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We have demonstrated the fabrication of the biosensor platforms by means of the integration of the
genetically engineered fusion proteins and the uniform gold nanoparticle-deposited multi-walled nano-
tube hybrid (Au-MWNT-HB) films for the detection of C-reactive protein (CRP). Au-MWNT-HB films were
used as a good electrochemical transducer due to their excellent electrical properties and large surface
areas for the signal transduction, while the genetically engineered fusion proteins, or 6His—GBP-SpA
fusion proteins, specifically bind onto the surface of the Au-MWNT-HB films and efficiently immobilize
bioreceptors for the detection of CRP. As-obtained biosensor platforms were characterized by electro-
chemical and optical analysis and revealed better performance compared to conventional Au-based bio-
sensors. The concept delineated herein opens a new insight into nanobiotechnology through the
integration of genetically engineered biomaterials with carbon nanotube (CNT)-based nanohybrids for
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emerging applications.
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1. Introduction

The integration of nanomaterials and biomolecules is one of
the most significant and interesting challenges in interdisciplin-
ary nanobiotechnologies [1]. From a practical point of view that
the former provides excellent electrical, optical, and magnetic
properties while the latter possesses unique biological functional-
ities, this fusion technology is expected to broaden its applica-
tions in an emerging class of fields, including sensing, imaging,
catalysis, electronics, and cell targeting [2]. Herein, we first the
fabrication and characterization of emerging biosensing platforms
which are integrated by uniformly gold nanoparticle-deposited
multi-walled nanotube hybrids (Au-MWNT-HBs) with genetically
engineered fusion proteins for the detection of C-reactive protein
(CRP).

Carbon nanotube (CNT)-nanoparticle (NP) hybrids have re-
ceived significant attention as an emerging class of nanomaterials
with desirable properties for multifunctional applications, such as
optoelectronics, catalysis, sensors, and hydrogen or power storage
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[3]. In particular, hybridization of CNTs with Au NPs has been
intensively investigated to fabricate highly efficient sensor devices
due to large surface area, favorable electronic properties, ease of
biomolecule attachment, and electrocatalytic effects [4]. Despite
these advantages for applications into electrochemical transducers,
however, surface modification is further required to immobilize
bioreceptors on the sensor platforms based on CNT-Au electrodes.
In this regard, the integration of nanomaterials and fusion proteins
are suggested as a new method for the development of electro-
chemical sensor platforms [5].

Molecular biomimetics, inspired by biological structures and
functions, are a hybrid technology, as it synergistically combines
the tools of biotechnology and nanotechnology [5]. Recently, these
elegant and sophisticated methodologies have been driven into the
development of genetically engineered polypeptides (GEPs) for a
wide range of applications in material science and nanobiotechnol-
ogy [5,6]. Some of GEPs can specifically bind onto the surfaces of
various organic and inorganic materials with high affinity.
Amongst a variety of GEPs, gold binding polypeptides (GBPs) that
uniquely interact with the Au lattice take an advantage over
typically physical and chemical methods to modify the surface
characteristics of biosensor platform in terms of hybridizing
nanomaterials and biomolecules through biologically well-pro-
grammed assembly [7]. Especially, the special functionalities or
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molecular recognitions can be also introduced into GEPs with task-
specific proteins, resulting in the broadening of applicative fields.

In this study, we developed a simple method for the immobili-
zation of fusion protein as a functional bioreceptor on the Au-
MWNT-HB films; genetically engineered GBP-fusion protein was
employed as a biolinker with the high affinity against the Au sur-
face and fused with Staphylococcal Protein A (SpA) acting as a cap-
ture ligand for antibody binding [6,7]. The basic strategy described
here is: (1) to use the Au-MWNT-HBs as an electrochemical sub-
strate based on their excellent electrical properties and large sur-
face areas for the immobilization of bioreceptors and (2) to
fabricate a sensing platform by using 6His-GBP-SpA fusion pro-
tein, where GBP specifically binds onto the surface of the Au-
MWNT-HBs and anti-CRP linked with SpA selectively detects CRP
through the antibody-antigen interactions.

2. Materials and methods
2.1. Preparation of 6His—GBP-SpA fusion protein

Six histidine (6His) residues were introduced to facilitate puri-
fication of fusion proteins by metal affinity chromatography. The
DNA fragment encoding incomplete 6His—GBP was first obtained
by polymerase chain reaction (PCR) amplification using the prim-
ers P1 (5'- GAAACAGCATATGCACCATCACCATCACCACCACGGCAAA
ACCCAGGCGACCAG -3') and P2 (5- GGAATTCAGACTGAATGG
TACCGCTCGTCGCTTGGGTTTTACCGTGCATAGATT -3'), and the plas-
mid pTGE as a template. Then, the primers P3 (5- GGAATTCGCG
CAACACGATGAAGCTCAA -3') and P4 (5- AGGGATCCTTATAGTTCG
CGACGACGTCC -3') were used to amplify the spa gene fragment
encoding the SpA using the genomic DNA of Staphylococcus aureus
Mu50 (ATCC 700699D) as a template. The PCR product of the 6His-
GBP was digested with Ndel and EcoRI, and the PCR product of the
SpA was digested with EcoRI and BamHI. Then, they were ligated
into Ndel and BamHI sites of pET-22b(+) to make pET-6HGBP-
SpA(Mu50).

For the production of 6His—-GBP-SpA fusion protein, Escherichia
coli BL21(DE3) (F~ ompT hsdSg (rB~ mB™~) gal dcm (DE3)) harboring
PET-6HGBP-SpA(Mu50) was cultivated in 100 mL Luria-Bertani
medium (10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl) supple-
mented with ampicillin (100 pg/mL) in a shaking incubator at
37 °C and 200 rpm. After addition of isopropyl-p-D-thiogalactopy-
ranoside, cells were further cultivated for 6 h. Cells were harvested
and disrupted by sonication for 1 min at 20% output power. After
centrifugation at 16,000g for 10 min at 4 °C, the pellet containing
the soluble protein fraction was saved for the purification of fusion
proteins. Ni-NTA column was used for the purification of the
fusion proteins without further purification steps.

2.2. Fabrication of biosensor platforms

To synthesize Au-MWNT-HBs, MWNTs of 2 mg were mixed
with 1-butyl-3-methylimidazolium tetrafluoroborate (C4MimBF,)
of 0.4 mL, and the mixture was ground with an agate mortar for
20 min; the suspension gradually turned into a glossy, black paste.
The resulting paste was washed repeatedly with acetonitrile and
deionized (DI) water to remove excess BMimBF, and dried under
vacuum at 40°C to yield MWNT-C4MimBF, hybrids. MWNT-
C4MimBF, of 1 mg was mixed with 4 x 103 mmol of HAuCl,-3H,0
in ethanol of 2 mL and DI water of 2 mL. The resulting mixtures
were sonicated for 30 s (Branson 3510, 42 kHz). It resulted in the
growth and decoration of Au NPs on the surfaces of MWNT-
C4MimBF,. After washing Au-MWNT-HBs with deionized water,
they were filtrated and then dried under vacuums at 40 °C.

To fabricate homogeneous CNT films [8], Au-MWNT-HBs of
1.5 mg were dispersed in 200 mL of dimethylformamide (DMF).
The resulting solution was filtrated by anodic aluminum oxide (AAO)
membrane with pore size of 0.02 um (Anodisc 47, Whatman®)
under vacuums. Then, Au-MWNT-HBs coated AAO membrane was
directly placed into a bath of 3M NaOH. The AAO membrane
was gradually dissolved and Au-MWNT-HB films were transferred
onto the glass substrate. The NaOH solution was exchanged with
DI water by recirculation until the pH became near 7.0. The elec-
trode was patterned by using the evaporation of 5 nm Ti/50 nm
Au and the shadow mask, and deposited on the Au-MWNT-HB
coated glass.

2.3. Electrochemical characterization for the detection of CRP

CRP and anti-CRP polyclonal antibody were purchased from
Fitzgerald (Concord, MA). For the detection of CRP, GBP-fusion pro-
tein solution of 20 pL in PBS at the concentration of 50 pg/mL was
dropped onto Au-MWNT-HB films and washed by DI water. Likewise,
after drying Au-MWNT-HB films coated with 6His—GBP-SpA fusion
protein, anti-CRP solution of 20 pL in PBS at the concentration of
50 pg/mL was dropped onto them and also washed by DI water.
Finally, CRP solution of 20 uL in PBS in the concentration range
of 100 ng/mL—15 pg/mL was dropped onto 6His-GBP-SpA and
anti-CRP immobilized Au-MWNT-HB films, washed with DI water,
and dried. In order to improve the reproducibility of biosensors,
the content of Au NPs was fixed to ~7 wt.% by controlling the
concentration of NP precursors. Furthermore, the concentration
of GBP-fusion protein immobilized on the surface of Au NPs was
controlled to guarantee the absence of an excess amount. Conse-
quently, all results were averaged in the error range of +5.5%.

2.4. Instrumental methods

Biosensor platforms were characterized by transmission elec-
tron microscopy (TEM), high resolution TEM (HR-TEM), scanning
TEM (STEM), SEM, surface plasmon resonance (SPR), SPR imaging
(SPRi), and cyclic voltammetry (CV). TEM images were collected
on an EM. 912 Q energy-filtering TEM (EF-TEM, 120kV) and a
JEM-3010 HR-TEM (300 kV). A STEM was operated with a probe fo-
cused to 0.2 nm and camera length of 20 cm. The scan raster was
512 x 512 points with a dwell time of 8.5 s per scan. SEM images
were obtained by a Field Emission Scanning Electron Microscope
(Philips SEM 535 M) equipped with Schottky-based field emission
gun. An SPR analysis (AutoLab, Utrecht, Netherlands) was per-
formed at a flow rate of 5 pL/min on the bare gold chip. Also, SPRi
analysis was carried out by using a SPRi instrument (K-MAC,
Daejeon, Korea) with an incoherent light source (a 150 W quartz
tungsten-halogen lamp, Scott, Mainz, Germany) for excitation. Re-
flected light from this assembly was passed via a bandpass filter-
centered at a wavelength of 830 nm and collected by a CCD camera
(Sony, Tokyo, Japan). Data images were collected digitally via a
B/W frame grabber. Scion Image release Beta 4.0.3 software (Scion
Corp., Frederick, MD) was used to analyze the images. The bare
Au chip (25 mm x 25 mm x 1 mm) on glass was assembled on
the SPRi system by attaching a silicon packing with a thickness
of 20 mm between the gold-layered-cover glass and a prism of
the SPR detector. Matching oil with a refractive index of 1.516
was coated between the backside of the cover glass of the sensor
chip and the prism. Bulk refractive index change and non-specific
binding were not compensated. All measurements were performed
in an air-conditioned room at 24-26 °C. The SPRi difference images
were produced by subtracting a reference image from a post-bind-
ing image, contributing to visual confirmation of binding. The
brighter spots indicate binding of the target proteins onto the gold
surface because reflectivity increases when binding occurs. CV was
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carried out to analyze the electrochemistry of biosensor platforms
integrated by Au-MWNT-HBs and GBP-fusion protein for the detec-
tion of CRP. Ferrocenemethanol of 0.5 mM in PBS was used as a sup-
porting electrolyte. The electrochemical CV scans were recorded
using a CHI 660C electrochemical workstation (CH Instruments,
Austin, TX) with a conventional three-electrode electrochemical
slide using a gold working electrode, a KCl saturated silver-silver
chloride (Ag/AgCl) reference electrode and a platinum wire counter
electrode, respectively. All potentials were herein collected versus a
standard saturated Ag/AgCl electrode. The potential was applied to
the sensor at the scan rate of 50 mV/s, and the current proportional
to the concentration of the electroactive species was measured. The
measured current at the working electrode was the response of the
CV. A peak was also observed in the reverse scan; this peak resulted
from the electrochemical reaction of intermediates or products of
the reactions during the forward scan. Separation of the anodic
and cathodic current peaks could be used to predict the number of
electrons involved in the redox reaction. Repeated cycles of reduc-
tion and oxidation of the analyte generated alternating anodic and
cathodic currents in and out of the working electrode. Experimental
results were plotted as potential versus current.

3. Results and discussion
3.1. Fabrication of electrochemical biosensor platforms

Fig. 1 illustrates the procedures of fabricating biosensor plat-
forms for the targeting of CRP. First, Au-MWNT-HBs were synthe-
sized via an ionic liquid-assisted sonochemical method (ILASM).
This novel technique integrates the supramolecular assembly of
CNTs and ionic liquids (ILs) with sonochemistry to form CNT-metal
HBs in which the well-defined NPs are attached to the surfaces of
CNTs [9]. Fig. 2 shows TEM and STEM images of Au-MWNT-HBs.
Discrete Au NPs, which were synthesized in situ and decorated
onto the surface of ionic liquid-wrapped MWNT, had a size distribu-
tion of 5.23 £ 1.32 nm. HR-TEM images of the Au-MWNT-HBs re-
vealed lattice resolved fringes of the Au, indicating the formation
of nanocrystalline structure. The presence and uniform distribution
of the Au NPs deposited onto the sidewall of MWNTs were analyzed
by the signals of the Au and carbon in STEM images (~7 wt.% of the
Au from EDS analysis of Fig. 1b and Fig. S1). Second, the homoge-
neous films of the Au-MWNT-HBs were prepared through a
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directional flow-induced assembly for the patterned electrode [8].
The well-interconnected CNT networks of Au-MWNT-HB films
provide many activated sites to the Au for the immobilization of
GBP-fusion protein as a bioreceptor as well as percolated conduc-
tion pathways for the charge transfer (see Fig. S2). Third, 6His-
GBP-SpA fusion protein in phosphate-buffered saline (PBS, pH 7.4)
solution was specifically bound to the Au NPs of Au-MWNT-HB films
through the specific interactions between Au NPs and GBPs. In order
to detect CRP on the CNT hybrid-fusion protein biosensors, anti-CRP
antibody was incorporated into the biosensor platform by interact-
ing with the SpA protein.

3.2. Electrochemical behavior of biosensor platforms

To demonstrate the usefulness of Au-MWNT-HB and GBP region
of the fusion protein (GBP-segment) for the electrochemical sens-
ing, the electrochemical detection tests of CRP were performed.
The electrochemical behavior of Au-MWNT-HB films was pre-
sented to assess the applicability as a platform of the electrochem-
ical biosensor. Fig. 3a presents CV curves of Au-MWNT-HB films in
N,-saturated PBS solution at the scan rates of 25-500 mV/s. The
current signals and peak-to-peak potential separation (AE,) were
increased as a function of scan rate. In particular, Au-MWNT-HB
films revealed the linear relationship of I, versus v'/2, which fol-
lows the Randles-Sevcik equation below [10]:

3\ 1/2
Ip—0-4463<%> n3/2AD;/2Cav‘/2 (1)

where I, is the peak current, n is the number of charge, A is the area
of the interface, D, is the diffusion coefficient of the transferred spe-
cies, C, is the concentration, and v is the scan rate.

As shown in Fig. 3b, a perfect scaling of steady state currents in
Au-MWNT-HB electrodes (r* is 0.997 and 0.998 for I,, and I,
respectively) suggests that the interfacial behavior was governed
by the diffusion controlled system of electroactive components in
the process of adsorption and desorption, so called Nernstian or
reversible systems [11]. However, further studies by impedance
spectra should be performed to confirm the diffusion controlled
system.

The changes in the current signals by the immobilization of CRP
should be clarified to define the detection range of Au-MWNT-HB
film based biosensors. All CV curves of Au-MWNT-HB films for

Patterning of electrode pad

«4—Au electrode

i

CRP

Fig. 1. Illustration for the procedures of preparing biosensor platforms for the CRP targeting.
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Fig. 3. (a) Cyclic voltammograms and (b) linear relationship of I, and square root of scan rate (v'/?) of Au-MWNT-HB films at the scan rates of 25-500 mV/s (supporting
electrolyte: 0.5 mM ferrocenemethanol in PBS). Circles indicate oxidation values, while triangles represent reduction signals.

the CRP detection were obtained at the concentration range of
100 ng/mL-15 pg/mL as shown in Fig. 4. The changes in the current
signals were observed down to 100 ng/mL which was ~10-fold
lower than the typical clinical cutoff concentration of 1 pg/mL. Sev-
eral groups have demonstrated higher sensitivities of <100 ng/mL
[12], but additional steps for the functionalization of transducer
materials are required to immobilize biomarkers. Furthermore,
the linear detection range of CRP was observed from 2.5 to
15 pug/mL (* is 0.9488 and 0.9518 for oxidation and reduction,
respectively).

In comparison to current-voltage (IV) curves of C4MimBF,-
wrapped MWNT, Au-MWNT-HB films exhibited lower current sig-
nals due to the significant enhancement of resistance after the
binding of CRP to the anti-CRP at the drying state (see Fig. S3). In
a similar manner to the resistor type-device based on CNT [13],
the modulation of electrical conductance in this device was attrib-
uted not to CNT-metal electrode junction but to the changes in the
resistances, by means of the adsorption of biomolecules. In order to
investigate the effect of the Au NPs on the performance for the
detection of CRP, CV curves of the bare Au and Au-MWNT-HB were
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measured after the sequential immobilization of 6His-GBP-SpA
fusion protein, anti-CRP, and CRP, as shown in Fig. 5. Au-MWNT-
HB films exhibited more significant changes of the current and AE,
compared to the bare Au, because of the high ratio of surface area
to volume and facile accessibility to activated sites by means of the
discrete Au NPs. The binding sites, which are provided by Au NPs of
nanohybrids, promoted the specific immobilization of GBP-SpA
fusion protein, anti-CRP, and CRP, respectively. The oxidation peaks
of ferrocenemethanol in Au-MWNT-HB films were significantly
shifted due to the specific interactions of the Au NPs and GBP-
fusion protein. Furthermore, the absence of any semi-circle in
Nyquist plot indicates the close contact between the Au-MWNT-
HB electrode and the electrolyte through the low interfacial resis-
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Fig. 5. Cyclic voltammograms of (a) bare Au and (b) Au-MWNT-HB films after the
sequential deposition of 6His-GBP-SpA (50 pg/mL), anti-CRP (50 pg/mL), and CRP
(100 ng/mL) (supporting electrolyte: 0.5 mM ferrocenemethanol in PBS, scan rate:
50 mV/s).

tance (see Fig. S4) [9,10]. The favorable interfacial characteristics
are related to the electronic equilibrium of hybrid materials via
energy transfer among MWNT, C4MimBF, and Au NP [9,10]. There-
fore, Au-MWNT-HB films are suitable to the electrochemical trans-
ducer due to the facilitated charge transfer by means of good
interfacial properties and discrete Au NPs.

3.3. Binding behavior of CRP on sensing platforms

To verify the binding specificity of biosensor platforms consist-
ing of Au-MWNT-HBs and GBP-fusion proteins by optical analysis,
SPR detection experiments were performed. Fig. 6 presents SPR
sensorgrams on the Au surface. BSAs were used to prevent non-
specific binding, while residual fusion protein, anti-CRP, and CRP
were removed by washing step. The intensities of SPR were con-
comitantly enhanced with the sequential bindings of 6His—GBP-
SpA, anti-CRP, and CRP on the Au surface. In contrast, a control
sample without CRP did not reveal the enhancement of SPR intensity
(dotted line). These results elucidate that 6His-GBP-SpA fusion
proteins specifically bind onto the Au surface and effectively immo-
bilize anti-CRP and CRP, subsequently, due to the specific interac-
tions between GBP and Au, SpA and anti-CRP, and anti-CRP and
CRP, respectively. In order to explore the effectiveness of the Au-
MWNT-HBs on the sequential bindings of 6His—GBP-SpA fusion
protein, anti-CRP, and CRP, SPRi analyses of the modified electrode
were compared to those of the bare Au electrode. As shown in SPRi,
both spot intensities of the bare Au and Au-MWNT-HB micropat-
terns were subsequently increased by the sequential bindings of
GBP-SpA fusion protein, anti-CRP, and CRP. The spots were concom-
itantly brightened in the course of reaction progress. These findings
indicate that the interactions between the GBP-fusion protein and
Au-MWNT-HB as well as between antigen and antibody are highly
specific. Considering that the contrast of the Au-MWNT-HB-coated
electrode was more apparent than that of the bare Au electrode,
Au-MWNT-HBs serve as highly efficient transducer materials for
the immobilization of bioreceptors.

4. Conclusions

In conclusion, the electrochemical biosensor platforms were
prepared by integrating Au-MWNT-HBs with genetically engi-
neered GBP-fusion proteins for the detection of target analytes.
Sensing platforms were readily fabricated by the direct immobiliza-
tion of bioreceptor onto the Au-MWNT-HB films; Au-MWNT-HBs
acted as an electrochemical substrate due to their excellent electri-
cal properties and large surface area for the specific immobilization
of the biomolecules and the efficient signal transduction, while



458 H. Park et al./Journal of Colloid and Interface Science 350 (2010) 453-458

(a) °

-200

GBP-SpA W anti-CRP  Blocking W  CRP W
1 I 1 1

Il
T

-400
-600 4

-800

RU

-1000

-1200 4

-1400

1600 .. . . . _ _
0 20 40 60 80 100

Time (min)

Fig. 6. (a) SPR sensorgrams on the surface of Au. Bold line, sample with 100 ng/mL
of CRP; dotted line, control sample without CRP; GBP-SpA, 50 pg/mL of 6His-GBP-
SpA fusion protein; W, washing step with PBS; anti-CRP, 50 pug/mL of polyclonal
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Au-MWNT-HB coated electrode (middle) and the bare Au electrode (bottom) in the
process of the subsequent immobilization of 6His—-GBP-SpA, anti-CRP, and CRP
(top); 50 pg/mL GBP-SpA; 50 pg/mL anti-CRP; 100 ng/mL CRP (from left to right).

GBP-fusion proteins, 6His—-GBP-SpA fusion proteins, played a role
of specifically binding onto the surface of the Au-MWNT-HBs as
well as efficiently immobilizing bioreceptors for the selective CRP
detection. The electrochemical properties of Au-MWNT-HBs were
characterized by 1V, CV, and impedance analysis, while the binding
specialty of CRP on sensing platforms was verified by SPR and SPR
imaging. As-obtained biosensor platforms revealed better perfor-
mance compared to that of conventional Au-based biosensor by
means of the combination of the 6His—-GBP-SpA fusion proteins
as a multifunctional bioreceptor and the Au-MWNT-HBs as an
efficient electrochemical transducer. The GBP-SpA fusion protein

simply and strongly self-immobilized onto the Au surface without
any surface chemical modification could offer a stable and specific
sensing platform for the target CRP detection via the anti-CRP bind-
ing. Furthermore, it suggests that a multiple detection can be de-
signed since the bio-recognition elements against target analytes
(e.g. antigen or antibody) can be easily fused with GBP via recombi-
nant DNA technology. Finally, the linear detection range of CRP was
shown from 2.5 to 15 pg/mL and the detection limit was down to
100 ng/mL which was ~10-fold lower than the clinical low-risk cut-
off concentration for the cardiovascular monitoring. The sensitivity
and dynamic range of this system can increase by applying enzyme-
based immunoassay into the as-obtained devices. The integration
of genetically engineered biomaterials with CNT-based nanohy-
brids paves the opportunities to develop new sensing platforms
for biomedical applications with portable electrochemical devices.
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