Published on 11 October 2012. Downloaded by TEXAS STATE UNIVERSITY on 31/08/2013 08:15:31.

Journal of

Materials Chemistry B

Cite this: J. Mater. Chem. B, 2013, 1,
464

Received 1st October 2012
Accepted 9th October 2012

DOI: 10.1039/c2tb00192f

RSCPublishing

Phase control of nanostructured iron oxide for
application to biosensort
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We report results of the studies relating to the phase transformation of bare Fe304 nanoparticles (NPs) to
a-Fe;03 NPs obtained during electrophoretic film deposition onto indium-tin oxide coated glass plates. The
in situ oxidation of NPs during electrophoretic deposition can be circumvented using surface passivation of
the Fe3s04 NPs with an organic shell (carbon) as well as an inorganic shell (silica), while retaining the
biocompatibility of the FesO4 NPs. XRD and XPS studies reveal the transformation of FesO4 NPs to
a-Fe;03 NPs upon electrophoretic deposition, and the retention of the phase of the Fes04 NPs upon
encapsulation with carbon and silica, respectively. The results of SEM studies indicate decreased
agglomeration of the Fes04 NPs upon encapsulation during film deposition. Attempts have been made
to compare the characteristics of cholesterol biosensors fabricated using Fe30,@C and a-Fe;Os NPs,
respectively. The Fes0,@C NPs based cholesterol biosensor shows response time of 60 s, a linearity
range of 25-500 mg dI~', a sensitivity of 193 nA mg~" dl cm~2 and a Michaelis-Menten constant of

www.rsc.org/MaterialsB 1.44 mgdi—".

Introduction

Nanostructured iron oxides (Fe;O,4, Y-Fe,O3 and a-Fe,03) owing
to their multifunctional properties, such as small size, super-
paramagnetism, low toxicity etc., are being widely investigated
for applications in high-density information storage,* electronic
devices,”> ferrofluid technology,® catalysis, pharmaceuticals®
and biotechnology.® Among these, the application of nano-
structured iron oxides in clinical diagnostics and biomedicine
have aroused much interest because of their biocompatibility
and stability under physiological conditions.”® They can also be
used as contrast agents in magnetic resonance imaging,>'’ as
mediators in hyperthermia," as carriers for guided drug
delivery*™ and as immobilization supports for desired
biomolecules for the diagnosis of various pathogens and
diseases, and estimation of various biochemical analytes such
as glucose, urea etc.">” Besides this, the particle size of the
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nanostructured iron oxide can be controlled to a similar size as
that of a biomolecule (protein 5-50 nm; virus 20-450 nm; cell
10-100 pwm).'®

Despite several advantages, the susceptibility of Fe;0, NPs
towards oxidation and their tendency to agglomerate due to
strong dipole-dipole attractions between particles, have limited
their applications to date.” It is anticipated that encasing
colloids in a shell of a different material may perhaps protect the
core from extraneous chemical and physical changes. Core-shell
nanostructures are known to exhibit improved physical and
chemical properties over their single-component counterparts,
and hence are potentially useful for a range of applications. To
improve the stability of the deposited NPs, many molecules,
such as carbon and silica, have been considered as interesting
encapsulants.”*** Compared to polymer and inorganic shells,
carbon shells exhibit much higher stability in various chemical
and physical environments such as acid or base media, as well as
at high temperatures and pressures.> Thus, carbon coated Fe;0,
NPs may perhaps ensure prolonged activity of the biomolecules
and enhanced stability of the biosensors.

Among various methods, the formation of nanocrystalline
films using electrophoretic deposition has recently gained
much interest since it is cost effective** and can be used to
obtain uniform thin films by optimizing parameters such as
solution concentration, applied potential, pH of the solution
etc.”** The fabrication of nanostructured iron oxide films using
electrophoretic deposition and its characterization may perhaps
yield important information relating to the phase change of

nanostructured iron oxide. Also, the utilization of
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nanostructured iron oxide films for the fabrication of biosen-
sors may perhaps result in enhanced electrocatalytic activity of
the given biomolecule and improved sensitivity for detection of
the desired analyte.

We report a novel method of controlling the phase of iron
oxide NPs obtained during electrophoretic deposition. It is
shown that the phase of the nanostructured iron oxide during
electrophoretic deposition can be tuned to the desired
requirements by using bare Fe;O, NPs or capped Fe;O, NPs as
the starting material. The nanocrystalline films of Fe;O,@C and
a-Fe,O; NPs have been employed for the fabrication of a
biosensor using cholesterol oxidase as a model enzyme and the
biosensing characteristics have been investigated using elec-
trochemical techniques such as cyclic voltammetry and elec-
trochemical impedance spectroscopy. To the best of our
knowledge, there is as yet no report on the phase trans-
formation of Fe;O, NPs during electrophoretic deposition, its
prevention and further application in biosensing.

Experimental methods
Materials and methods

Ferrous sulphate heptahydrate (FeSO,-7H,0), ferric chloride
(FeCl;), sodium hydroxide (NaOH), fructose (C¢H;,0H) powder
and tetraethyl orthosilicate (Si(OC,Hs),) have been purchased
from Sigma-Aldrich. All reagents are of analytical grade and have
been used without further purification. De-ionized water (Milli-Q
10 TS) with resistivity >18.2 MQ cm has been used for preparing
all aqueous solutions. Indium-tin-oxide (ITO) coated glass plates
have been obtained from Balzers, UK, (Baltracom 247 ITO,
1.1 mm thick) with a sheet resistance and transmittance of 25 Q
sq~ "' and 90%, respectively. Cholesterol powder and cholesterol
oxidase (EC 1.1.36 from Pseudomonas fluorescens) with a specific
activity of 26 U mg ' have been purchased from Sigma-Aldrich
(USA). The stock solution of cholesterol has been prepared in
10% triton X-100 and stored at 4 °C.

(a) Preparation of Fe;0,, Fe;0,@C and Fe;0,@SiO, NPs

() Fe3O4 NPs. The Fe;O, NPs have been prepared via
hydrolytic reaction based on chemical co-precipitation of metal
salts with an alkali, as reported earlier.”® Briefly, 0.32 M FeS-
0,-7H,0 and 0.64 M FeCl; are added to 10 mL of deoxygenated
water (containing 12.1 N HCI) with continuous stirring at 30 °C.
The solution containing iron salts is dropwise added to 100 mL
of NaOH solution (1.5 M) with vigorous stirring at 30 °C. The
mixture is then stirred for an additional 30 min, resulting in the
appearance of a black precipitate. The particles are washed by
centrifugation at 3500 rpm for 30 min and the supernatant is
removed by decantation. The particles are then redispersed in
200 mL of deoxygenated water and are stabilized by making the
pH of the sol 3.5 using HCI.

Furthermore, the Fe;0, NPs are subjected to high tempera-
ture and pressure using autoclaves. 30 mL of the above
synthesized NPs are autoclaved at 180 °C for 4 h.*”

(1) Fe304@C NPs. Carbon capped Fe;O, NPs have been
prepared via hydrothermal carbonization reaction. For this
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purpose, 10 mmol of fructose powder is added to 30 mL of
Fe;O, NPs sol**?%?° and the mixture is autoclaved at 180 °C for
4 h. At this temperature, fructose melts and carbonization of
fructose occurs, resulting in a carbon shell over the Fe;0, NPs.*°
The reaction mixture is cooled under ambient conditions. The
synthesized product is washed by centrifugation at 3500 min~*
and the supernatant is removed by decantation. No change in
color of the sol is observed and the pH of the NPs redispersed in
water is recorded as 8.0.

() FEzO,@S10, NPs. To 10 mL of Fe;04 NPs sol (diluted
with 40 mL of iso-propanol) are added 1 mL of ammonia and
1 mL of tetraethyl orthosilicate (TEOS).** The mixture is stirred
at 30 °C for 4 h and a change in colour from dark brown to light
brown is observed upon completion of the reaction. The
synthesized NPs are collected by centrifugation at 3500 min~"
and the pH of the NPs redispersed in water is recorded as 9.6.

(b) Preparation of nanostructured iron oxide films

The nanocrystalline films of iron oxide are deposited onto ITO
coated glass plates using a two-electrode system with platinum
as the auxiliary electrode and an ITO-coated glass plate as the
deposition electrode. The electrophoretic deposition involves
charged particles in a suspension being deposited onto an
electrode under the influence of an applied electric field. Thus,
the use of surfactant is avoided and the charge on the surface of
the NPs is introduced by adjusting the pH of the suspension to
obtain a stable sol. The Fe;O, NPs carry a positive charge at pH
3.5 since the isoelectric point of Fe;0, is 6-7.%>** Cationic NPs
are deposited onto the ITO-coated glass plate at the cathode
terminal. Application of even a small voltage leads to electrol-
ysis of water, producing hydrogen and oxygen gas, which hinder
continuous flow of the NPs and affect the film uniformity.>
Thus, a mixture of methanol-water (2 : 1) is utilized for depo-
sition of the desired nanocrystalline film. The conditions for
obtaining uniform films have been optimized for various
parameters such as applied potential, concentration, deposi-
tion time, etc., and uniform films of Fe;O, NPs and Fe;O, NPs
(autoclaved) are obtained upon application of a 5 V potential for
30 s (Scheme 1).

EPD (30s)
—
!m CH,OH:H,O (2:1)
a-Fe,0,
% > EPD (60'5) R
& CHOHHO (2:1) A&V
Fe304 @cC
2, EPD 60 s)
= l
CH30H HO (2:1)
Fe;0,@ Si0, FeaO,, @sio,
Scheme 1
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Fig. 1 TEM micrographs of: (a) Fe3s04 NPs (inset: high-resolution image of a
single particle); (b) FesO4 NPs (autoclaved); (c) Fe30,@C NPs; (d) Fes0,@SiO NPs.
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Fig.2 UV-vis absorption spectra of: (a) Fes04 NPs; (b) Fe3s04 NPs (autoclaved); (c)
Fe30,4,@C NPs; (d) Fes0,@SiO, NPs.

The Fe;0,@C and Fe;0,@SiO, NPs have been deposited in a
methanol-water (2 : 1) mixture. Although the Fe;0,@C NPs are
stable at 8.0 pH, no deposition occurs, indicating that the NPs
carry negligible charge. A positive charge on the NPs is then
introduced by adjusting the pH to 3.5 and a nanocrystalline film
is deposited onto the ITO-coated glass plate at the cathode
terminal by applying an optimized potential of 10 V for 60 s.
Interestingly, the Fe;0,@SiO, NPs carry negative charge at pH
9.6 (as the iso-electric point of SiO, NPs is ~2),* thus a nano-
crystalline film is deposited onto the ITO-coated glass plates at
the anode terminal upon application of a 10 V potential for 60 s.
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Fig. 3 XRD spectra of: (a) Fe304 NPs; (b) film obtained from Fe30,4 NPs; (c) film
obtained from Fes0,4 NPs (autoclaved); (d) film obtained from Fes0,@C NPs; (e)
film obtained from Fe30,@SiO, NPs.

(c) Fabrication of nanostructured iron oxide film based
bioelectrodes

ChOx is physisorbed onto the nanostructured iron oxide films.
For this purpose, 20 pL of freshly prepared ChOx solution (1 mg
mL ") is spread onto the a-Fe,0; and Fe;0,@C nanocrystalline
films. ChOx immobilized iron oxide films are incubated at 27 °C
for 2 h and at 4 °C for 12 h.*® Later, weakly bound ChOx are
removed by washing these films with 100 mM PBS buffer con-
taining 0.05% Tween-20.” These films are stored at 4 °C when
not in use. The fabricated ChOx/Fe;0,@C film/ITO and ChOx/a-
Fe,O; film/ITO bioelectrodes have been characterized via SEM,
CV and EIS studies and the enzyme activity measurements for
the fabricated bioelectrodes have been carried out using CV and
EIS techniques.

(d) Characterization

TEM micrographs have been recorded using a high-resolution
transmission electron microscope (HR-TEM, Tecnaii-G2F30
STWIN). Samples for TEM are prepared on 200 mesh carbon
coated copper grids. A drop of iron oxide NPs sol is carefully
placed on the copper grid surface and is then dried under
ambient conditions. The structure of the powder samples and
nanostructured iron oxide films have been analyzed using X-ray
powder diffraction (XRD, Cu-Ko. radiation, Rigaku) over the 26
range from 25-70° using a monochromatized X-ray beam with
Cu-Ko. radiation (A = 1.54 A). XPS measurements have been
carried out in a Perkin Elmer XPS chamber (PHI 1257) with a
base pressure of 5 x 10 ° torr. The chamber is equipped with a
dual anode MgK, (energy 1253.6 eV) and Al-K, (energy
1486.6 eV) X-ray source and a high-resolution hemispherical
energy analyzer for energy resolved electron detection. An Mg-
K, X-ray source has been used for this study. The samples are

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 Deconvoluted XPS spectra of Fe 2p3,, acquired for: (a) a-Fe,05 film, and
(b) Fes04@C film.
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Fig.5 FTIR spectra of: (a) a-Fe;O3 NPs film obtained from Fe304 NPs; (b) a-Fe; 03
NPs film obtained from Fes04 NPs (autoclaved); (c) film of Fes0,@C NPs; (d) film
of Fe30,@SiO, NPs.
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Fig. 6 SEM micrograph of: (a) a-Fe;03 NPs film obtained from Fe30,4 NPs; (b) a-
Fe,03 NPs film obtained from FesO4 NPs (autoclaved); (c) film of Fes0,@C NPs; (d)
film of Fe30,@SiO, NPs.

sputtered with 4 keV argon ions to remove surface contamina-
tion prior to XPS studies. The absorption studies of the bare and
encapsulated NPs have been conducted on a Phoenix-
2200 DPCV UV-Vis spectrophotometer in the wavelength range
200-900 nm. The transmission studies of the nanostructured
iron oxide films in the infrared region have been carried out on
a Perkin Elmer, Spectrum BX II spectrophotometer in the
wavenumber range of 400-4000 cm ‘. The morphological
changes of the nanocrystalline films upon enzyme immobili-
zation have been studied using SEM (LEO 440 scanning electron
microscope).

The electrochemical experiments have been conducted on
an Autolab PGSTAT 302N System (Ecochemie, The Netherlands)
in a three electrode system. All electrochemical experiments
have been carried out in a cell containing 15 mL of 100 mM
phosphate buffer solution (PBS) containing 0.9% NaCl and
5 mM K;/K,[Fe(CN)¢] as a redox probe and using a platinum
wire as auxiliary, a Ag/AgCl wire as reference, and the nano-
structured iron oxide films on ITO as the working electrode.

Results and discussion
(a) TEM studies of iron oxide NPs

Fig. 1(a) shows a TEM micrograph of the Fe;0, NPs, indicating
formation of nearly monodispersed nanocrystals with an
average diameter of 10 nm. The lattice spacing of ~2.56 A
obtained from the fringe pattern (Inset Fig. 1(a)), matches with
the d-value (2.56 A), corresponding to the (311) 4kl plane of the
Fe;0, nanocrystals (JCPDS file: 890951). However, after hydro-
thermal treatment, the average size of the NPs increases by
about two nm (Fig. 1(b)). The increase in the average particle
size of autoclaved NPs and the decrease in the number of
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Optical density of Gram positive (Providencia sp.) and Gram negative (Bacillus sp.) bacteria as a function of time in the presence of Fes0,@C and a-Fe,05 films

Optical density

Nanostructured film Bacteria 0h 2h 4 h 6 h 8h 10 h 12 h
Fe;0,@C film Providencia sp. 0.01 0.03 0.07 0.15 0.28 0.43 0.56
Fe;0,@C film Bacillus sp. 0.02 0.09 0.24 0.57 0.68 0.73 0.89
a-Fe,0; film Providencia sp. 0.03 0.06 0.09 0.14 0.19 0.54 0.63
o-Fe,0; film Bacillus sp. 0.02 0.08 0.26 0.58 0.65 0.82 0.85

smaller NPs indicates the growth of NPs at the expense of
smaller NPs, suggesting Ostwald ripening*® of NPs. Also, the
edges and roughness observed on the NPs’ surfaces are reduced
upon hydrothermal treatment, and the NPs assume a spherical
shape. Thus, the size and smoothness of the NPs can be tailored
using hydrothermal treatment.

Upon capping the Fe;O, NPs with carbon and silica, the
average particle size of the Fe;0, NPs increased to 14 nm and
20 nm (Fig. 1(c) and (d)) suggesting the formation of a carbon
and silica shell, respectively, over the Fe;O, NPs. Due to the
formation of the thick shell of silica, the Fe;O, NPs are well
separated and uniform (inset Fig. 1(d)) while some agglomera-
tion has been observed in the case of the Fe;0,@C NPs (inset

Fig. 1(c)).
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(b) UvV-visible studies of Fe;0,, Fe;0, (autoclaved), Fe;0,@C
and Fe;0,@SiO, NPs

Fig. 2 shows absorption spectra of the Fe;O, NPs, Fe;0, NPs
(autoclaved), Fe;0, NPs capped with carbon and Fe;O, NPs
capped with silica in the UV-Vis wavelength range. The absorp-
tion onset of the Fe;04 NPs is at ~600 nm (Fig. 2(a)). Because of
the quantum size effect, this onset value is blue-shifted by
100 nm as compared to that of the bulk Fe;0,.** The band near
300 nm corresponds to ligand field transitions of Fe** and the
shoulder peak around 480 nm corresponds to excitation of the
Fe-Fe pair.* A similar spectrum is observed for the autoclaved
Fe;0, NPs (Fig. 2(b)). The higher absorption for the autoclaved
NPs for the same concentration may be due to an increase in
particle size of the NPs upon hydrothermal treatment.
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Fe30,@C film/ITO electrode (ii), and ChOx/Fe3;0,@C film/ITO bioelectrode (iii); (c) CV curves for the ITO electrode (i), a-Fe,O3 film/ITO electrode (ii), and ChOx/a-Fe,03
film/ITO bioelectrode (iii); (d) Nyquist plots for the ITO electrode (i), a-Fe,03 film/ITO electrode (ii), and ChOx/a-Fe,O3 film/ITO bioelectrode (iii).
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Fig. 8 (a) CV response studies of ChOx/Fe30,@C film/ITO bioelectrode; (b) EIS response studies of ChOx/Fe30,@C film/ITO bioelectrode; (c) CV response studies of
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Fig. 9 Linear calibration plots obtained using CV data for: (a) ChOx/Fes0,@C
film/ITO bioelectrode and (b) ChOx/a-Fe,03 film/ITO bioelectrode.

Upon encapsulation of the Fe;0, NPs with carbon and silica
shells, the scattering from the NPs increases due to an increase
in particle size.** Importantly, this increase in scattering is
specific to the wavelength range of 500-900 nm. On the
contrary, the absorption at lower wavelengths is suppressed due

This journal is © The Royal Society of Chemistry 2013
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Fig. 10 Linear calibration plots obtained using EIS data for: (a) ChOx/Fe30,@C
film/ITO bioelectrode and (b) ChOx/a-Fe,O5 film/ITO bioelectrode.

to capping of the Fe;O, NPs. Such crossover in absorption
spectra for the same concentration suggests surface modifica-
tion of the Fe;O, NPs. For the carbon capped Fe;O, NPs, the
characteristic spectrum from the Fe;O, NPs is retained
(Fig. 2(c)), but the partial suppression of the absorption
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Table 2 Comparison table summarizing the characteristics of cholesterol biosensors based on nanostructured metal oxide films

Linear range Response Shelf

Electrode Transducer (mg dL ™) Sensitivity K, value  time (s) Reproducibility  life (days) Ref.
CeO,/ITO Cyclic voltammetry 10-400 — 2.08 mM 15 — — 62
Chitosan- Cyclic voltammetry 5-400 347 pAmg 'dlem > 3.8 mM 5 — 80 63
SnO,/ITO
ZnO/Au Cyclic voltammetry 25-400 457nAmg 'dlem? 21mM 15 — 70 64
ZnO/ITO Cyclic voltammetry 5-400 59.0nAmg 'dlem™? 0.03mM 10 20 85 65
Fe;O0, NPs Spectroscopy 50-200 — 045 mM — — 10 66
Fe;0,@C/ITO  Cyclic voltammetry 25-400 193nAmg "dLem > 0.03mM 60 25 70 Present

Impedance spectroscopy 0.90 Q mg~' dL. cm ™2 work
o-Fe;03/ITO  Cyclic voltammetry 50-400 218 nAmg 'dLem > 0.04 mM 60 20 56

Impedance spectroscopy

intensity suggests the capping of the Fe;0, NPs with a thin layer
of carbon. Upon capping the Fe;O, NPs with silica, an absence
of the characteristic absorption from Fe;O, NPs (200-450 nm)
can be seen*>** (Fig. 2(d)). This suggests complete coverage of
the Fe;0, NPs with a thick shell of silica, which increases the
overall scattering from the NPs, while on the contrary, it
completely suppresses the absorption from the Fe;0, NPs.

(c) X-Ray diffraction studies of Fe;0, NPs and
nanostructured iron oxide films

Fig. 3(a) shows an XRD pattern of the bare Fe;0, NPs. The
diffraction peaks obtained correspond to the cubic spinel
structure of Fe;0,.**** The average particle diameter of 10.6 nm
calculated using the Debye-Scherrer formula (from the most
intense peak at 20 = 35.57°) is in agreement with the particle
size determined by statistical analysis of the TEM images,
indicating that each individual particle is a single crystal.*®

Fig. 3(b) and (c) show XRD spectra of the iron oxide films
prepared from the Fe;O, NPs and Fe;O, NPs (autoclaved),
respectively. The diffraction peaks of the films match a-Fe,0;
(JCPDS file: 890599-96). In spite of the Fe;O, NPs being the
starting material for the film deposition, the XRD spectra
obtained from the deposited film corresponds to that of a-Fe,0;.
This change of phase can be ascribed to the oxidation of NPs
during electrophoretic deposition in the water-methanol mixture.
The hydroxyl (OH) groups resulting from the dissociation of water
and methanol molecules get adsorbed on the surface of magne-
tite NPs and catalyze their oxidation process.” In addition, the
application of a potential above the oxidation potential of Fe** (i.e.
0.77 V) results in the modified nucleation rate (kinetics),
enhanced diffusion of species and gradient of the lattice constant,
which drives the nucleation of a-Fe,O; NPs.*”** Also, uncapped
Fe;0,4 NPs undergo rapid agglomeration during deposition, their
large size favors the oxidation to hematite over magnetite.* To the
best of our knowledge, a change in phase of Fe;0, NPs obtained
during electrophoretic deposition occurring in such a short span
of time (30 s) has not been reported in the literature.

To control this oxidation step, the Fe;O, NPs have been
encapsulated with an organic carbon shell and an inorganic
silica shell, as mentioned in the preceding section. Fig. 3(d) and
(e) show XRD spectra of the films obtained from the Fe;0,@C
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NPs and Fe;0,@SiO, NPs, respectively. The diffraction peaks
obtained from the films of the encapsulated NPs match those of
Fe;0, (with a slight shift), indicating that no oxidation occurs
during the deposition of films upon capping the Fe;O, NPs with
organic and inorganic shells. After capping, the surface of the
Fe;0, NPs has been passivated, which circumvents the
adsorption of hydroxyl groups onto their surface and thus
prevents their phase change. Thus, an additional oxidation step
during electrophoretic deposition of Fe;O, NPs can be cir-
cumvented using surface passivation.

(d) X-Ray photoelectron studies of a-Fe,0; and Fe;0,@C
films

To further confirm the phase of the NPs before and after elec-
trophoretic deposition, XPS core level spectra of a-Fe,O; and
Fe;0,@C films have been acquired for Fe 2p and the deconvo-
luted Fe 2p;, spectra are shown in Fig. 4. Background
subtraction and peak fitting of the spectra have been done using
the Shirley function and Gaussian function, respectively, and
the spectra have been referenced to the C 1s main peak at
284.6 eV. A considerable difference can be seen in the two
spectra for the a-Fe,O; and Fe;O,@C films.

Fig. 4(a) shows the deconvoluted XPS Fe 2pj3, spectra of the
o-Fe,0; film. The peak fitting of the spectra reveals that Fe**
and Fe®" ions are present in the ratio of 1 : 6.7. This shows that
the film mostly contains Fe,O; with traces of Fe;O,, which
suggests the in situ oxidation of uncapped Fe;O, NPs during
electrophoretic deposition. However, the deconvolution and
peak fitting of the Fe 2p;/, spectra obtained for the Fe;0,@C
film reveals that the ratio of Fe** and Fe** ions is 1 : 2 (Fig. 4(b)).
This shows that the Fe;O, NPs retain their phase upon encap-
sulation with carbon and the film consists of Fe;O, NPs. Thus,
surface passivation restricts the in situ oxidation of Fe;0, NPs
during electrophoretic deposition. The presence of metal Fe has
also been noticed in Fe;0,@C film, while hydrated Fe is present
in both the films, as expected.*®**

(e) FTIR studies of nanostructured iron oxide films

Fig. 5 shows the transmittance spectra of the nanostructured
iron oxide films. In the case of the a-Fe,O; NPs film (Fig. 5(a)
and (b)) (obtained from Fe;0, NPs and Fe;O, NPs (autoclaved),
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respectively), the peak seen at 566 cm ' corresponds to the
vibrations of Fe-0.'* However, upon capping of the Fe;O, NPs
with carbon and silica, the Fe-O vibration peak at 566 cm ™'
disappears and two additional peaks at 649 cm ™' and 465 cm™
(Fig. 5(c) and (d)) have been obtained.

In the case of the carbon capped Fe;04 NPs (Fig. 5(c)), the peak
at 2934 cm ! refers to the C-H stretching vibrations, the peak at
1416 cm ™' refers to the C-H bending vibrations and the peak at
1066 cm ™ * refers to the C-O stretching vibrations. All these peaks
indicate the presence of aliquots of fructose, since fructose
molecules present in the hydrated state are unlikely to decom-
pose completely,”>* but as a convention adopted by previous
reports, we label these nanoparticles as carbon capped Fe;O,
NPS‘23,29

In the case of silica capped Fe;O, NPs (Fig. 5(d)), a sharp
peakat 1118 cm ™ * corresponds to characteristic Si-O vibrations,
revealing the capping of the Fe;0, NPs with silica.>>*® The broad
band found at 3300-3400 cm™ ' and the peak at 1602 cm ™"
present in all the films correspond to the O-H stretching mode
and the H-O-H bending mode, respectively, indicating the
presence of interstitial water molecules in the films.**

1

(f) Morphological studies of nanostructured iron oxide films
and bioelectrodes

Fig. 6 shows the SEM micrographs of the nanostructured iron
oxide films. It can be seen that the a-Fe,O; films obtained from
Fe;04 NPs and Fe;04 NPs (autoclaved) have an average particle
size of 300 nm and 200 nm, respectively (Fig. 6(a) and (b)). The
observed increase in particle size and deformation in shape
indicate agglomeration of the uncapped NPs upon deposition.
The agglomeration is more prominent for the as-prepared Fe;0,
NPs owing to their surface roughness. The electrical double
layer gradient is maximum at the edges of the NPs, which
results in the electrostatic attraction of the NPs and the growth
in their size.”” However, due to the removal of edges and surface
smoothing of the NPs upon hydrothermal treatment, the auto-
claved NPs undergo reduced aggregation.

Upon capping of the Fe;0, NPs with carbon and silica, the
agglomeration has been further restricted. A radical decrease of
the average particle size to 100 nm (Fig. 6(c)) and 160 nm
(Fig. 6(d)) is observed in the case of the carbon capped NPs and
silica capped NPs, respectively. Also, the capped NPs retain their
initial spherical shape upon deposition, as compared to the film
of uncapped NPs. The reduction in size and retention of
spherical shape indicate a considerable decrease in the
agglomeration of NPs upon capping. Further, the immobiliza-
tion of cholesterol oxidase onto the nanostructured iron oxide
films has been confirmed using SEM (Fig. S1, ESI}). The change
in morphology from a dense uniform distribution of NPs in the
nanoscale to the globular structure of ChOx at the micron scale
is attributed to the physical adsorption of ChOx molecules onto
nanostructured iron oxide films.*®

(2) Biocompatibility of Fe;0,@C and o-Fe,O; films

The biocompatibility of the Fe;0,@C and a-Fe,O; films has
been investigated using bacterial systems i.e. Gram positive
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(Bacillus sp.) and Gram negative (Providencia sp.) bacteria. Two
methods have been utilized to examine the biocompatibility of
nanostructured iron oxide films. Firstly, cultures of Gram posi-
tive and Gram negative bacteria are spread on nutrient agar
plates and Fe;0,@C and a«-Fe,O; films are kept on these plates
under optimum growth conditions (28 °C and 150 rpm). No zone
of inhibition is observed for the nanostructured iron oxide films.
Secondly, side arm flasks are prepared with nutrient broth and
both the bacteria are inoculated. Films are kept in the nutrient
broth and grown under optimum conditions (28 °C and
150 rpm). Colorimetric readings recorded at intervals of 2 h are
summarized in Table 1, which clearly indicates the biocompat-
ibility of the Fe;0,@C and a-Fe,O; films as the optical density of
Gram positive and Gram negative bacteria increases with time in
the presence of nanostructured iron oxide films.

(h) Electrochemical characterization of ChOx immobilized
iron oxide electrodes

() CuHOx/FEz0,@C FruM/ITO BIOELECTRODE. Fig. 7(a)
shows the cyclic voltammograms of the ITO electrode, Fe;0,@C
film/ITO electrode and ChOx/Fe;0,@C film/ITO bioelectrode in
the potential range of —0.7 V to +0.7 V at a scan rate of 30 mV s~ .
The decrease in anodic peak current obtained for the Fe;0,@C
film/ITO electrode (Fig. 7(a), (ii)) compared to that of the ITO
electrode (Fig. 7(a), (i)) reveals the formation of a layer of
Fe;0,@C NPs on the ITO surface. Furthermore, the increase in
oxidation current obtained for the ChOx/Fe;O,@C film/ITO
bioelectrode (Fig. 7(a), (iii)) compared to that of the Fe;0,@C
film/ITO electrode (Fig. 7(a), (ii)) is attributed to electron transfer
facilitated by redox moieties at the active sites (FAD centres) of
the enzyme at the electrode surface.

Fig. 7(b) shows the Nyquist plots obtained for the ITO elec-
trode, Fe;0,@C film/ITO electrode and ChOx/Fe;0,@C film/
ITO bioelectrode. The increased R, value of 1.35 kQ for the
Fe;0,@C film/ITO electrode (Fig. 7(b), (ii)) compared to the R,
value of 0.28 kQ for the ITO electrode (Fig. 7(b), (i)) indicates
formation of a Fe;0,@C NPs layer on the ITO surface. The
presence of the Fe;0,@C NPs layer impedes the flow of elec-
trons, resulting in an increased value of R.. Furthermore, a
decrease in R value from 1.35 kQ for the Fe;0,@C film/ITO
electrode to 1.18 kQ for the ChOx/Fe;0,@C film/ITO bio-
electrode (Fig. 7(b), (iii)) reveals the ChOx immobilization onto
the Fe;0,@C film/ITO electrode. This decrease in R value is
ascribed to the facile electron transfer aided by the redox
moieties of the enzyme at the electrode surface.

According to Laviron’s theory, the slope of the linear curve
between the anodic peak potential and the logarithm of scan
rate represents RT/anF (a: transfer coefficient). This can be used
to calculate the surface concentration of the ionic species of the
bioelectrodes using the following equation:

iy = "’ FFvCAM4RT)™" 1)

where, i,/v can be calculated from the 7, vs. v plot* (iy: anodic
peak current; »: scan rate).

The slope of the linear plot of anodic peak potential vs.
logarithm of scan rate for the ChOx/Fe;0,@C film/ITO
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bioelectrode gives RT/anF = 0.23. Using eqn (1), the surface
concentration on the ChOx/Fe;0,@C film/ITO bioelectrode has
been found to be 2.52 x 10~ mol cm™>.

(n) CHOx/o-FE,O3 FiM/ITO BIOELECTRODE. Fig. 7(c)
shows the cyclic voltammograms obtained for the ITO elec-
trode, a-Fe,O3 film/ITO electrode and ChOx/a-Fe,O; film/ITO
bioelectrode in the potential range of —0.7 V to +0.7 V at a scan
rate of 30 mV s~ '. The oxidation peak seen at 0.38 V is attributed
to the oxidation of the redox couple K3/K,[Fe(CN)¢], present in
the buffer.*® The decrease in the oxidation current obtained for
the a-Fe,O3 film/ITO electrode (Fig. 7(c), (ii)) compared to that
of the ITO electrode (Fig. 7(c), (i)) indicates formation of a layer
of a-Fe,O; NPs on the ITO surface. Furthermore, the increase in
oxidation current obtained for the ChOx/a-Fe,O; film/ITO bio-
electrode (Fig. 7(c), (iii)) compared to that of the a-Fe,O; film/
ITO electrode (Fig. 7(c), (ii)) is attributed to the presence of
redox moieties at active sites (FAD centres) of the enzyme,
leading to fast electron transfer between the enzyme and the
electrode surface.*”

Fig. 7(d) shows the Nyquist plots obtained for the ITO
electrode, a-Fe,0O; film/ITO electrode and ChOx/a-Fe,O; film/
ITO bioelectrode. The increased R, (charge transfer resistance)
value of 1.14 kQ obtained for the a-Fe,O; film/ITO electrode
(Fig. 7(d), (ii)) compared to the R value of 0.28 kQ for the ITO
electrode (Fig. 7(d), (i)) is attributed to the formation of a layer
of a-Fe,03; NPs on the ITO surface. Formation of an a-Fe,O;
NPs layer results in decreased interfacial electron transfer,
thereby causing an increase in the R, value. Furthermore, the
observed decrease in R value from 1.14 kQ for the «-Fe,O;
film/ITO electrode (Fig. 7(d), (ii)) to 0.82 kQ for the ChOx/a-
Fe,0; film/ITO bioelectrode (Fig. 7(d), (iii)) is attributed to
facile electron transfer mediated by the redox centres of the
enzyme.

The surface concentration of ionic species on the ChOx/a-
Fe,O5 film/ITO bioelectrode has been found to be 1.81 x 10~
mol cm ™2 (using RT/anF = 0.16). The higher concentration of
ionic species on the ChOx/Fe;0,@C film/ITO bioelectrode
compared to the ChOx/a-Fe,O3 film/ITO bioelectrode is attrib-
uted to the larger surface area provided by the Fe;0,@C
nanocrystalline film owing to the smaller particle size of the NPs
as compared to the a-Fe,O; nanocrystalline film for enzyme
immobilization.

(i) Electrochemical response of ChOx immobilized iron
oxide electrodes

() CHOx/FEz0,@C FriM/ITO BIOELECTRODE. Fig. 8(a)
shows the response of the ChOx/Fe;0,@C film/ITO bioelectrode
obtained as a function of cholesterol concentration using cyclic
voltammetry. The bioelectrode exhibits a response time of 60 s
(Fig. S4(a)t). The anodic peak current of the ChOx/Fe;0,@C
film/ITO bioelectrode plotted as a function of cholesterol
concentration (Fig. 9(a)) reveals the linearity range as 25-500
mg dl~! with a standard deviation and correlation coefficient of
4.82 pA and 0.99, respectively. The sensitivity of the ChOx/
Fe;0,@C film/ITO bioelectrode exhibited by the slope of the
linear regression curve is 193 nA mg~" dl cm 2. The value of the
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Michaelis-Menten constant of the ChOx immobilized Fe;O0,@C
film has been found to be 1.44 mg dl™".

The Nyquist plots for the ChOx/Fe;0,@C film/ITO bio-
electrode as a function of cholesterol concentration have been
investigated to obtain the impedimetric response of the
biosensor (Fig. 8(b)). The linear calibration curve obtained by
plotting the R value for the ChOx/Fe;0,@C film/ITO bio-
electrode as a function of cholesterol concentration (Fig. 10(a))
reveals a linearity range of 25-500 mg dl~" with standard devi-
ation and regression coefficient of 0.02 kQ and 0.99, respec-
tively. The sensitivity of 0.90 Q mg™" dl cm™? is obtained from
the slope of the linear regression curve of the ChOx/Fe;0,@C
film/ITO bioelectrode.

The shelf life and reproducibility of the ChOx/Fe;0,@C film/
ITO bioelectrode have been investigated using cyclic voltam-
metry. The activity of the bioelectrode is monitored at regular
intervals of seven days. The bioelectrode exhibits only 6%
reduction in peak current after 10 weeks for 100 mg dl™*
cholesterol concentration when stored at 4 °C (Fig. S2(a)f). The
reproducibility of the sensing parameters of the bioelectrode
has been studied with a cholesterol concentration of 25 mg dl ™
and it has been found that the bioelectrode can be used up to 25
times without significant decrease (40 pA) of the response signal
(Fig. S3(a)).

(n) CHOx/o-Fe;O3 FiM/ITO BIOELECTRODE. Fig. 8(c)
shows the response of the ChOx/a-Fe,O; film/ITO bioelectrode
obtained as a function of cholesterol concentration using the
cyclic voltammetric technique. The response time of this elec-
trode is found to be 60 s (Fig. S4(b)t). The magnitude of the
amperometric current of the ChOx/a-Fe,O; film/ITO bio-
electrode plotted as a function of cholesterol concentration
(Fig. 9(b)) shows linearity in the range 25-500 mg dI~" with
standard deviation and correlation coefficient of 4.52 pA and
0.99, respectively. The sensitivity of the ChOx/a-Fe,O; film/ITO
bioelectrode exhibited by the slope of linear calibration curve is
found to be 218 nA mg~" dl cm™>. The value of the Michaelis-
Menten constant of the ChOx immobilized «-Fe,O; film has
been found to be 1.46 mg dl™.

The electrochemical impedimetric response of the ChOx/a-
Fe,0; film/ITO bioelectrode has been investigated as a function
of cholesterol concentration using Nyquist plots (Fig. 8(d)). The
linear calibration curve obtained by plotting the R, values for
the ChOx/a-Fe,O; film/ITO bioelectrode as a function of
cholesterol concentration (Fig. 10(b)) reveals a linearity range of
50-500 mg dl~* with standard deviation and regression coeffi-
cient of 0.02 kQ and 0.97, respectively. The value of sensitivity
exhibited by the slope of the linear regression curve for the
ChOx/a-Fe,05 film/ITO bioelectrode is 0.42 Q@ mg " dl cm >
(Table 2).

The shelf-life of the ChOx/a-Fe,O; film/ITO bioelectrode has
been investigated for a 100 mg dl~" cholesterol concentration
using cyclic voltammetry. The bioelectrode exhibits a 6%
decrease in the peak current for the first 8 weeks, but a sudden
decrease in the signal has been observed afterwards and the
current reduced by 11.5% after 10 weeks (Fig. S2(b)t). The
ChOx/a-Fe,0; film/ITO bioelectrode can be used up to 20 times
with insignificant loss (66 pA) of the signal (Fig. S3(b){).
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Conclusions

Nanocrystals of Fe;O, with an average particle diameter of
10 nm have been synthesized. The electrophoretic deposition of
bare Fe;O, NPs in a methanol-water mixture results in oxida-
tion and phase transformation of NPs and a film of a-Fe,O3; NPs
has been obtained. The phase transformation of the Fe;0, NPs
can be circumvented using surface passivation of Fe;O,
NPs with an organic carbon shell and an inorganic silica shell.
Encapsulation of the Fe;O, NPs restricts agglomeration of NPs
during film deposition and retains a high surface to volume
ratio for enzyme loading. Due to the non-conducting nature of
silica, Fe;0,@SiO, NPs show poor electrochemical response.
However, these can be utilized for applications in drug
delivery,”* biocatalysis and bioseparation,”>*® magnetic reso-
nance imaging,”® determination of metal ion concentration,*
etc. Growth of Gram positive and Gram negative bacteria in
contact with the Fe;O,@C and o-Fe,O; films reveals the
biocompatible nature of the nanostructures, which is suitable
for prolonged activity of enzymes and thus, stability of biosen-
sors. The fabricated cholesterol biosensors employing Fe;O0,@C
and a-Fe,0O; nanocrystalline films show sensitivities of 193 nA
mg ' dl em 2 and 218 nA mg~ ' dl cm?, respectively, from
cyclic voltammetric studies and sensitivities of 0.42 Q mg ™" dl

> and 0.90 Q mg ' dl cm 2, respectively, from electro-

cm

chemical impedance spectroscopic studies. The low values of
the Michaelis—-Menten constant reveals the enhanced enzymatic
activity of ChOx on nanostructured iron oxide films. The
comparable sensitivities for biosensors obtained using
Fe;0,@C and a-Fe,O3; NPs suggests that encapsulation of Fe;0,
NPs with carbon does not significantly affect the electrocatalytic
activity of Fe;0, NPs, while it adds to the stability of the NPs.
However, the encapsulation of Fe;O, NPs with conjugated
carbon molecules, conducting polymers like polypyrrole, poly-
aniline, etc., may result in improved sensitivity of the biosensor.
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