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Abstract Oxyhydroxy cobalt CoO(OH) nanoparticles
(Co-NPs) were prepared in horse spleen apoferritin (HsAFr)
cavity. Transmission electron microscopy revealed the par-
ticle size was 5.5-6 nm. Mineralization effect on HsAFr was
investigated by fluorescence and far-UV circular dichroism
(far-UV CD) spectroscopies. The far-UV CD experiments
indicated an increase in the o-helical content after mineral-
ization. Intrinsic fluorescence data showed that mineraliza-
tion acts as a quencher of HsAFr. For the first time, direct
electron transfer between Co(NPs)-HsAFr and a glassy
carbon electrode in the thin film of dihexadecylphosphate
(DHP) was investigated by cyclic voltammetry (CV) to
design a biosensor. The anionic surfactant DHP was used to
achieve direct electron-transfer between Co(NPs)-HsAFr
molecules and the GC electrode surface. CV result showed
clearly a pair of well-defined and quasi-reversible redox
peaks arise from Co(NPs)-HsAFr embedded in DHP film.
This novel biosensor can be used in medical and industrial
fields to detect different analytes.
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Introduction

Nanomaterials are acquiring a big impact on development of
electrochemical biosensors. Nanotechnology brings new pos-
sibilities for biosensors construction and for developing novel
electrochemical bioassays. The electrochemical nanobiosen-
sors were applied in areas of in clinical diagnosis, food tech-
nology, military, biomedical, industrial and environmental
monitoring, and detection of infectious organisms [1-4].

Direct electrochemistry of redox proteins or enzymes has
been the research focus for many years in views of the good
model for mechanistic studies of their electron transfer
activity in biological systems and serves as a foundation for
fabricating electrochemical biosensors and bioreactors with-
out using chemical mediators [5]. Unfortunately, it is difficult
for the redox proteins to exchange electrons directly with
electrode surface because of denaturation and loss of elec-
trochemical activities occurred when the proteins adsorbed
directly on the electrode surface. Therefore, finding new
material with good biocompatibility for redox proteins
immobilization on electrode surface is important to achieve
their direct electrochemistry and keep their bioactivities [6].
Generally, modification of the electrodes surfaces by depo-
sition of various films, including self-assembled monolayers
(SAMs) [7], layer by layer assembly [8], electro-polymeri-
zation [9], covalent bonded immobilization [10] are effec-
tive methods to enhance the rate of electron transfer and
obtain direct electrochemistry of redox enzymes or proteins.
Successful examples have included cast films of proteins
with insoluble surfactants [11], hydrogel polymers [12], bio-
polymers [13], clay [14], etc.
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Some synthetic or natural surfactants can form ordered
films featuring a stacked multibilayer structure on elec-
trodes, which can incorporate redox proteins and facilitate
reversible electron transportation. These surfactant films
have the structure similar to that of biological membranes,
and are viewed as biomembrane-like films [15]. Dihex-
adecyl phosphate (DHP) is a kind of anionic water insol-
uble surfactants with a negatively charged phosphatic head
group and two long hydrocarbon chains [16]. Stable films
can be made by casting DHP in chloroform onto electrodes
[17]. Evaporation of the solvent leaves self-assembled
multi-bilayer films, similar to stacks of biomembranes.
Thus, DHP has been used to immobilize redox proteins
onto the electrode surface to promote their electron transfer
[17].

There is increasing interest in using biotemplates to
develop the synthesis of nanoscale materials. Biomimetic
synthetic routes offer the opportunity of controlling size,
shape, crystal structure, orientation, and organization of
nanoscale matter. Biotemplates such as oligonucleotides
[18], peptides [19], and proteins [20, 21] offer rich struc-
tural and functional diversity to synthesize nanoparticles.

The horse spleen ferritin (HsAFr) is an iron storage
protein consists of 24 subunits to form cage architecture of
12 nm diameter with an interior cavity of 8 nm diameter
(Fig. 1) capable of accommodating up to 4,500 iron atoms
[22]. Each subunit is an individual molecule that joins its
neighboring subunits through noncovalent interactions; the
subunits have a combined molecular weight of 474,000.
The space group of apoferritin is F432 and it has six
twofold symmetry axes, four three-fold symmetry axes and
three fourfold symmetry axes. It is known that there are
hydrophilic channels along the three-fold symmetry axes
and hydrophobic channels along the fourfold symmetry
axes [23]. Eight hydrophilic channels of about 4 A are
thought to facilitate the passage of metal ions and small
molecules of appropriate size into the cavity of the protein

Core ~ 8nm

Protein
Subunit

Fig. 1 Schematic drawing of ferritin molecule viewed down a
fourfold axis. The spherical protein shell consists of 24 subunits.
One subunit is colored black and the size of the core is shown as a
gray sphere. The outer diameter of the shell is ~ 12 nm and the core
size is 8 nm
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or from the cavity to the external solution [24]. There are
two types of subunits, the light-chain subunit (L subunit)
and the heavy-chain subunit (H subunit), the relative ratio
of which varies with the type of biological species and
organ. The H subunit includes a catalytic ferroxidase site,
which catalyzes the oxidation of Fe(Il) to Fe(III), but this
site is absent in the L chain subunit. In ferritin, oxidation of
Fe(II) to Fe(III) leads to nucleation of iron oxide due to the
insolubility of Fe(Ill) [25]. The assembled structure of
ferritin is remarkably stable and robust, and able to with-
stand biologically extremes of high temperature
(75-85 °C) and wide pH variations (2.0-12.0) for an
appreciable period of time without significant disruption of
their quaternary structure, which has allowed it to be used
successfully as a template for constrained material syn-
thesis [26].

Ferritin has a redox property, which is an unchangeable
property when the electrochemical surrounding is fixed
[27]. Since Ferritin has been extensively used as con-
strained reaction environments (nanoreactor) for synthe-
sizing and encapsulation of various electroactive materials
such as Ni, Co, Mn, Co:Pt, Pd, Pt, and CdS [25, 28-32], it
can be used in biosensor and biofuel cell preparations, and
biosensor development [7].

Protein electrochemistry has gained more interests in
recent years for its potential applications in biosensors and
bioreactors. The electron transfer reaction of ferritin has
been studied using electrochemical and spectroscopic
techniques. The electrochemical behavior of the physically
adsorbed ferritin molecules on indium-tinoxide (ITO) glass
was studied via cyclic voltammetry (CV) [33, 34]. The
direct electron transfer of ferritin on a bare gold electrode
was also evaluated [35]. Recently, electrochemical prop-
erties of SWNT/ferritin composite for bio-applications on
the glassy carbon (GC) disk electrode was also studied
[36]. Also electrochemical studies on ferritin immobilized
onto a self-assembled monolayer-modified gold electrode
have been already developed [27, 37-39]. The direct
electron transfer of ferritin in DHP on an Au film electrode
was also evaluated [40].

In this paper, we report successful synthesis of homo-
geneous oxyhydroxy cobalt CoO(OH) nanoparticles
(Co-NPs) in the HsAFr cavity at buffering condition. The
products of mineralization were characterized by spec-
troscopies and microscopy methods, and native poly-
acrylamide gel electrophoresis (PAGE). After synthesis,
structural changes of HsAFr were studied using fluores-
cence and far-UV circular dichroism (far-UV CD) spec-
troscopies. Finally, for the first time, direct electron transfer
between Co(NPs)-HsAFr and a GC electrode in thin film
of DHP was investigated by CV to design of a new bio-
sensor, which can be applied to detect biological and
chemical analytes.
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Materials and methods
Materials

Horse spleen apoferritin (HsAFr) was purchased from
Callbiochem. All chemical were purchased from Sigma-
Aldrich and used as received with no further purification.

Synthesis and characterization of cobalt core
in the HsAFr cavity

Synthesis

The HsAFr solution (1 mg/mL) was prepared, and then
dialyzed against 100 mM HEPES (2-[4-(2-hydroxy-
ethyl)piperazin-1-yl]ethanesulfonic acid) buffer containing
60 mM of NaCl (pH 8.5-8.7). At room temperature solu-
tions of Co(OAc),-4H,O (25 mM, 675 pL) and H,O,
(3 %, 18 pL) were added over a 2 h period with 15 min
intervals, while adjusting the pH with 0.01 M of NaOH
during synthesis. Theoretical loading of 1,500 Co per
HsAFr molecule was achieved by 15 addition cycles. After
each cycle, UV-Vis spectrum of sample was measured on
an Agilent 8453 spectrophotometer. The solution after
Co(NPs) synthesis was centrifuged at a speed of 3,000 rpm
for 20 min. The supernatant was further centrifuged at a
speed of 6,000 rpm for 60-80 min such that an unneces-
sary bulk material was precipitated and removed. At this
time, Co(NPs)-HsAFr were dispersed in the supernatant.
Proteins in the supernatants were quantified by Bradford-
assay to estimate the loss of proteins and the protein ratio,
[protein in the supernatant]/[initial apoferritin], was cal-
culated as yield of protein ratio (YPR) [41].

Characterization of Co(NPs)

The morphology and particle size distributions of the iron
oxide cores of Co-NPs were determined by transmission
electron microscopy (TEM) (OBURI, model LEO 906).
Several microliters of the supernatant were put on the
carbon film coated cupper for TEM, and excessive solution
was removed. The samples were negatively stained by 3 %
aurothioglucose. Aurothioglucose did not stain the cavity
because steric hindrance prevented it from going through
the channels [25]. Thus, we could distinguish apoferritin
and ferritin by aurothioglucose negative staining. Further-
more, Co(NPs)-HsAFr in the supernatants were observed
by TEM to measure core formation ratio (CFR), which is
represented as:

CFR (%) = [Co(NPs) — HsAFr|/[HsAFr] g, (1)

where [Co(NPs)-HsAFr] is the number of Co(NPs)-incor-
porated HsAFr and [HsAFr] is the total number of

[HsAFr] and Co(NPs)-incorporated HsAFrs. The efficiency
of core formation (ECF) was calculated by multiplying
YPR and YCF [41].

An electrophoresis experiment was run for both the
HsAFr and preparations of Co(NPs)-HsAFr protein cages
using 6 % polyacrylamide gels under native (non-dena-
turing) conditions. Gels were stained for protein using
Coomassie blue and stained for Co using I-nitroso-2-
naphthol-3,6-disulfonic acid (50 mM in 1:1 H,O: MeOH)
[42].

Infra-red (IR) spectra (KBr) of the samples were col-
lected using an ABB Bomem Mb103 spectrometer.

Study of structural changes of Co(NPs)-HsAFr
Spectrofluorimeter studies

Fluorescence emission measurements were carried out with
a JASCO spectrofluorimeter (FP 6200) using a 1 cm
pathlength quartz cuvette at 25 °C. HsAFr and Co(NPs)-
HsAFr solution were prepared by diluting stock solutions
to 1.5 uM. Intrinsic fluorescence emission spectra were
recorded at 300 + 400 nm with the excitation wavelength
set at 295 nm. Experiments for extrinsic fluorescence
emission spectra, using anilinonaphthalene-8-sulfonic acid
(ANS) were performed by incubating the proteins and ANS
(0.03 mM) for 30 min prior to the measurements. Blanks,
without protein samples, were subtracted from the spectra.

Circular dichroism studies

Circular dichroism (CD) spectra were collected on a Jasco
J-810 spectropolarimeter. The instrument was periodically
calibrated with (4) 10-camphorsulphonic acid. Quartz cells
having path lengths of 0.1 cm were used, and the scanning
speed was set at 100 nm/min. The far-UV CD spectra were
measured protein concentration of 0.5 mg/l1 mL for both
HsAFr and Co(NPs)-HsAFr at room temperature over a
wavelength range of 250 to 190 nm. Appropriate buffer
solutions running under the same conditions were taken as
blanks, and their contributions were subtracted from the
experimental spectra.

Design a new biosensor based direct electron transfer
between Co(NPs)-HsAFr in thin film of DHP

Preparation of (Co(NPs)-HsAFr)-DHP film

The GC, 2 mm in diameter, electrode was polished care-
fully with 1.0, 0.3 and 0.05 mm alumina slurry and soni-
cated in water and absolute ethanol, respectively. Finally,
the GC electrode was thoroughly rinsed with water and
dried in air.
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DHP films were made by casting 8 pL of 0.05 M DHP in
chloroform onto GC electrode. Chloroform was evaporated
in air. DHP-coated GC electrode was then placed into
1.6 mg mL™" Co(NPs)-HsAFr solution, over-night or
longer for incorporation of Co(NPs)-HsAFr. The (Co(NPs)—
HsAFr)-DHP film was then dried in air overnight.

Cyclic voltammetry

CV measurements were performed with a computer controlled
autolab (SAMA), in a conventional three-electrode electro-
chemical cell with the modified GC electrode as the working
electrode, a large platinum wire as the auxiliary electrode, and
Ag/AgCI (saturated KCI) electrode as the reference electrode.
The CV measurements were performed at 20 °C.

Topography analysis of (Co(NPs)-HsAFr)-DHP film using
atomic force microscopy (AFM)

Immobilization of Co(NPs)-HsAFr in DHP film on GC
electrode surface was examined by AFM. Images were
obtained with the explorer atomic force microscope, which
was in non contact mode, using high resonance frequency
(SO = 170 kHz) pyramidal with silicon probes having
dynamic force.

Results and discussion
Cobalt core formation Studies

The formation of Co-NPs with theoretical loading of 1,500
Co per HsAFr molecule was conducted in HEPES buffers
at pH 8.5-8.7 using H,O, as the oxidant. Douglas et al.,
reported Co(O)OH core formation in the HsAFr by oxi-
dizing Co(Il) with H,O, while the reaction solution was
run unbuffered at pH 8.5, and the proton generated during
hydrolysis was titrated dynamically with 10 mM NaOH
[43]. Allen et al. [42] also made Co30,4 and Co(O)OH cores
in the protein cage from Listeria innocua by dynamic
titration with 50 mM NaOH. However, Tsukamoto et al.
showed the pH control using a buffer agent is much simpler
and more suitable for mass-production [28]. They made
Co30,4 cores in the HsAFr and recombinant apoferritin
composed of L-subunits using buffered reaction solutions.
Some buffer reagents strongly react with the cobalt ions
and hinder the biomineralization. Therefore, they surveyed
different buffer agents (Tris, TES, Bis—Tris, Phosphate,
CHES, MOPS and HEPES). In this study as mentioned
above HEPES was used as buffer agent.

In the presence of the HSAFr cages, reactions proceeded
to form homogeneous olive green solutions. In contrast,
reactions in the absence of the HsAFr cages resulted in the
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Fig. 2 a Time course for the synthesis of Co(NPs)-HsAFr (15 min
reagent addition), monitored by UV—Vis spectroscopy by 15 addition
cycles. b Absorbance changes at 350 nm on each step

bulk precipitation of olive green solids. The lack of pre-
cipitate in the reactions containing the HsAFr cages, and
the strong color present in these solutions, suggested that
the oxidative hydrolysis of Co(Il) occurred in a spatially
selective manner within the confines of the protein cage
[42]. The reactions could be followed by monitoring the
change in the UV-Vis absorbance at each step (Fig. 2).
The UV-Vis spectra exhibited well-defined peaks at
350 nm corresponding with cobalt oxides, most likely
cobalt oxyhydroxide CoO(OH) [43, 44] (Fig. 2a). As the
number of Co in HsAFr was increased the absorption bond
at 350 nm was shifted to higher wavelengths (Fig. 2b).

HsAFr and Co(NPs)-HsAFr were -electrophoretically
analyzed on the polyacrylamide gel (PAGE), under native
(non-denaturing) conditions (Fig. 3). The co-migration of the
samples both HsAFr and Co(NPs)-HsAFr indicates that the
overall charge on the exterior of the HsAFr and the Co(NPs)—
HsAFr has not been measurably altered during the synthesis,
that the Co(III) atoms are indeed to the protein shell.

IR spectra (KBr pellet) of precipitate showed strong
band at 587 cm™' characteristic of Co(O)OH, which was
indicative to Co-O stretching frequency [43].
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Fig. 3 Native polyacrylamide gel electrophoresis stained; a for protein using Coomassie Blue, and b for cobalt using 1-nitroso-2-naphthol. Lane
1 HsAFr, lane 2 Co(NPs)-HsAFr, lane 3 HsAFr, lane 4 is Co(NPs)-HsAFr

as |
-

Fig. 4 A representative TEM image of Co(NPs)-HsAFr negatively
unstained with uranyl acetate. The presence of cobalt nanoparticles
has been indicated in black squares. The scale-bar is 12 nm

TEM images of samples negatively stained with uranyl
acetate confirmed that the particles were actually produced
within the HsAFr cavity (Fig. 4). Uranyl acetate penetrated
the ion-channel of aoferritin and stained the inner cavity [25],
therefore when samples were negatively stained with uranyl
acetate, the intact protein cage was clearly visible as white
‘halo’ surrounding the Co oxides cores on the interior surface.
The presence of the apoferritin coat prevents irreversible
aggregation of the particles and their precipitation. Negatively
stain of the materials indicated, as expected, an intact protein
shell surrounding the mineral core. The particle size was
measured and found to be monodisperse with an average
diameter of 5.5-6 nm and generally spherical in shape. YPR
(%) and CFR (%) were calculated to be 95 and 99 %,
respectively. ECF (Multiplying YPR and CFR) was calcu-
lated to be 94 %. These data strongly suggest that the
Co(NPs)-HsAFr is structurally intact and also no degradation
occurs during chemical functionalization of the protein shell.

Spectroscopic studies
Intrinsic fluorescence studies

Intrinsic fluorescence spectra of HsAFr and Co(NPs)—
HsAFr (Fig. 5) exhibited an emission maximum at

200

150 1

100

Fluorescence Intensity (a.u)

Wavelength(nm)

Fig. 5 Intrinsic fluorescence spectra of HsAFr (1.5 uM) (a), and
Co(NPs)-HsAFr (1.5 pM) (b). The excitation wavelength was set at
295 nm

approximately the same wavelength (326 nm) of both
HsAFr and Co(NPs)-HsAFr when both proteins were
excited at 295 nm without any shifts in the wavelength.
The fluorescence emission in HsAFr was higher than that
of Co(NPs)-HsAFs. Therefore, tryptophan fluorescence
can be quenched by apoferritin mineralization.

Extrinsic fluorescence studies

The aromatic chromophore ANS is feebly fluorescent in
water, but its spectrum is blue shifted and its intensity is
dramatically increased in nonpolar solvents or when it
binds to nonpolar sites of proteins [45-47]. ANS binding
assays were performed to study the occurrence of exposed
hydrophobic surfaces in HsAFr and Co (NPs)-HsAFr. The
extrinsic fluorescence spectra of ANS, HsAFr and
Co(NPs)-HsAFr (Fig. 6) exhibited an emission maximum
at approximately the same wavelength (523 nm) for both
HsAFr and Co(NPs)-HsAFr when both proteins were
excited at 360 nm without any shifts in wavelength. This
result is indicative of no detectable changes in apoferritin
after mineralization.

Far-UV circular dichroism studies
Proteins exhibit characteristic CD spectra in the Far-UV region

and the appearance of these spectra are related to the presence
of secondary structure. Accordingly, CD is frequently used to

@ Springer



8798

Mol Biol Rep (2012) 39:8793-8802

— — [ (%)

o Pl (=] W

o o o o
' ' ' |

W
o
+

Fluorescence Intensity (a.u)

o

460 485 510 535 560 585 610 635 660
Wavelength(nm)

Fig. 6 The extrinsic fluorescence spectra of ANS (0.3 mM) (a),
HsAFr (1.5 pM) (b), and Co(NPs)-HsAFr (1.5 uM) (c). The excita-
tion wavelength was set at 360 nm

Table 1 The secondary structure of HsAFr and Co(NPs)-HsAFr

o-helix p-sheet Turn Random

(%) (%) (%) (%)
HsAFr 75 25 18 4.5
Co(NPs)-HsAFr 84 0 11.5 4.5

estimate the fractions of various types of secondary structure in
proteins [48]. Far-UV CD was used in the analysis of Co-NPs
as a spectroscopic probe which is sensitive to protein second-
ary structure. The result showed that the secondary structure of
Co(NPs)-HsAFr, with an increase of 9 % in the co-helical
content and a decrease in f-sheet and turns structures
(Table 1). The Far-UV experiments indicated that minerali-
zation of HsAFr causes more stability of the protein structure
with an increment in the o-helical content.

Designing of a new biosensor based Co(NPs)-HsAFr
in thin film of DHP

Direct electrochemistry of Co(NPs)-HsAFr in DHP film

Horse spleen ferritin is negatively charged at pH 7.0, since
its isoelectic point (PI) is 4.5. It was found that cationic
surfactant, such as DSAB, caused ferritin to be precipitated
when it was mixed with ferritin. Thus, ferritin can only be
mixed with neutral and anionic surfactants [40], Wu and
his co-workers showed that ferritin in dihexadecylphos-
phate (DHP) (an anionic surfactant) film gave a well-
defined pair of redox peaks in the buffer without ferritin.
They suggested, it might contribute to two hydrophobic
tails of DHP. They showed, when an Au film electrode
coated with DHP film was placed in ferritin solution, CV
scanning for several hours gave only relatively small redox
peaks. They suggested, the charges of DHP can block
ferritin penetration through the film [40]. Thus we chose
DHP in our experiments
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Fig. 7 Cyclic voltammograms: (a) bare GC electrode in pH 8.0
buffer containing 1.6 mg mL™" Co(NPs)-HsAFr, (b)) DHP film on
GC electrode in 1.6 mg mL~" Co(NPs)-HsAFr in pH 8.0 buffer;
(c) Co(NPs)-HsAFr—DHP cast onto GC electrode in pH 8.0 buffer
containing no Co(NPs)-HsAFr, scan rate: 100 mV s7!

CV was used to investigate the direct electron transfer
between Co(NPs)-HsAFr and a GC electrode in thin film
of DHP (Fig. 7). No CV peaks are observed on a bare GC
electrode in a 1.6 mg mL ™" of Co(NPs)-HsAFr solution in
pH 8.0 buffer solution at potential range of —0.4 to 1 V
(Fig. 7a). This shows that electron transfer between the
electrode and Co(NPs)-HsAFr in this solution occurs very
slowly or not at all.

When a GC electrode coated with DHP film was placed
in 1.6 mg mL~" of Co(NPs)-HsAFr, repetitive CV scan-
ning for several hours gave small redox peaks (Fig. 7b).
This suggests that only a small amount of Co(NPs)-HsAFr
diffuses into the DHP film. The negative charges of DHP
can block the entering of Co(NPs)-HsAFr into the film
[40].

However, (Co(NPs)-HsAFr)-DHP films, gave a well-
defined pair of redox peaks (Fig. 7c) in the buffer solution
without Co(NPs)-HsAFr. It is no doubt that the peaks arise
from the embedded Co(NPs)-HsAFr in the film. From the CV
results the anodic (Epa) and cathodic (Epc) peak potentials
were obtained as 0.002 V and 0.540 V (vs. AG/AgCl),
respectively. The apparent formal potential (E”), which was
calculated from the equation as E” = (Epa + Epc)/2, was
got as 0.280 V (vs. Ag/AgCl), and ratio of anodic to cathodic
peak currents is about one. The peak-to-peak potential sepa-
ration (AEp) at 100 mV/s was 0.538 V, in contrast to the
much larger peak potential difference reported for Ferritin in
DHP on an Au film electrode. The large peak may be ascribed
to the immobilization of protein molecules in an abnormal
orientation [49]. These data support one point that the direct
electrochemistry of Co(NPs)-HsAFr—DPH film considered to
proceed by a quasi-reversible redox reaction. This anionic
surfactant DHP has good biocompatibility and could provide
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appropriate microenvironment for Co(NPs)-HsAFr to per-
form direct electrode-transfer with the electrode surface, and
then could facilitate the electron transfer process between
redox group of Co(NPs)-HsAFr and GC electrode surface.
DHP, a surfactant with a negative charged headgroup
and two nonpolar tails, is insoluble in water and does not
form micelles. Stable films can be made by casting DHP in
chloroform onto electrodes (Fig. 8) [17]. Evaporation of
the solvent leaves self-assembled multi-bilayer films,
similar to stacks of biomembranes. This unique structure is
very similar to the structure of biological membranes, in
which the constituent lipids are arranged in the tail-to-tail
configuration with the hydrophilic head groups toward

DHP Co (NPs)-HsAFr GC Electrode

Biosensor Designation

outside and proteins are adsorbed onto the surface of or
imbedded into the layers [16]. These ordered multi-bilayer
films were presumably stabilized mainly by hydrophobic
interactions between the protein and film components. The
immobilization of Co(NPs)-HsAFr onto GC surface can
help the protein to keep a favored orientation or to make
possible conducting channels between the prosthetic
groups and the electrode surface, and they will both reduce
the effective electron transfer distance, thereby facilitating
electron transfer between electrode and protein.

These results suggest that the electroactive HsAFr—
Co(II) within the DHP film is converted to HsAFr—Co(III)
on the forward scan to positive potential and vice versa.

Fig. 9 a Cyclic q 301 b
voltammograms of Co(NPs)— 50 )
HsAFr in the DHP film in pH 304 Hﬂf"“
8.0 buffer solution with 30 — Ipa

~~ L
different scan rates: 100, 150, < 10 e
200, 250, 350, 500, 600 \? L ~ 10 ¥~
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The influence of scan rate on the cyclic voltammetric
response of (Co(NPs)-HsAFr)-DHP film was further
recorded with the results shown in Fig. 9. Figure 9a dem-
onstrates typical cyclic voltammograms of (Co(NPs)-
HsAFr)-DHP film with scan rates from 0.1 to 0.6 Vs~ (vs.
Ag/AgCl). With the increase of the scan rates, the cathodic
and anodic peak currents of (Co(NPs)-HsAFr)-DHP
increased simultaneously, meanwhile the cathodic and
anodic peak potentials showed a small shift and the peak to
peak separation also increased. As shown in Fig. 9b, the
cathodic and anodic peak currents increased linearly with
the scan rates from 0.1 to 0.6 V s~ '. This revealed that the
electron transfer between Co(NPs)-HsAFr and the GC
electrode could be easily performed in DHP film. Figure 9c
showed the linear relation between log (Ipc) and log v, its
slop is 0.8227. As it is known, for ideal diffusion-con-
trolled reaction, the slop is 0.5; for ideal thin layer elec-
trochemistry, the slope is 1 [50]. In this study, the slop is
0.8227, which indicates that both diffusion control and
surface control exist in the reaction course. When the
Co(NPs)-HsAFr—-DHP film was stored in air at room
temperature, the peak currents only decreased about 10 %
after 30-day period. The good long-term life may be
attributed to the strengthened biocompability and stability
of the Co(NPs)-HsAFr—DHP film.

Study on the release and uptake of iron in the core
of Co(NPs)-HsAFr

EDTA is a powerful complexing agent of Co(Il). There-
fore, it can be used to investigate the exit and entry of
Co(Il) in the HsAFr by CV. Figure 10 shows the cyclic
voltammogram of Co(NPs)-HsAFr—DHP film when the
electrode immersed in pH 8.0 phosphate buffer containing
10 mM of EDTA. In the first scan, the cathodic peak

Current(WA)

-0.36 -0.02 032 0.66 1
Potential (V) vs. AgfAgCl
Fig. 10 Cyclicvoltammograms of (Co(NPs)-HsAFr)-DHP film on

glassy carbon electrode in pH 8.0 buffer in the presence of 10 mM
EDTA. The first scan (a), the second scan (b), scan rate: 100 mV s7!
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Fig. 11 AFM (non-contact mode) image of the bare glassy carbon
electrode
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Fig. 12 AFM (non-contact mode) image of the (Co(NPs)-HsAFr)-
DHP film on glassy carbon electrode (a). The cross section view to
the line drawn (b)

remains at 0.05V, but the anodic peak disappears
(Fig. 10a). In the second scan, both the cathodic and anodic
peaks are missing (Fig. 10b) and this phenomenon keeps
the same in the following scans. It indicated that in the first
scan the reduced cobalt exited from the core and chelated
by EDTA. The cobalt did not enter the core of the HsAFr
and caused the absence of the cathodic and anodic peaks in
the following scans.

Topograghy analysis of Co(NPs)-HsAFr-DHP film using
atomic force microscopy

Figure 11 shows non-contact AFM images of a bare GC
electrode surface. The bare GC electrode had no impurity
on its surface, as shown in Fig. 11. Figure 12a shows the
AFM image of Co(NPs)-HsAFr-DHP film on GC elec-
trode. The roughness of the surface increased significantly
as compared to that of the bare GC electrode, indicating
successful formation of biomembrane like lipid (DHP) on
the GC electrode surface. The cross section view (Fig. 12b)
showed that the dimension of (Co(NPs)-HsAFr)-DHP film
on GC electrode is approximately 40 nm. Also, result from
CV experimental clearly showed that a well-defined pair of
redox peaks arises from embedded Co(NPs)-HsAFr in
DHP film.
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Conclusion

Co nanoparticles were successfully synthesized in the
HsAFr cavity using HEPES as a buffer agent with theo-
retical loading of 1,500 Co per HsAFr molecule.

TEM analysis confirmed that the minerals were encap-
sulated inside the protein. Under the range of synthesis
conditions the protein cage remains unaltered.

Taking all of the information obtained into consider-
ation, the Co(NPs) formation has occurred by this pro-
cess: Co (II) ions are attracted by the negatively charged
threefold channel and go through the threefold channels
into the apoferritin cavity and formed chemical bonds
with the functional groups in the interior wall of the
ferritin during the oxidation process of the metal ions
[51].

The effect of mineralization on the structure of
HsAFr was investigated by spectroscopic techniques
including fluorescence and CD spectroscopies. Intrinsic
fluorescence data showed that the mineralization acts as
a quencher of the HsAFr, and extrinsic fluorescence
data revealed the hydrophobic binding site at the sur-
face of HsAFr was not changed. The Far-UV CD
experiments indicated that mineralization causes an
increase in the a-helical content, which makes the
protein more stable.

In this paper, we report for the first time, quasi and
direct electron transfer between Co(NPs)-HsAFr mole-
cules and GC electrode surface without the aid of any
electron mediator by immobilizing an anionic surfactant
DHP cast on GC electrode surface. These ordered bio-
membrane like lipid films are presumably stabilized mainly
by hydrophobic interactions between Co(NPs)-HsAFr and
DHP film. The reason for facilitating the direct electron
transfer between Co(NPs)-HsAFr and GC electrode sur-
face is due to DHP inhibition of Co(NPs)-HsAFr adsorp-
tion onto bare electrode. The adsorption often results in the
proteins and other macromolecules denaturation, and can
create an insulating layer which inhibits passage of elec-
trons [50].

With the aid of cobalt chelator, EDTA, the exit and
entry of cobalt in HsAFr core was studied by CV. It was
found that reduced cobalt could exit HsAFr core and was
chelated by EDTA. AFM image of Co(NPs)-HsAFr—DHP
film on GC electrode showed successful formation of
biomembrane like lipid (DHP) on the GC electrode surface.

Therefore, we could design a new biosensing devise
based direct electron transfer between Co(NPs)-HsAFr and
GC electrode in thin film of DHP, which can be used to
detect and determine chemical and biological analytes in
different areas such as healthcare, industry, agri-food,
environment, etc.
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