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Abstract: CoFe nanowires have been synthesized by the electrodeposition technique into
the pores of a polycarbonate membrane with a nominal pore diameter of 50 nm, and the
composition of CoFe nanowires varying by changing the source concentration of iron. The
synthesized nanowire surfaces were functionalized with amine groups by treatment with
aminopropyltriethoxysilane (APTES) linker, and then conjugated with streptavidin-Cy3 protein
via ethyl (dimethylaminopropyl) carbodiimide and N-hydroxysuccinimide coupling chemistry.
The oxide surface of CoFe nanowire is easily modified with aminopropyltriethoxysilane to
form an amine terminating group, which is covalently bonded to streptavidin-Cy3 protein. The
physicochemical properties of the nanowires were analyzed through different characterization
techniques such as scanning electron microscope, energy dispersive spectroscopy, and vibrating
sample magnetometer. Fluorescence microscopic studies and Fourier transform infrared studies
confirmed the immobilization of protein on the nanowire surface. In addition, the transmission
electron microscope analysis reveals the thin protein layer which is around 12—15 nm on the
nanowire surfaces.
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Introduction
In recent years, there has been significant interest in the surface modification of
nanowires with chemicals and biomolecules for the application of biosensing, bio-
electronics, and biodevices.'™® Especially, the surface-modified magnetic nanowire is
more important in the field of magnetic biosensing and magnetic separation.®!° The
direct surface modification of magnetic nanowire is quite a difficult task for research-
ers. However, the surface modification of magnetic nanowire through oxide surfaces
could be an alternative method for the immobilization of biomolecules. Here, the
oxide surfaces of nanowires are modified by an amine terminating group of a chemi-
cal linker like aminopropyltriethoxysilane (APTES), and then ultimately coupled with
biomolecules.' There are some reports on the surface modification of magnetic Fe,O,
and NiO nanowires with different linkers for biological application.'>!* The surface
modification of CoFe nanowires could be more advantageous for biosensing applica-
tions because of its high saturation magnetization and magnetic moment. However,
there is no such report on surface modification of CoFe nanowires. In addition, the
functionalized CoFe nanowires can be used as a magnetic carrier that offers significant
advantages in manipulation applications. Hence, we tried to functionalize the CoFe
nanowires through APTES linker.

The important techniques to obtain nanowires are template-assisted electrochemical
deposition, electron beam lithography, vapor—liquid—solid mechanism, solvothermal
synthesis, and chemical vapor deposition.'*'® Among these methods, electrochemical
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deposition offers an efficient physical and chemical property
of the synthesized nanowires with a controllable aspect
ratio.!*? In addition, electrodeposition method is considered
a promising alternative technique for high throughput fab-
rication on a large surface area because it is simple, cost-
effective, operates at room temperature, and is able to tailor
the properties of the nanowires by adjusting the deposition
conditions.?!

In this paper, we report on the synthesis of CoFe nano-
wires by an electrochemical technique using polycarbonate as
a template with a nominal pore diameter of 50 nm. We varied
the percentage of Fe content in the vicinity of the nanowires
by changing the electrolyte concentration. The synthesized
nanowires are characterized with field emission-scanning
electron microscope, energy dispersive spectroscopy (EDS),
and vibrating sample magnetometer. The synthesized
nanowires were immobilized by streptavidin-Cy3 in the
presence of ethyl (dimethylaminopropyl) carbodiimide
(EDC) and N-hydroxysuccinimide (NHS) activators. The
confirmation of protein immobilization on magnetic nano-
wires was observed through Fourier transform infrared
spectroscopy (FT-IR), fluorescence microscopy, and field
emission transmission electron microscope.

Experimental details

Chemicals and materials

The track-etched polycarbonate membrane with 50 nm diam-
eter and 69 wm thickness was purchased from Whatmann.
All the chemicals such as CoSO,7H,0, FeSO,7H,0, H,BO,,
APTES, CH,Cl, Na,HPO,, NaH,PO,, and NaCl were pur-
chased from Sigma-Aldrich Co. (St Louis, MO, USA) and
used without any further purification. Also, the streptavidin-
Cy3 from Streptomyces avidin was procured from Sigma-
Aldrich Co. The phosphate-buffered saline (PBS) (0.05 M)
was prepared using Na,HPO, and NaH, PO, with 0.9% NaCl
and adjusted to pH 7.4 by HCI. Deionized water obtained
from a Milli-Q water purification system was used throughout
the experiments.

Synthesis of CoFe nanowires

The CoFe nanowires were electrochemically deposited using
a potentiostat (SP-150; BioLogic, Claix, France) into the
track-etched polycarbonate membrane with a nominal pore
diameter of 50 nm. The room-temperature electrolyte bath
for the CoFe contained CoSO,7H,0 0.05 M, FeSO,7H,0
varied from 0.01 to 0.1 M, and H,BO, 0.5 M. The pH for
the deposition of CoFe was adjusted to be around 3 by using
1 M NaOH. Initially, one side of the polycarbonate membrane
was coated with metallic Au by magnetron sputtering system

under the working pressure of 3 mTorr with a base pressure
of ~1.0x1077 Torr for electric conduction. The deposition of
the nanowires was conducted potentiostatically by a three
electrode configuration with a one-side-gold-coated poly-
carbonate membrane, platinum sheet, and Ag/AgCl as the
working, counter, and reference electrodes, respectively. The
deposition of CoFe nanowires was carried out at a constant
potential of —1.0 V with respect to the reference electrode for
30 minutes. After deposition, the nanowires were released
from the polycarbonate membrane by dissolving it in dichlo-
romethane for a few minutes. The suspended nanowires in
dichloromethane were washed several times with distilled
water and dried at 100°C.

Amine functionalization onto CoFe

nanowires

Figure 1 shows the schematic procedure for immobilization
of streptavidin-Cy3 protein on the nanowire surface. One
hundred micrograms of CoFe nanowires were mixed with
1 mL of APTES (2 mM) dissolved in ethanol. The resultant
solution was kept in an ultrasonic bath for a few minutes to
avoid the aggregation of nanowires and expose all surface
areas of individual nanowires to the APTES solution. After
that, the dispersed nanowire solution was kept at room
temperature for 12 hours, followed by washing with PBS
buffer (pH 7.4) and purification by repeated magnetic
purification method using a hard magnet.

Streptavidin-Cy3 protein immobilization
The amine functionalized nanowires were suspended in PBS
buffer (500 UL, pH 7.4) contained in an Eppendorf tube.
To this, 100 uL of EDC (0.1 M), 100 uL of NHS (0.1 M),
and 10 UL of streptavidin-Cy3 protein (0.0105 mg/mL) was
added. Then, the tube was placed on a vortex shaker and
gently agitated for 12 hours at 8°C followed by repeated
washing in PBS buffer (500 uL, pH 7.4), and was finally
dispersed in 500 UL of PBS buffer (pH 7.4) for further
characterization.

Characterization of nanowires and

protein-loaded nanowires

The morphological structures of nanowires were observed
by FE-SEM (Nova-230; FEI Company) with an operating
voltage of 10 kV. The nominal elemental composition of
CoFe nanowires was analyzed by EDS coupled with the
FE-SEM. The applied voltage and probe current for the EDS
measurement system was 20 kV and 1.5 nA, respectively. The
as-deposited nanowires embedded in the polycarbonate mem-
brane were used for the measurement of magnetic properties
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Figure | Schematic representation of streptavidin-Cy3 protein immobilization on CoFe nanowires.
Abbreviations: APTES, aminopropyltriethoxysilane; EDC, ethyl (dimethylaminopropyl) carbodiimide; NHS, N-hydroxysuccinimide; PBS, phosphate-buffer saline.

by a vibrating sample magnetometer (Lake-Shore 7,400)
at room temperature with an applied field range of 10 kOe
to —10 kOe and a sensitivity of 10° EMU. The protein-loaded
nanowires were characterized by FT-IR spectra which was
recorded by an attenuated total reflectance instrument equipped
with diamond crystal reflection element (Brucher Optic
GmbH, Ettligen, Germany). The FT-IR spectra were acquired
using 32 scans over the spectral range from 4,000 to 500 cm™!
with a maximum resolution of 0.9 cm™ at room temperature.
The morphology and microstructure of the as-grown and
coated nanowires were characterized through field emission
transmission electron microscope (Technai F20; Philips, Eind-
hoven, the Netherlands) with an accelerating voltage of 200
kV. Fluorescence microscopy of the streptavidin-Cy3 protein
functionalized nanowires was performed using a confocal laser
scanning microscope (LSM 5 live; Carl Zeiss Meditec AG,
Jena, Germany). The fluorescence images were taken with
confocal FL detector with a scan speed of 120—1,010 fps.

Results and discussion
Synthesis and physicochemical

characterization of nanowires

The structural morphology of the CoFe nanowires,
determined by SEM, is shown in Figure 2A, where a high
density of nanowires is observed. The average length of the

nanowires was found to be around 4 um and the diameter
was slightly greater than the pore diameter of the template,
which may be due to the nonuniform pore diameter of the
polycarbonate membrane.?? Figure 2B shows the EDS spec-
trum of CoFe nanowires, indicating the presence of Co and Fe
elements in the vicinity of the nanowire. The average atomic
composition of Co and Fe in the nanowire was found to be
30% and 70%, respectively. In addition, the presence of oxy-
gen element peak is clearly observed in the EDS spectrum,
which is considered as an indication of native oxide surface
formation on CoFe nanowires.

Various CoFe alloy nanowires were fabricated with dif-
ferent compositions in order to observe the influence of the
iron content by changing the iron source concentration in an
electrolyte bath, and the average composition of the nanowires
with respect to the electrolyte bath is presented in Table 1.
The EDS data presented in Table 1 revealed that the atomic
percentage of nanowires is significantly influenced by the
source concentration of Co and Fe ions in the electrolyte bath.
Hence, the composition of CoFe nanowires can be monitored
by varying the ratio of iron to cobalt ions in the electrolyte.

The magnetic properties of as-deposited CoFe nanowires
embedded in a polycarbonate membrane were measured in the
magnetic field parallel to the nanowire axis at room tempera-
ture. Figure 3 shows the magnetization curves for different
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Figure 2 FE-SEM image of dispersed CoFe nanowires and EDS spectrum of CoFe
nanowires.

Notes: (A) FE-SEM image. (B) EDS spectrum.

Abbreviations: EDS, energy dispersive spectroscopy; FE-SEM, field emission scan-
ning electron microscopy.

composition of CoFe nanowires. The CoFe nanowire with
70:30 Fe to Co (Fe, Co, ) had the highest magnetization. The
change in saturation magnetization and coercivity of CoFe
nanowires by varying the Fe concentration are shown in
Table 1. The magnetic properties were significantly changed
by varying the composition of CoFe nanowires.

Streptavidin-Cy3 protein immobilization
onto CoFe nanowire

A drop of solution containing CoFe nanowires conjugated
with streptavidin-Cy3 protein was spread onto the glass

slide for the analysis of fluorescence properties to assess the
efficiency of protein binding on the nanowire surfaces. The
bright-field and fluorescence images are shown in Figure 4A
and B, respectively. For the comparative studies, the CoFe
nanowires were functionalized with and without amine
functional groups and then conjugated with streptavidin-Cy3
protein. The CoFe nanowires which were functionalized
with amine groups and conjugated with streptavidin-Cy3
protein in the presence of EDC and NHS activators showed
fluorescence (Figure 4A). The mechanism of streptavidin-
Cy3 immobilized onto CoFe nanowires surface is shown in
Figure 1 A. The presence of a high quantity of oxygen in the
vicinity of the nanowires was observed by EDS analysis.
This indicates that the nanowire surface has native oxide
surfaces. The oxygen from the native surface of the nano-
wires is easily bonded to APTES to form terminal amine
groups on the nanowire surface.?® The amine functionalized
nanowires were conjugated by carboxylic groups presented
in the streptavidin-Cy3 protein via covalent amide bond
between amine functionalized nanowires and streptavidin-
Cy3 protein.'* However, sometimes there may be possibilities
for weak nonspecific attachment of protein on the nanowire
surfaces. This nonspecific attachment was eliminated by
repeated washings of the functionalized nanowires with
PBS buffer.

However, to further confirmation of origin of the
fluorescence from the nanowire surface rather than the carrier
solution is analysed without functionalization of amine and
exposed to streptavidin-Cy3 protein in the presence of EDC
and NHS. As expected, no fluorescence for nanowires was
observed (Figure 4C and D). The reason may be due to the
repellence of the negative oxide surface of CoFe, which con-
tains a negative charge (O~ species), to the streptavidin-Cy3
protein which also has a negative charge at pH 7.4.2* This
observation confirms that the fluorescence comes from the
nanowire surface, which is functionalized with amine group
by treating with APTES linker.

The morphology of the nanowires immobilized with
streptavidin-Cy3 was examined through TEM. The
images were taken near the edge of the nanowire surfaces.

Table | The magnetic properties and composition of CoFe nanowires by varying the source concentration of Co and Fe in electrolyte bath

Source concentration

Percentage (average)

Magnetic properties

CoSO, 7H,0 (M) FeSO, 6H,0 (M) Co Fe Coercivity (Oe) Magnetic moment (memu)
0.05 0.1 30 70 2115 52.14
0.05 0.08 35 65 206.5 35.14
0.05 0.05 45 55 285 15.93
0.05 0.0l 70 30 284 19.09
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Figure 3 Magnetic properties of CoFe nanowires with different ratios of Co and Fe.

Figure 5A and B show the TEM images of streptavidin-
Cy3 protein-immobilized nanowires and bare nanowire
surfaces, respectively. Figure SA shows a clear indication
of the organic layer formation on the nanowire surface
indicating the immobilization of protein. Similar results

—
10

for the immobilization of streptavidin protein on silicon
nanowire surfaces were obtained by Williams et al.>® The
wrapped organic layer around the nanowire surface was
found to be 10—15 nm. However, the nanowires which were
not functionalized with protein did not show any organic
layer on the nanowire surface (Figure 5B). The above stud-
ies reveal that the CoFe nanowire surface is good for the
protein immobilization.

Figure 6 (curve a and b) shows the FT-IR spectra of
bare CoFe nanowires and streptavidin-Cy3-immobilized
nanowire. Curve b shows some characteristic peaks related
to streptavidin where as there are no such peaks in curve a.
The broad absorbance peak observed at 3,340 cm™' was
assigned to the stretching vibrations of =NH,. The absorption
peak represented at 1,540 cm™ is the amide bond of strepta-
vidin molecules immobilized on the nanowire surfaces.” It
can be seen that the stretching vibration of C—H absorption
bands are observed at 2,922 and 2,810 cm™'. In addition, the
absorption peaks near 1,040 and 1,085 cm™ are attributed to

Figure 4 Bright-field fluorescence images of nanowires.

Notes: (A) Bright-field image of nanowires treated with APTES and streptavidin-Cy3; (B) fluorescence image of (A); (C) bright-field image of nanowires without treating

with APTES; (D) fluorescence image of (C) after treating with streptavidin-Cy3.
Abbreviation: APTES, aminopropyltriethoxysilane.
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Figure 5 Field emission-transmission electron microscopy images of nanowires.

Notes: (A) Streptavidin-Cy3 protein-immobilized nanowire surfaces. (B) Bare CoFe nanowire surface.

the phosphate stretching vibration from the PBS buffer used
for the dissolution of nanowires. The FT-IR spectroscopic
study confirmed the immobilization of streptavidin-Cy3 on
nanowire surfaces.

Conclusion

A biofunctionalization method for streptavidin protein conju-
gation to CoFe nanowires via APTES linker was developed
and confirmed through different characterization techniques.
The nanowires were fabricated using a template-assisted
electrochemical technique. The developed method includes
the functionalization of the nanowire surface with amine, fol-
lowed by the covalent binding of streptavidin through EDS-
NHS coupling chemistry. Fluorescence studies confirmed the
immobilization of protein on the nanowire surface, whereas
TEM analysis revealed a thin layer of protein wrapping

2,922 3,340 1
2,810

Absorbance (%)

l |

T
1,500 2,000 2,500 3,000 3,500 4,000
Wave number (cm™)

T
1,000

Figure 6 FT-IR spectra.
Notes: FT-IR spectra of (A) nanowires and (B) nanowires immobilized with
streptavidin-Cy3 protein.

around the nanowire surface. Further confirmation of
protein functionalization on the nanowire was observed by
FT-IR studies. These functionalized nanowires are useful as
magnetic labels for magnetic biosensor applications.
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