhibit a single and sharp SPR peak centered at 532 nm
implying the formation of isotropic AuNPs with uniform size.

Furthermore to investigate the phase transition and crys-
tallographic structure, we examined the XRD pattern of the Q-
AuNPs. The representative X-ray powder diffraction spectrum
of the sample synthesized by ultrasonic irradiation is illustrated
in Fig. 2B. The peaks of the diffraction pattern were observed at
2q¼ 38.3�, 44.5� and 64.5� corresponding to the [111], [200] and
[220] reection peaks of the face centered cubic structure of Au.
This result correlates to the reported literature51 indicating
successful formation of the Q-AuNPs. The average particle size
of the Q-AuNPs calculated from the obtained XRD data using
the Scherrer equation is found to be 10.5 nm.

The structural morphology of the Q-AuNPs was further
elucidated by SEM measurements. It is evident from the SEM
image (Fig. 2C) that the Q-AuNPs exhibit good spherical
features. The particle size of the individual particles estimated
using ImageJ soware is about 10 nm or smaller and the cor-
responding size distribution histogram (see ESI S1†) is given in
Fig. 2D. The average particle diameter estimated from these
histogram graphs is found to be reasonably consistent with our
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Schematic illustration for fabricating the Gr/AuNR/At electrode.
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XRD data and it’s seen that all the nanoparticles are uniform in
distribution.
4.2. Physical characterization of the self-assembled
dipeptide, Q-AuNP–peptide ensemble and AuNRs using SEM,
TEM and EDAX

We have also investigated the structural morphology of self-
assembled dipeptide, Q-AuNP–dipeptide ensemble and AuNRs
by SEM. The structural details of the self-assembled dipeptide
Fig. 2 (A) UV-Vis spectra of Q-AuNPs in the spectral range from 400–70
micrograph of Q-AuNPs; (D) corresponding histogram of size distributio

This journal is © The Royal Society of Chemistry 2016
(Fig. 3A) reveals truncated cable-like self-assembled micro-
structures. Evidently, Q-AuNPs seem to completely cover the
surface of the peptide networks as shown in Fig. 3B for the Q-
AuNP–dipeptide ensemble. It appears that the microstructure is
comprised of multiple Q-AuNPs with a narrow size distribution.
Following proteolytic cleavage, the morphological characteris-
tics of the peptide microstructure–Au ensemble template
showed an individual ribbon-like morphology with 100 nm
diameter (Fig. 3C). It is found that the nanoribbon is uniform in
diameter throughout its longitudinal axis. Notably, this is the
0 nm. (B) X-ray diffraction pattern of Q-AuNPs. (C) Scanning electron
n of Q-AuNPs.

RSC Adv., 2016, 6, 60693–60703 | 60697
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Fig. 3 SEM images of (A) self-assembled peptide, (B) Q-AuNP–peptide ensemble and (C) AuNRs. (D) A TEM image of AuNRs; the circled parts
show individual nanoribbon entities. Inset shows a corresponding electron diffraction pattern.
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rst report on the synthesis of AuNRs that has been achieved
using dityrosine as a detachable template. These SEM micro-
graphs suggest that the dityrosine peptides’ typical ribbon-like
micro-architecture is expected to be responsible for the forma-
tion of ordered Au nanoribbons. Furthermore, transmission
electron microscopy (TEM) was performed to investigate the
diameter of the as-synthesized nanoribbons (Fig. 3D). The
gure clearly demonstrates the presence of a number of nano-
structures with an average diameter of <10 nm which depends
on the diameter of the structure directing dityrosine template.
Interestingly, the structural features of most of the particles
revealed a well-dened one dimensional nanostructure. The
inset shows the corresponding electron diffraction pattern of
the AuNRs. Consequently, EDAX was employed to provide
qualitative information on the elements and the contents of the
as-prepared nanostructures. The typical EDAX of these samples
is given in ESI.†
4.3. Electrochemical impedance spectroscopic studies for
the modied electrodes

Cyclic Voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) were used for examining each stepwise modi-
cation of the electrodes – bare Gr, AuNRs and Gr/AuNR/At in 0.1
M PBS containing 1 mM K3[Fe(CN)6]/K4[Fe(CN)6]. As seen in
Fig. 4A the bare Gr electrode gave a CV spectrum with the least
peak current whereas, when AuNRs were drop cast onto the
electrode surface, the CV spectrum exhibited a signicant
enhancement in current. This was obviously due to the presence
of AuNRs, with their excellent electrocatalytic properties leading
60698 | RSC Adv., 2016, 6, 60693–60703
to the enhancement of current. In contrast, as expected, Gr/
AuNR/At restricts the electron conduction of K3[Fe(CN)6]/
K4[Fe(CN)6]. This may be due to the poor electron conductivity
property of the bacterium. This gives evidence of the successful
modication of the electrodes.

EIS is an effective method to study the surface modication
characteristics of electrodes. The results obtained for the
impedance measurement can be depicted in two ways: (a)
a Nyquist plot and (b) a Bode plot. In the Nyquist plot (Fig. 4B),
the data is acquired as a real part vs. an imaginary part and the
semi-circular part corresponds to the electron transfer resis-
tance while the straight line is converse to the diffusion limited
electrochemical process. In contrast, the Bode plot provides
information on the impedance, frequency and phase angle. It is
expressed as logarithmic values of the impedance modulus vs.
the frequency ‘f’.52 As shown in Fig. 4C the Bode magnitude plot
consists of three phases. The frequency range from 1 kHz to 100
kHz is a linear plot which corresponds to the conduction of ions
between the electrodes from the electrolyte while the frequency
range from 1 Hz to 100 Hz represents the double layer capaci-
tance and the range from 100 mHz to 1 Hz symbolizes the
charge transfer resistance and faradic impedance. As a conse-
quence, if the electrode material is resistant to ferricyanide
ions, it displays a horizontal line in the Bode magnitude plot
and a Bode phase plot close to 0�. In the case that it has
capacitance ability, it is represented by a straight line with
a slope of�1 in the log Z–log f representation and a phase angle
of 90�. In contrast, the diffusion controlled phenomenon of an
electrode material would give a straight line with a slope of�1/2
and a phase angle of 45�.53 An interpretation of the modication
This journal is © The Royal Society of Chemistry 2016
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Fig. 4 (A) Cyclic voltammograms, (B) Nyquist plots, (C) Bode magnitude plot and (D) Bode phase plot for bare Gr, Gr/AuNRs and Gr/AuNR/At in
a solution of 5 mM K3[Fe(CN)6]/K4[Fe(CN)6].
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of each electrode was determined by evaluating the shape of the
Bode plot. A general decline in the impedance and phase angle
indicated modication. As evident from Fig. 4C, the impedance
of the AuNRs was less compared to Gr/AuNR/At and bare Gr.
This may be due to the presence of AuNRs which exhibit good
electrocatalytic activity with a least impedance plot whereas the
presence of At in the Gr/AuNR/At electrode led to an increase in
impedance due to its non-conductive nature in K3[Fe(CN)6]/
K4[Fe(CN)6] solution. Further evaluation of the phase angle
(Fig. 4D) also supported the evidence presented by the imped-
ance plot with the order bare Gr (�62�) > Gr/AuNRs/At (�48�) >
AuNRs (�41�), i.e., the lesser the phase angle the higher the
electron conductivity.

The behavior of the electrode is represented by tting the
impedance data (Table 1) to an equivalent circuit (Fig. 4B inset).
The CV spectra, Nyquist plots and Bode plots are in good
agreement with the experimental and theoretical results. The
equivalent circuit obtained consists of Rs, the solution resis-
tance which is connected parallel to the double layer capaci-
tance and Rf, the lm resistance. The double layer capacitance is
represented by a constant phase element Q1 and Q2. Q1 is also
parallel to the sub-circuit Rf. In the second compartment Q2 is
parallel to Rct, the charge transfer resistance. The Rs values of all
the electrodes were found to be approximately the same, which
This journal is © The Royal Society of Chemistry 2016
indicates that the solution resistance and the diffusion of the
K3[Fe(CN)6]/K4[Fe(CN)6] ions are not exaggerated by biochem-
ical reactions occurring at the electrode interface. The electron
transfer resistance, Rct, of Gr was estimated to be 5.345 kU. In
contrast the Gr/AuNRs showed a straight line in the Nyquist plot
with an Rct value of 0.001 kU. Such a slight decrease in Rct might
be ascribed to the excellent conductivity of the AuNRs whereas
the highest Rct value of 202.3 kU was exhibited by Gr/AuNR/At.
This increase of Rct indicates the adhesion of bacteria to the
AuNRs. The Rct reects an increase in Q1 values. The Q1 values
indicate a decrease in space between the electrode material and
the active center. The increase in Q1 leads to an enhancement of
the lm thickness, leading to a decreased capacitance with an
increased dielectric constant and lm capacitance, Q2. This will
result in a decrease in lm resistance, Rf.54 From these results it
can be concluded that the electrode has been successfully
modied.

4.4. Cyclic voltammetry studies of different modied
electrodes

CV was used to study the electroanalytical properties of the
microbial biosensor. Fig. 5 shows the CV spectra obtained aer
each modication of the Gr electrode in 0.1 M PBS at a scan rate
of 0.05 V s�1 and a potential range from 1.2 to �0.6. The CV of
RSC Adv., 2016, 6, 60693–60703 | 60699
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Table 1 EIS data of bare Gr, Gr/AuNRs and Gr/AuNR/At

Electrode Rs (U) Rf (kU) Rct (kU) Q1 � 10�6 (U�1 cm�2) n Q2 � 10�3 (U�1 cm�2) n

Bare Gr 28.64 2.23 5.345 0.4 0.8 0.9 0.8
Gr/AuNRs 24.65 0.488 0.001 0.8 0.8 1.2 0.8
Gr/AuNR/At 26.64 6.877 202.3 1.1 0.7 1 0.6
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bare Gr (Fig. 5a) did not show any cathodic or anodic peak
whereas the Gr/AuNR electrode Fig. 5b displayed a well dened
anodic peak at 0.8 V and a cathodic peak at 0.5 V with an
increment in the current response. These peaks correspond to
the occurrence of Au nanostructures drop casted onto the bare
Gr surface. This indeed indicates the tight adhesion of the Au
particles. Further, the CV of the Gr/At electrode exhibited
a redox peak (Fig. 5c) at around 0.2 V. Obviously, this can be
attributed to the existence of electroactive metabolites in the
bacterium which act as mediators in the electron transfer,
revealing the redox peaks. In contrast, when 5 mL of At was
introduced along with the AuNRs, the CV spectrum Fig. 5d
displayed the combined peaks of Au and At as seen in Gr/AuNR
and Gr/At. These superuous peaks are termed a, a0 and b, b0 for
Au peaks and At peaks respectively, and this can be attributed to
the successful immobilization of At on AuNR/Gr. The anodic
and cathodic peaks observed were relatively large compared to
Gr/At and Gr/AuNR. The AuNRs played a pivotal role in the
modication of the electrode. They not only increased the
current response, but also increased the surface area of the
electrode, providing more vacant space for occupancy of the
bacterium, thereby resulting in the fast electrochemical
phenomenon. This conrms the successful development of the
Gr/AuNR/At electrode.
4.5. Electro-catalysis of At immobilized on Gr/AuNRs

The electro-catalytic activity of the immobilized At was deter-
mined by studying the effect of an increasing concentration of
H2O2. This is because the bacterium is well known to possess
Fig. 5 Cyclic voltammograms of the electrode modified with different
components: (a) bare Gr, (b) Gr/At, (c) Gr/AuNR and (d) Gr/AuNR/At.

60700 | RSC Adv., 2016, 6, 60693–60703
oxidase and catalase activity.34 Fig. 6A shows the behavior of the
microbial biosensor in the presence and absence of H2O2. Upon
addition of the substrate, the reduction peak of Au (a0) and At
(b0) increased with a concomitant decrease in the anodic peak,
demonstrating the efficiency of At and Au for the consumption
of H2O2 and thus the liberation of oxygen at the electrode
surface. This can also be attributed to the action of the
component enzymes (catalase and oxidase) embedded in the
bacterium, essentially to shield the microbe by dissolving the
noxious peroxides and super oxides.

2H2O2 /
At

H2OþO2 (1)

From this it can be concluded that the bacterium is stable on
the electrode surface, on which the AuNRs provide a good
environment for the attachment of the bacterium. Fig. 6B
depicts the calibration curve as a function of H2O2 concentra-
tion, obtained using CV. It can be observed that as the
concentration H2O2 increases from 0 to 8 mM, the peak current
increases linearly. The linear regression equations are as
follows:

Ip AuNRs ¼ �1.246 � 10�4 + 1.84 � 10�5CCt (mM); R ¼ �0.999(2)

Ip At ¼ �7.770 � 10�5 + �1.827 � 10�5CCt (mM); R ¼ �0.999(3)

Fig. 6C shows the CV spectrum obtained for the Gr/AuNR/At
electrode in 0.1 M nitrogen saturated PBS at different scan rates.
With an increasing scan rate from 10 mV s�1 to 300 mV s�1, the
redox peak current increases. This is can be attributed to the
AuNRs, which proves that the decrease in size tends to increase
with the surface to volume ratio leading to the rigid adsorption
of the bacterium. As shown in the Fig. 6D both Ipa and Ipc exhibit
a linear dependence on the scan rates, indicating that the
electron transfer process for Gr/AuNR/At is a surface controlled
process.

The linear regression equations for anodic and cathodic
peak currents are as follows:

Ipa AuNRs ¼ 2.867 � 10�4 + 3.578 � 10�7y (V s�1); R ¼ 0.979 (4)

Ipc AuNRs ¼ �2.449 � 10�5 + �9.763 � 10�6y (V s�1); R ¼
�0.991 (5)

Ipa At ¼ 8.167 � 10�5 + 4.288 � 10�7y (V s�1); R ¼ 0.994 (6)

Ipc At ¼ �4.675 � 10�5 + �5.588 � 10�7y (V s�1); R ¼ 0.988 (7)
This journal is © The Royal Society of Chemistry 2016
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Fig. 6 (A) Cyclic voltammograms of Gr/AuNR/At in the presence of various concentrations of H2O2 in 0.1 M PBS (pH 7) at a scan rate of 50 mV
s�1, in which a and b correspond to the AuNR and At oxidation peaks and a0 and b0 correspond to the AuNR and At reduction peaks. (B) The
calibration plot obtained from Gr/AuNR/At in the presence of various concentrations of H2O2. (C) Cyclic voltammograms of Gr/AuNR/At at
various scan rates: 10, 25, 50, 100, 150, 200, 250 and 300 mV s�1 in 0.1 M PBS. (D) The redox peak currents of AuNRs and At on scan rates.
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4.6. The effect of an increasing concentration of the Ct
extract on the Gr/AuNR/At microbial sensor

CV was used to characterize the effect of injection of the Ct
extract into an electrochemical cell containing the Gr/AuNR/At
microbial sensor. As shown in Fig. 7A, the addition of the Ct
extract decreases the peak current of the microbial sensor at
around 0.2 V in comparison with the absence of extract. As the
concentration of the added Ct extracts increased from 100 mL of
0.2 mg mL�1 of Ct, the peak current decreased concomitantly
whereas the prominent current peaks displayed by the AuNRs
remained unchanged. This may be due to the phytochemical
constituents present in the Clitoria ternatea ethanolic extract
which suppress the activity of Agrobacterium tumefaciens leading
to the drop-off in peak current, while having no effect on the
AuNRs. The At peak diminished aer addition of 500 mL of the
extract. As described in the introduction, At is the causative
agent of crown gall disease which is characterized by uncon-
trolled growth of stems and root tissues. These tumors are
histologically similar to human tumors. Therefore, the inhibi-
tion of crown gall disease by active compounds or drugs shows
a relationship to their antitumor activity in humans. From this
This journal is © The Royal Society of Chemistry 2016
it can be concluded that the Gr/AuNR/At microbial sensor can
be used in bioassays of anticancer drugs.
4.7. Chronoamperometric study of the anticancer activity of
Clitoria ternatea ethanolic extract on the Gr/AuNR/At
microbial sensor and determination of the selectivity of the
developed biosensor

The amperometric determination of the effect of the Ct extract
on At was studied under stirring conditions in 0.1 M PBS at 0.2
V. Aer stabilization of the baseline current, the Ct extract was
injected at intervals of 30 s in increasing concentrations and the
response was recorded. It was noted that the current response
decreased. This decrease indicates the viability of the bacterium
to survive. Fig. 7B clearly shows the fast response and high
sensitivity of the Gr/AuNR/At microbial sensor towards the Ct
extract. The response time in our proposed biosensor is less
than 3 s in contrast to a conventional bioassay which requires
a minimum of 12 days to a maximum 15–20 days. The devel-
oped biosensor was compared with existing methods used to
pre-screen the anticancer activity of therapeutic compounds
and the results are shown in Table 2.2,32–35,46 The dose response
RSC Adv., 2016, 6, 60693–60703 | 60701
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Fig. 7 (A) Cyclic voltammograms of Gr/AuNR/At exposed to increasing concentrations of 10 mL of Ct extract in 0.1 M PBS. (B) Chro-
noamperometry of the developed microbial sensor in a stirred 0.1 M PBS solution after addition of increasing concentrations of Ct extract at the
applied potential of�0.2 V. Inset: the linear calibration plot of the inhibition current vs. Ct extract with error bars at the standard deviation. (C) The
amperometric response of the modified bioelectrode to successive additions of (a) 2 mM cholesterol and interferences, (b) 1 mM AA, (c) 0.5 mM
UA and (d) 1 mM ACT in 0.1 PBS at pH 7.

Table 2 Comparison of the results of the fabricated electrochemical
biosensor with reported bioassay procedures

Time required for analysis Reference

Potato disc assay
12 days 2
3 weeks 32
12 days 33
2 weeks 34
12 days 35
12 days 46

Electrochemical biosensor
<3 s This work
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curve was plotted as the concentration of the Ct extract injected
vs. the current response exhibited by At (gure not shown). The
inhibition concentration (IC50) value was found to be 13.61 mg
mL�1. These results show that the ethanolic extract of Ct is toxic
to At.

To investigate the selectivity of the developed biosensor for
H2O2 over interfering substances, sequential additions of 2 mM
H2O2, 1 mM ascorbic acid (AA), 0.5 mM uric acid (UA) and 1mM
acetaminophen (ACT) were measured into a stirring solution of
0.1 M PBS (pH 7). The results are shown in Fig. 7C. The addition
of H2O2 caused a signicant signal, while the addition of UA, AA
and ACT did not cause any electrochemical or current change.
This indicates high selectivity for H2O2, but no interference for
UA, AA and ACT.
5. Conclusions

Preclinical screening is essential before subjecting active
compounds for further investigation to develop drugs. Electro-
chemical assays could be used as an aid in the screening of
potential anticancer compounds. The advantages of the elec-
trochemical study over conventional bioassays, such as cost,
60702 | RSC Adv., 2016, 6, 60693–60703
reduced time and ease of preparation of the biosensor, are
obvious from the current work. The electrochemical study could
be a substitute for animal models or it could lessen the pain of
the experimental animals. The results of this study show
a denite correlation for the activity of the Ct extract towards At.
The calculated IC50 value was 13.61 mg mL�1. From the study we
conclude that the microbial biosensor could be the rst crite-
rion for further investigation in pharmacodynamics.
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