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The use of titania nanotubes (TiO2-NT) as the working electrode provides a substantial improvement in the elec-
trochemical detection of proteins. A biosensor designed using this strategy provided a robust method to detect
protein samples at very low concentrations (Cprotein ca 1 ng/μl). Reproducible measurements on protein samples
at this concentration (Ip,a of 80 + 1.2 μA) could be achieved using a sample volume of ca 30 μl. We demonstrate
the feasibility of this strategy for the accurate detection of penicillin binding protein, PBP2a, a marker for meth-
icillin resistant Staphylococcus aureus (MRSA). The selectivity and efficiency of this sensor were also validated
using other diverse protein preparations such as a recombinant protein tyrosine phosphatase (PTP10D) and bo-
vine serum albumin (BSA). This electrochemical method also presents a substantial improvement in the time
taken (few minutes) when compared to conventional enzyme-linked immunosorbent assay (ELISA) protocols.
It is envisaged that this sensor could substantially aid in the rapid diagnosis of bacterial infections in resource
strapped environments.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The rapid and accurate identification of drug resistant bacteria is
crucial to control the outbreak of bacterial infection in hospitals. This
is particularly relevant in the case of Staphylococcus aureus, a leading
cause of high morbidity and mortality in both community and hospital
associated infections [1]. An acquired penicillin binding protein,
PBP2a, is a prominent biomarker to distinguish Methicillin-resistant
Staphylococcus aureus (MRSA) from Methicillin-sensitive S. aureus
(MSSA) [2]. Thedetection of PBP2a at the gene,mRNAandprotein levels
has been extensively examined to distinguish MRSA from MSSA. These
detection strategies vary substantially in terms of the duration, sensitiv-
ity, sophistication and the infrastructure requirements. One of the
methods for the detection of PBP2a at the DNA level involves an inte-
grated microfludic system that performs a multistep assay in a single
disposable fluidic cartridge, resulting in simultaneous detection of the
genes encoding the virulence factor Panton Valentine leukocidin
(PVL), femA protein, protein A and PBP2a [3]. Detection of mRNAs
from bacterial cultures is another approach that aids in evaluating
the expression levels of representative biomarkers [4]. The most cost-
effective method however is protein based. This involves the detection
of PBP2a from MRSA cell extracts. Almost all currently available proto-
cols for PBP2a identification rely on enzyme linked immunosorbent
d equally to the work.
assays (ELISA) [5] or variants like the bioluminescent enzyme immu-
noassay (BLEIA) [6], rapid latex agglutination assay [7], radioimmu-
noassay [8], chemiluminescence assay [9] or the immune-polymerase
chain reaction assay [10]. Protein based methods have an inherent
drawback due to the stability of the protein sample and the dynamic
range of detection [11–13]. Indeed protein levels vary widely between
cells and are sensitive to changes in the sample preparation protocol.
(See Scheme 1.)

Electrochemical methods for the detection of proteins are faster
than conventional biochemical strategies. The small detection volumes,
reusability and ease of storage render these methods simple and cost
effective. Furthermore, electrochemical methods are amenable for
high throughput measurements as the efficiency of electrochemical
detection can be substantially enhanced by the use of appropriate nano-
structured materials [14]. The integration of nanostructured metals or
metal oxides on the carbon layer of theworking electrode introduces di-
versity in the physical (electronic, photonic and catalytic) properties.
These variations can be exploited to optimize the performance of the
working electrode [15–19]. The nanostructured metal/metal oxide par-
ticles also have a very high surface to volume ratio. The larger effective
surface area allowsmore biomolecules to be immobilized at or near the
electrode surface. This reduces the distance for electron transfer be-
tween the biomolecule and the metal/metal oxide particles. As a result,
the charge transfer to the electrodes becomes easier. In addition, the
strong interactions between the biomolecule and modified electrode
surface increase the surface density of the adsorbed protein [20].
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Scheme 1. Schematic representation of the electrochemical sensor. (A). Nanostructured oxide modified screen printed carbon electrodes coated with metal labeled antibodies. Two pro-
teins (S. aureus PBP2a and D. melanogaster PTP10D) were examined. (B) Detection of identically prepared protein samples using ELISA. For ease in comparison, metal tagged antibodies
were employed in this assay.
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In this study, we demonstrate the feasibility of a titania-nanotube
(TiO2-NT) modified carbon electrode as the working electrode in an
electrochemical biosensor to enhance the sensitivity in protein de-
tection. Titania was chosen for the modification of the working elec-
trode surface due to its biocompatibility and exceptional electrical
properties [21]. The performance of this titania nanotube biosensor
was found to be comparable or better than ELISA-based methods
with the added advantage of much lower sample volumes and
rapid detection.

2. Experimental: materials and methods

2.1. Protein purification

The recombinants S. aureus PBP2a and Drosophila melanogaster
PTP10D were obtained by overexpression in Escherichia coli. The plas-
mids encoding PBP2a and PTP10D were transformed into BL21(DE3)
cells. The recombinant proteins from these expression cells were puri-
fied by immobilized metal affinity chromatography (IMAC) using
Ni2+-nitrilotriacetic acid (Ni2 +-NTA) affinity beads (Sigma-Aldrich
Co.) and ion exchange chromatography. The subsequent steps of purifi-
cation and variations in the buffer composition in these steps are
described in relevant references [22,23]. The purity of recombinant
protein was examined by sodium dodecyl sulfate poly acrylamide gel
electrophoresis (SDS-PAGE) (Supplementary Fig. 1).

2.2. Preparation of E. coli cell free lysate

The plasmid containing the gene encoding S. aureus PBP2a was
transformed into E. coli BL21(DE3) pLysS cells. A single transformed col-
ony was inoculated into 7 ml of LB media containing kanamycin. Cells
were grown at 37 °C to an optical density of 0.6 at 600 nm. The cells
were subsequently distributed into seven aliquots of 1 ml each. The
E. coli cultures were induced with varying concentrations of Isopropyl
β-D-1-thiogalactopyranoside (IPTG) (CIPTG; 0–0.4 mM final concentra-
tion). Post induction, the cells were further grown at 37 °C for 2–3 h.
Simultaneously, 1 ml of untransformed culture was also grown under
similar experimental conditions. The cells were pelleted and re-
suspended in 100 μl of buffer (100 mM Tris-HCl, pH 7.5). The re-
suspended culture was lysed, centrifuged and the supernatant was
collected and used in the electrochemical experiments.
2.3. Preparation of DTPA anhydride

Diethylene triamine pentaacetic acid (DTPA) anhydride was pre-
pared as described earlier [24]. DTPA (1.96 g, 0.01mol) and triethylamine
(3.5 ml, 0.05 mol) were dissolved in dry acetonitrile by stirring at 60 °C
for 1 h. The reaction mixture was cooled to room temperature and 5 ml
of this mixture was further cooled to 0 °C in a vial with a rubber stopper.
Isobutyl chloroformate (0.5 mmol) was added to the cooled reaction
mixture. The solution was allowed to stand in an ice bath for 1.5 h after
shaking it well. Later, the sample was flash frozen and stored at−80 °C.
2.4. Polyclonal antibody generation, purification and labeling

The purified recombinant proteins were used to raise polyclonal
antibodies in New Zealand white rabbits. Briefly, blood samples were
collected and allowed to clot at 4 °C for 24–30 h and the serum was re-
trieved by centrifugation at 3000 rpm for 30min. The serumwas stored
at−20 °C. Antibodies from serumwere purified by ammonium sulfate
precipitation and were subsequently tagged with the metal ion. The
procedure adapted for metal ion conjugation to antibody was adapted
from a protocol described earlier [24]. Briefly, Diethylene triamine
pentaacetic acid (DTPA) anhydridewas reacted with 300 μg of antibody
in 0.1M phosphate buffer at pH 7.5 for 2 h at room temperature. The re-
action mixture was later cooled in an ice bath and 50 μl of 50 mM FeCl3
was added to the 1 ml cooled mixture and allowed to stand in an ice
bath for 10 min. The reaction mixture was then neutralized with
300 μl of 0.1 M phosphate buffer (pH 7.5) for 5 min and the antibody
thus labeled was further purified by passing it through a 10 ml
Sephadex G-50 size exclusion chromatography column (Sigma-Aldrich
Co.) (Supplementary Fig. 2). The purified metal tagged antibodies were
subjected to inductively coupled plasma atomic emission spectroscopy
(ICPAES) analysis and the presence of Fe (III) was confirmed (Supple-
mentary Fig. 4). These modified antibodies are referred to as Fe (III)-
tagged anti-PBP2a and Fe (III)-tagged anti-PTP10D in the subsequent
discussion.
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2.5. Enzyme linked immunosorbent assay (ELISA)

The ELISA plates (F16Maxisorp Nunc ImmunoModule)were coated
with varying amounts of purified recombinant protein (either PBP2a or
PTP10D) by incubating the wells with protein in 100 μl of 1X phosphate
buffered saline (PBS) pH 7.5, overnight at 4 °C. The plates were washed
with phosphate buffered saline with Tween-20 (PBST) and blocking
was performed by incubating the wells with 100 μl of 3% skim milk
powder (Hi-Media Inc.) and 0.05% Tween-20 (SIGMA Aldrich) in 1X
PBS at room temperature for 1 h. The plates were then washed with
PBST and 100 μl purified primary antibody was added (1:100 dilution).
At this step, the plates were incubated overnight at 4 °C. The following
day, plates were washed with PBST and 100 μl (1:10,000 dilutions)
of horse radish peroxidase conjugated anti-rabbit IgG raised in goat
(Bangalore Genei, Inc.). This was subsequently incubated at room
temperature for 1 h. Later, the plates were washed with 1X PBST and
the reaction was developed by adding 100 μl of 0.2 mg/ml 2, 2′-azino-
bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) with 0.003% hy-
drogen peroxide in 50 mM sodium citrate buffer, pH 4.0 and incubating
the reaction mixture in dark for 30 min. The absorbance was measured
at 405 nm.

2.6. Preparation of titania nanotubes (TiO2-NT)

The titania nanotubes (TiO2-NT) used for preparing the modified
electrodes were synthesized using a standard hydrothermal method
[25]. 1 g of commercially available Degussa P25 TiO2 nanoparticles
was stirred in 40 ml of 10 M aqueous sodium hydroxide (NaOH) solu-
tion for approximately 2 h. This was followed by heating this solution
at 130 °C for 72 h in Teflon lined stainless steel autoclave. The reaction
mixture was then cooled to 25 °C and the product was recovered via
centrifugation followed by washing with 0.1 M HCl solution and deion-
izedwater several times until the sample stabilized at pH 7. The product
was dried at 100 °C and then annealed at 400 °C for 5 h.

2.7. Sensor fabrication and measurements

The electrochemical measurements were carried out with a
potentiostat (Dropsens, μstat 400) using screen printed carbon elec-
trodes (SPCEs). The SPCE substrate was ceramic (dimensions: length
33 mm; width 10 mm; height 0.5 mm). In the SPCE, the working
(4 mm diameter) and counter electrodes were made of carbon while
the reference was made up of silver. Before use, the SPCEs were pre-
treated by cyclic voltammetry (CV) between 0 and 1.4 V in 1 M H2SO4

until a stable signal was obtained and this was followed by CV in 0.1
M K3[Fe(CN)6] solution. The SPCEs were thoroughly washed with
millipore water and incubated in water overnight to ensure complete
cleaning. The modified working electrode was prepared by the drop
casting method which is extensively used for the preparation of modi-
fied electrode [26–30]. 20 μl of titania nanotubes (TiO2-NT, 10 mg/ml)
was drop cast on SPCE. This was followed by the attachment of anti-
PBP2a or anti-PTP10D antibodies to the pre-treated nanotubes. The
Fig. 1. (A) Transmission electron micrographs of titania nanotubes (TiO2-NT). Contact an
electrodeswere dried overnight after each step to ensure proper attach-
ment of the TiO2-NTwith the antibodies. In these electrochemical mea-
surements, the volume of the PBP2a and PTP10D proteins were varied
during the cyclic voltammetry recordingwhile keeping the total volume
restricted to 30 μl.

3. Results and discussion

Cyclic voltammetry (CV) is an effectivemethod to detect electroactive
molecules [31]. It provides a direct route to measure analyte concentra-
tion in solution in terms of peak current (Ip) at a standard redox potential.
In this study, titania-modified carbon screen printed working electrodes
were employed for electrochemical detection. These titania nanotubes
(TiO2-NT) (Fig. 1A) were obtained from an optimized hydrothermal
synthesis [25]. The typical dimensions of these titania nanotube were-
length: ca 100–150 nm, inner diameter: ca 5–6 nm and outer diameter:
ca 10 nm. The XRD pattern (supplementary Fig. 3) of these nanotubes
reveals the presence of a mixed phase comprising of anatase and TiO2-B
[32]. The surface nature of the bare and modified SPCE was determined
from the contact anglemeasurements shown in Fig. 1B andC. The contact
angle for bare SPCEwas found to be 120°while that for the TiO2 nanotube
(TiO2-NT) modified SPCE was 10°. These values suggest that the highly
hydrophobic nature of bare SPCE transforms to hydrophilic uponmodifi-
cation with TiO2-NT. The bare and TiO2-NT modified SPCE were
employed for the detection of the Fe3+ ↔ Fe2+ redox couple within a
voltage range −0.6–1.0 V at a scan rate (ν) of 100 mV s−1. A higher
scan rate was selected in order to achieve a higher current response
(Ip ∝ ν0.5) and rapid detection.

The purified metal tagged antibodies contained 13–15 μM of metal
ions per μM of antibody (13.2 μM per μM of anti-PBP2a and 15 μM per
μM of anti-PTP10D; Supplementary Fig. 4). Optimal amounts of titania
nanotube and Fe (III)-tagged anti-PBP2a in Tris(hydroxymethyl)
aminomethane (Tris)-HCl buffer (pH 7.5) were dropcasted on SPCE
and dried. The dried layer (comprising titania nanotube and Fe
(III)-tagged anti-PBP2a) formed the working electrode and the bio-
recognition layer of the electrochemical sensor. Fig. 2A (inset) shows
a comparison of the cyclic voltammogram of Fe (III)-tagged anti-
PBP2a with aqueous (200 μM) FeCl3 solution using TiO2-NT. The FeCl3
solution showed the expected reversible response pertaining to the
Fe3+ ↔ Fe2+ redox couple. On the other hand, the reaction involving
the Fe (III)-tagged anti-PBP2a was not reversible and the peak current
(Ip,a) was of lower magnitude and shifted more towards the negative
potentialwhen compared to FeCl3. Thisfinding could also be reproduced
in the case of the Fe (III)-tagged anti-PTP10D antibody. The decrease in
current and the absence of a reversible response were attributed to the
coordination environment of the Fe (III) ion in the protein. The Fe (III)
ion is likely to be buried in a hydrophobic environment which could
act as a barrier for the diffusion of electrons [33]. These electrochemical
characteristics are similar to heme proteins like hemoglobin [34–36].

The interaction of the antibody (Fe (III)-tagged anti-PBP2a)with the
antigen (purified recombinant PBP2a; experimental methods and sup-
plementary Fig. 1) results in detectable change in the current response
gle measurement on (B) bare SPCE (C) titania nanotubes (TiO2-NT) modified SPCE.

image of Fig.�1


Fig. 2. (A) Cyclic voltammogram of Fe (III)-tagged anti-PBP2a (blue) and Fe (III)-tagged anti-PBP2a-PBP2a (red) on TiO2-NTmodified SPCE and (B) bare SPCE. Inset: cyclic voltammogram
of 200 μM FeCl3 salt (black) and Fe-tagged anti-PBP2a (blue). (C) Cyclic voltammogram of Fe (III)-tagged anti-PTP10D (blue) and Fe (III)-tagged anti-PTP10D-PTP10D (red) on TiO2-NT
modified SPCE and (D). bare SPCE. A scan rate of 100 mVs−1 was maintained for all the measurements.

49S.S. Mandal et al. / Bioelectrochemistry 98 (2014) 46–52
(Fig. 2A). The changes in current are due to the variation in the redox
potential caused by specific antibody–antigen interaction. The change
in current response was monitored as a function of the concentration
of PBP2a antigen (CPBP2a). This allowed us to estimate the sensitivity
and detection limit of the TiO2-NT working electrode of the sensor.
Fig. 2A shows the voltammogram obtained upon the addition of the an-
tigen (ca 60 ng/μL) to the Fe (III)-tagged anti-PBP2a activated TiO2-NT
electrodes. Fig. 2B shows the variation in current response as a result
of the addition of PBP2a to Fe (III)-tagged anti-PBP2a immobilized on
to bare SPCE. We note that the anodic peak current decreases substan-
tially in the case of specific antibody–antigen interaction. The decrease
is higher for the TiO2-NT modified electrodes.

This finding is consistent with experiments involving Fe (III)-tagged
anti-PTP10D and the cognate antigen (purified recombinant PTP10D)
on TiO2-NT modified (Fig. 2C) and unmodified SPCE (Fig. 2D). The
peak current (Ip,a) decreased as a function of increasing PTP10D (anti-
gen) concentration (CPTP10D; 1–100 ng/μl). The decrease in current
(Fig. 3A and C) with increasing protein concentration could be attribut-
ed to the progressive binding of the cognate proteins to the antibody. It
is likely that the addition of antigen leads to the gradual occlusion of the
Fe-center of antibodies into a hydrophobic environment resulting in a
decrease in the current response (Ip,a). In addition, the charge transfer
resistance also increases linearlywith an increase in the protein concen-
tration [37]. A likely explanation for this observation could be that a sub-
stantial proportion of the protein sample is localized at the electrode
surface. This acts as an insulating barrier for electron transport. Thus a
decrease in current response (Ip,a) as a function of protein concentration
is a combination of both, an inaccessible Fe-center and insulation of
the electrode surface. Despite these apparent limitations, the current
response at low protein concentration (100 ng/μl) is few tens of
microamperes higher than the lower limit (in the range of ca 10−12 A)
of modern potentiometers (Fig. 3A and B).

The modification of SPCE by TiO2-NT effectively alters the electronic
properties of the working electrode and also increases the effective sur-
face area for the electrochemical reaction. This TiO2-NT modified SPCE
could detect very low concentrations (1–4 ng/μl) of PBP2a (CPBP2a)
(Fig. 3B). This increase in the sensitivity of the working electrode is
due to the ability of TiO2-NTs to reduce the background current
response arising from the buffer (typical ionic strength of 0.1 M)
while providing an electrical conduit for the facile flow of the electrons
from the protein to the carbon electrode surface [38]. Indeed, attempts
to detect low concentrations PBP2a (CPBP2a: 1–4 ng/μl)with bare carbon
electrodeswere unsuccessful primarily due to the inability of the carbon
electrode to negate the buffer effect [39]. Furthermore, the presence of
the TiO2-NT on carbon prevents the adsorption of the protein directly
on theworking electrode surface and avoids formation of the insulating
layer. These observations were also supported by results from the
experiments involving Fe (III)-tagged anti-PTP10D. Fig. 3C shows a
decrease in current response as a function of increasing PTP10D concen-
trations (CPTP10D). Protein concentrations as low as 0.5 ng/μl (Fig. 3D)
could be detected. Thus, the TiO2-NT modification of SPCE helps in
enhancing the detection range and efficiency of the sensor.

To ascertain specificity in detection, control experiments were per-
formed by swapping the interacting antigenic proteins. It was observed
that the decrease in the anodic peak current (Ip,a) arising from the non-
specific binding of PTP10D to Fe (III)-tagged anti-PBP2a was lower
when compared to the selective binding of PBP2a to Fe (III)-tagged
anti-PBP2a (Fig. 2A). Similarly, the decrease in the anodic peak current
(Ip,a) arising due to the nonspecific binding of PBP2a to Fe (III)-tagged
anti-PTP10D was less when compared to the selective binding of

image of Fig.�2


Fig. 3.Variationof anodic peak current response (Ip,a) as a function of protein concentrations arising fromantigen–antibody interactions (A) Interaction of Fe (III)-tagged anti-PBP2awithPBP2a
(black); PTP10D (red); BSA (blue) using bare SPCE (B): Variation of anodic peak current as a function of PBP2a (black), PTP10D (red); BSA (blue) concentration in the range 1–4 ng μL−1 using
(TiO2-NT) modified SPCE (C) Interaction of Fe(III)-tagged anti-PTP10D with PTP10D (black); PBP2a (red); BSA (blue) using bare SPCE (D): Variation of anodic peak current as a function of
PTP10D PBP2a (red); BSA (blue) concentration in the range 0.5–4 ng μL−1 using TiO2-NT modified SPCE.
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PTP10D to Fe (III)-tagged anti-PTP10D (Fig. 2B). These experiments
were performed on unmodified SPCE with protein concentrations
(CPTP10D or CPBP2a) that varied from 8 to 100 ng/μl. The specificity
was further cross checked in the lower concentration range using the
TiO2-NT modified SPCE (Fig. 3B and D). It appears likely that the cross-
reactivity (albeit minimal) is likely due to the fact that both antibodies
used in this study were polyclonal antibodies. Additional specificity
can thus be engineered by the use ofmonoclonal antibodieswith appro-
priate epitope specificity for specialized applications.

In addition, bovine serum albumin (BSA) was also used as a control
protein to check the specificity of the antibodies towards its cognate
antigen under identical experimental conditions. Fe (III)-tagged anti-
PBP2a and Fe (III)-tagged anti-PTP10D on bare SPCE were exposed to
varying concentrations (8–100 ng/μl) of BSA (CBSA) in Tris-HCl buffer.
Similarly, Fe(III)-tagged antibodies on TiO2-NT modified SPCE were
also exposed to low concentrations of BSA (CBSA: 1–4 ng/μl). The peak
current response (Ip,a) upon binding of BSA remained fairly constant
irrespective of BSA concentration (Fig. 3A–D) in these experiments.
The nearly independent current response vis-a-vis BSA concentration
(CBSA) could be attributed to the nonspecific binding of BSA to the Fe
(III)-tagged anti-PBP2a/PTP10D.

In another experiment, cell free lysates of E. coli expressing differ-
ent amounts of PBP2a were used in lieu of the purified antigen. In-
creasing the level of the inducer (IPTG) in cells over-expressing
PBP2a resulted in lysates that had different levels of recombinant
PBP2a. This change in the level of PBP2a was reflected in the electro-
chemical experiments (Supplementary Fig. 5). The linearity of the re-
sponse emphasizes the selective binding of Fe (III)-tagged anti-PBP2a
with PBP2a in the cell free lysate. Similar experiments were performed
with PTP10D.
ELISA experiments were also performed using purified recombinant
proteins. The antigen (S. aureus PBP2a/D. melanogaster PTP10D) was
immobilized on the ELISA plate at different concentrations. The plates
were incubated with the cognate antibodies (anti-PBP2a and anti-
PTP10D). Horse radish peroxidase (HRP) conjugated anti-rabbit IgG
was used as secondary antibody. The HRP conjugation to the secondary
antibody utilized 2, 2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid) (ABTS) as substrate and could be measured at 405 nm. The absor-
bance values thus obtained were used to estimate varying antigen
concentrations. Concentrations of proteins as low as 0.3–10 ng/μl could
be detected using both metal labeled anti-PBP2a and anti-PTP10D
(Fig. 4A and B). The values obtained from the indirect ELISA experiments
could be reproduced with minimal experimental errors. It was observed
that variation in the incubation time and temperature affected the sensi-
tivity in detection (data not shown). For the ease of obtaining concentra-
tion estimations directly from the plot, the log of protein concentrations
was plotted versus absorbance value to obtain a linear plot. The sensitiv-
ity in these measurements compares favorably with the electrochemical
detection method. However, ELISA is time consuming, indirect and
employs extensive protocols for the estimation of protein concentration.
Enhancement in the sensitivity of ELISA can be achieved by varying the
chromophore or fluorophore labels on the secondary antibody — a pro-
cess that is both expensive and time-consuming [39,40]. On the other
hand, the sensitivity of the electrochemical strategy can be further
enhanced by using monoclonal antibodies as opposed to the polyclonal
antibodies raised against the recombinant proteins.

The specificity of the electrochemical protein detection method was
also compared with conventional ELISA. To estimate the level of inter-
ference from non-specific interactions, these experiments were per-
formed using cell free lysates. It was observed that the electrochemical
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Fig. 4. Antigen detection using conventional ELISA (A) Varying concentrations of PBP2a
detected using polyclonal anti-PBP2a antibodies. (B) Varying concentrations of PTP10D
detected using polyclonal anti-PTP10D antibodies. A minimum of 0.3 ng μL−1 of the pro-
tein could bedetected.HRP conjugated anti-rabbit IgGwasusedas the secondary antibody.
Standard plots for the estimation of recombinant PBP2a (Inset A) and recombinant PTP10D
(Inset B) concentration using ELISA were generated by plotting the log of protein concen-
tration (on x-axis) versus the absorbance at 405 nm. A is the absorbance.
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method is more efficient than ELISA in the specific detection of an an-
tigen in a crude cell lysate. An inherent limitation is the low absor-
bance values recorded in ELISA experiments. The differences in
these readings between different samples are thus prone to signifi-
cant errors. The electrochemical method of detection, however, re-
vealed a significant current response. This comparison is shown in
supplementary Fig. 5.
4. Conclusion

A titania nanotube modified-SPCE based electrochemical sensor
could reproducibly detect target proteins at concentrations as low
as 1–10 ng μl−1. The sensitivity and linearity in the electrochemical
sensing method suggest that the current measurements can be directly
correlated to the concentration of the antigenic protein. The feasibility
of this strategy suggests that the detection range can be further en-
hanced by optimization of the surface area or electronic properties of
the nanostructured electroactive layer. Further analysis using oxides
instead of noblemetals such as gold in the bio-recognition layer appears
to be a potential route to enhance the cost-effectiveness of an
electrochemical biosensor. The use of controlled nanostructures in
an electrochemical method thus reveals a route to robust biosensors
for the rapid detection of target antigenic proteins in diverse clinical
applications.
Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bioelechem.2014.03.003.
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