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Direct Electrochemistry of Horseradish Peroxidase Embedded in
Nano-Fe;04 Matrix on Paraffin Impregnated Graphite Electrode and

Its Electrochemical Catalysis for H,0,"
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Fe304 particles coated with acrylic copolymer (ACP) of about
5—8 nm in diameter were synthesized and used for immobiliza-
tion of horseradish peroxidase (HRP). Direct electrochemistry
of HRP embedded in the nanosized Fe;Oy solid matrix modified
paraffin impregnated graphite electrode (PIGE) was achieved,
which is related to the heme Fe(III)/Fe(II) conversion of
HRP. Cyclic voltammetry gave a pair of reproducible and well-
defined redox peaks at about E,, of — 0.295 V vs. SCE. The
standard rate constant k, was determined as 2.7 s~!, It demon-
strated that the nano-Fe;0, solid matrix offers a friendly plat-
form to assemble the HRP protein molecules and enhance the
electron transfer rate between the HRP and the electrode. UV-
Vis absorption spectra and FTIR spectra studies revealed that
the embedded HRP retained its native-like structure. The
HRP/Fe;0,/PIGE showed a strong catalytic activity toward
H;0,. The voltammetric response was a linear function of H,0,
concentration in the range of 10—140 pmol/L with detection
limit of 7.3 pmol/L (s/n = 3). The apparent Michaelis-
Menten constant is calculated to be 0.42 mmol/L,

Keywords horseradish peroxidase (HRP), nano-Fe;0,, direct
electrochemistry, electrochemical catalysis, hydrogen peroxide

Introduction

Horseradish peroxidase (HRP, FW approx. 44000)
is a well-known heme-containing redox enzyme, which is
widely used for. catalytic oxidation of a wide variety of sub-
strates . 12 Direct electron transfer (dET) between the em-
bedded enzyme and electrodes can drive enzyme-catalyzed
reaction and serve as a basis of biosensors, biomedical de-
vices. The dET has become an important research area,
and aroused many interest.>** However, dET between the
electrode surface and the electroactive prosthetic groups of
redox enzyme is prohibited owing to the deep buried nature
of the active site, adsorption denaturation of macro-
molecules onto electrodes, and slow mass transfer rate of
proteins toward electrodes. Therefore, immobilization of
enzyme onto electrode surface for direct electrochemistry
has become a more and more important area of re-

search.>!! Many efforts have been made to facilitate the
electron transfer, including immobilization of proteins in
polymeric film,3 ! lipid film, %13 and nanocrystalline TiO,
film . ' Biocompatible ferromagnetic material has gained in-
tense research in biomedical and biotechnological applica-
tions . 17 Nanosized magnetite is widely used in this field
as a new kind of functional nano-material. It has been re-
ported that the ferromagnetic particles can favorably inter-
act with enzyme by active groups such as —OH,
—COOH, —NH,, without denaturation.'®!° However,
the application of nano-magnetic material Fe;0, as a solid
matrix to immobilize HRP for facilitating the dET has not
been reported in the literature. In this paper, an investiga-
tion of the interaction between HRP and nano-Fe;04 ma-
trix, dET of HRP embedded on the nano-Fe;0, at a paraf-
fin impregnated graphite electrode (PIGE) and its catalytic
activity toward hydrogen peroxide are described.

Experimental

Chemicals and reagents

Peroxidase (EC 1.11.1.7, from horseradish, 250 U/
mg, pl =7.2) was purchased from the Sino-American
Biotechnology . Bovine serum albumin (BSA) was obtained
from the Shanghai Blood Research Institute of the Chinese
Academy of Agriculture Sciences. Glutaraldehyde (25%
V/V solution in water) was from Acros, USA. Acrylic
acid/acrylate copolymer (ACP) (FM, 4500) was from
Rohm & Hass, USA. Hydrogen peroxide (30% V/V so-
lution) was from the Chemical Reagents Company of
Shanghai (China). All other chemicals were of analytical
grade. A 10 mmol/L phosphate buffer solution
(pH=6.1) containing 50 mmol/L KCl (KCI-PBS) was
used as supporting electrolyte. By mixing of stock solutions
of KH2PO4, K2HP04, H3P 04 and K3P 04, 10 mmol/ L
PBS with various pH values were prepared. Double dis-
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tilled water was used. High purity nitrogen was used for
removing oxygen.

Apparatus

A computer-based electrochemical workstation ( CHI
660A, Shanghai, China) was used for voltammetric mea-
surements. A three-electrode system was used, which was
composed of a saturated calomel electrode (SCE), a plat-
inum wire counter electrode, and a working electrode. The
electrochemical solution was bubbled with nitrogen for 15
min to remove oxygen prior to measurement and the solu-
tion was kept under nitrogen atmosphere during experi-
ment. All experiments were carried out at room tempera-
ture (15+1) C.

X-Ray diffraction (XRD) was performed with a D/
Max-Y A powder diffractometer (Rigaku) using a Cu Ka
source (A =0.154178 nm) at 30 kV, 20 mA. Transmis-
sion electron micrograph (TEM) was recorded by an H800
transmission electron microscope (Hitachi; Tokyo,
Japan). UV measurements were performed with a Tu-1901
(Beijing, China) UV-vis spectrophotometer. FTIR spectra
were obtained by using a Model VECTOR-22 FTIR spec-
trometer ( Bruker, Switzerland) .

Preparations of nano-Fe;04

The nano-Fe;0, particles coated with ACP were pre-
pared via the chemical co-precipitation according to the re-
ported method.? FeCl3+6H,0 (1.1 g, 4 mmol) and 0.4 g
of FeCl,*4H,0 (2 mmol) were dissolved in 100 mL of de-
oxygenated water. A 25% NH;*H,0 solution in minor ex-
cess was added to the solution under mechanical stirring
until the pH reached to 10 at 50 °C. Thereafter, the reac-
tion was carried out in a bath at 60 C. ACP, as a disper-
sant, was immediately added and its concentration was
controlled up to 1.5 g/L. The crystal growth was allowed
to proceed at 80 °C for 30 min. A dark precipitate was fi-
nally isolated from the suspension by magnetic decanta-
tion. After washing with deoxygenated water and anhy-
drous alcohol three times respectively, the purified product
was obtained. It was re-dispersed in anhydrous alcohol so-
lution for XRD and TEM characterization.

Fig. 1 shows the XRD spectrum of the prepared
Fe;04 particles. In the 20 range of 20°—70°, the peak
positions at corresponding 26 value are indexed as (2 2
0),(311),(222),(400),(422),(511) and (4
40), respectively. From these diffraction data, it could
be inferred that spinel structure Fe;04 has been synthe-
sized. 222! The result of TEM (Fig. 2) displayed that the
Fe304 particles were nanosized with sphere shape of aver-
age size of about 5—8 nm.

Fabrication of HRP electrode

The basic graphite disk electrode was made by press-
ing a piece of spectral graphite rod into a Teflon tube of 6

mm i.d and 10 mm o.d. and led out using a copper wire
and silver adhesives. Then the graphite disk electrode was
saturated with paraffin under infrared light for 30 min. Af-
ter polishing the electrode surface successively with metal-
lorgraphic SiC paper of different grades, the PIGE was
sonicated in anhydrous alcohol and double distilled water
for 5 min respectively. Then the PIGE was rinsed with wa-
ter thoroughly, dried under nitrogen atmosphere and ready
for use.
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Fig. 1 XRD spctrum of synthesized Fe;0y particles.

Fig. 2 TEM photo of synthesized Fe30, particles.

Nano-Fe;0; (100 mg) were dispersed in 10 mL of
anhydrous alcohol under sonication for 120 min. A 5 pL
aliquot of this dispersion solution was dropped onto the
surface of PIGE and dried in the air at room temperature
forming nano-Fe;0, particles modified electrode, labeled
as Fe304/ PIGE.

On the surface of the Fe;04/PIGE, 5 pL of HRP so-
lution (10 mg/mL) prepared in KCI-PBS (pH=6.1), 5
pL of 5.0% (W/W) BSA and 5 pL of 10% glutaralde-
hyde were added successively. Then the electrode was al-
lowed to dry naturally at room temperature. During this
course, a cross-linked HRP layer was formed on the sur-
face of the Fe304/PIGE. After rinsed thoroughly with KCI-
PBS (pH =6.1), the final HRP electrode was obtained,
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which was labeled as HRP/Fe;0,/PIGE. The HRP/
Fe;04/PIGE was stored in the pH 6.1 KCI-PBS at 4 °C

before use.
Results and discussion
Interaction of HRP and nano-Fe304 particles

Heme absorption is a very useful conformational probe
for the study of heme proteins and positions of the Soret
adsorption band provide information about the environment
of heme.?? Film cast from HRP/Fe;0, gave a heme band
at 405 nm, which was close to the Soret band at 404 nm
for native HRP in buffer (as shown in Fig. 3). This indi-
cated a heme status for the embedded HRP molecules in
nano-Fe;O4 matrix similar to that in the native protein.
FTIR spectroscopy is a more sensitive means to probe into
the secondary structure of proteins. Especially the shapes
of the amide I and amide II infrared absorbance bands of
HRP provide detailed information on the secondary struc-
ture of the polypeptide chain.?? The amide I band (1700—
1600 cm~!) could be ascribed to C = 0O stretching vibra-
tions of peptide linkages in the protein backbone. The
amide II band (1600—1500 cm~!) results from a combi-
nation of N—H bending and C—N stretching. As shown
in Fig. 4, the shape of amide I and II bands of HRP in
the Fe;04 nano-particle matrix ( 1651.8 and 1539.9
cm™!) was nearly the same as those obtained for protein it-

self (1651.2 and 1538.8 cm™!).
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Fig. 3 UV-vis adsorption spectra of HRP in PBS (pH 6.1) (a)
and HRP-Fe;0, films (b).

Electrochemical characteristics of HRP/Fe;0,4/PIGE

The bare PIGE or Fe;04-modified PIGE gave no CV
peak. HRP crosslinked with glutaraldehyde alone on PIGE
also presented no obvious voltammetric peaks within the
potential range studied. Comparatively, the HRP/Fe;0,/
PIGE gave well-defined redox peaks with E,, (E,, +
Epc)/2, of —0.295V (vs. SCE). This E,, is close to
the value obtained by Luo,'* Rusling et al .%%(as shown
in Fig. 5). The insert cyclic voltammogram (c) was ob-
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Fig. 4 FTIR spectra of the membranes of HRP-Fe;0, (a) and
HRP (b).

tained at scan rate 1.0 V/s by subtracting background CV
of Fe304/PIGE (a) from that of HRP-Fe;0,/PIGE (b).
Thus, the redox reaction could be inferred as the conver-
sion of the Fe(IIl)/Fe(II) couple of the heme prosthetic
group of HRP. The reduction peak height of the redox pro-
cess was found to increase linearly over scan rate from 0.5
V/s to 3 V/s (Fig. 6), with a correlation coefficient
0.9960, which was the characteristic of a surface wave.
As scan rate is increased, the reduction peak potential
shifts negatively. The plot of E, versus In (v) (v: scan
rate, V+s~!) showed a linear regression equation of E,/V

= -0.378-0.0438 In[v/(V+s~1)] with a correlation

~ coefficient, r, of 0.9980.

RT
anF

In comparison with the equation of E, = E° +

n - an—Fln v,2 a value of 0.6 was determined for

the charge transfer coefficient, a, for n =1 and T = 289
K. Thus the standard electron transfer rate constant, kqs

can be calculated as 2.7 s~!, according to the equation
proposed by Laviron ;%

logk{’ = alog(1 - a) + (1 - a)loga - log( RT/nFv) -
a( - a)nFAE,/(2.3RT)

This value is larger than that of nanocrystalline TiO, modi-
fied pyrolytic graphite electrode .4
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Fig. 5 Cyclic voltammograms of HRP/Fe304/PIGE at various
scan rates: (a), 3; (b), 2; (¢), 1.5; (d), 0.8;
(e), 0.5 V/s. The dotted line refers to the cyclic
voltammogram of the protein-free Fe;0, film modified
PIGE at scan rate 0.6 V/s. The insert cyclic voltam-
mograms were obtained at 1.0 V/s at (a), Fe;04/
PIGE; (b), HRP/Fe;04/PIGE; (c), substracting the
background CV a from b. Solution: pH 6.1, 10 mmol/
L PBS containing 50 mmol/L KCI.
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Fig. 6 Plot of cathodic current (iy) versus scan rate. Experi-
mental conditions: the same as in Fig. 4.

These results provide strong evidence that the capabil-
ity of electron transfer between HRP and PIGE was en-
hanced by the existence of nano-Fe;O4 matrix. It can be
expected that the small size of Fe304 particles with high
surface to volume Oratio can give the protein molecules
more freedom in orientation,?® which effectively reduces
the distance for the ET between HRP and the electrode.
On the other hand, HRP has a positive charge at pH 6.1
since its isoelectric point at pH = 7.2, which can be ex-
pected to interact with the negatively charged ACP cover
layers of the Fe;O, particles. The negatively charged —
COO~ groups on the ACP might preferentially absorb HRP
cations and become a further driving force for the embed-
ded HRP to assume correct orientation on the surface of
the nano-Fe;04 solid matrix. The existence of ACP shell
with active —COO "~ groups may interact with the amino

groups of HRP, which might be favorable chemical bond-
ing interactions to facilitate the electron transfer between
entrapped HRP and Fe;04 matrix.

pH effect

Direct electrochemistry of the embedded HRP has
been well achieved in the pH range of 3.0 to 8.0. Voltam-
metric peaks for HRP in the nano-Fe;O; matrix shifted
negatively with increasing pH value. All changes in
voltammetric peak potentials and currents with pH were re-
versible. For example, CVs for an HRP-Fe;0, film in PBS
(pH=6.1) were reproduced after immersing the film in a
PBS (pH = 8.0) and then returning it to the pH 6.1 a-
gain. Plots of E,, vs. pH gave a slope of —51.0 mV per
pH unit as shown in Fig. 7. This value is close to the the-
oretical value of —57.6 mV per pH unit at 18 °C for a re-
versible, one-proton-coupled single electron transfer pro-
cess. It is suggested that one proton transfer is coupled to
the electron transfer.
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Fig. 7 Plot of med-potential (E,) versus solution pH.

Electrocatalysis of hydrogen peroxide on HRP/Fe;04/PIGE

Fig. 8 is the CV curves obtained at the HRP/Fe304/
PIGE in PBS (pH = 6.1) 0 with and without Hy0,. It can
be seen that the cathodic peak current at —0.39 V signifi-
cantly increased after the addition of H;0;, showing an
electrochemical catalytic wave. Noticeably, no catalytic
wave was observed at either a bare PIGE or HRP
crosslinked PIGE (free of Fe;04 magnetite). This clearly
indicates that the activity of HRP is enhanced by the nano-
Fe304 entrapment. A linear dependence between the
catalytic peak current and the concentration of H,0, was
observed in the range of 1.0 x 10~5—1.4 x 10~* mol/L,
as shown in Fig. 8. The linear regression equation is i/pA
=2.78 + 452¢/(mmol *L~1) (r =0.9990). Five inde-
pendent determinations at a H,0, concentration of 3.2 x
107 mol/L showed a relative standard deviation of 3.6%,
which displays nice reproducibility. The detection limit
was 7.3 x 107% mol/L of H,0; for signal to noise ratio of
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Cyclic voltammograms of HRP/Fe;04/PIGE in the
blanch solution (a) and in the presence of H,0,:
0.032 mmol/L (b) and 0.144 mmol/L (¢). Solu-
tion; PBS (10 mmol/L, pH=6.1) + KCl (50 mmol/
L). Scan rate: 1.0 V/s. Insert is plot: the catalytic
peak current versus H,0, concentration .

For evaluation of the biological activity for the immo-
bilized HRP, the apparent Michaelis-Menten constant K2PP
can be calculated . !!:29-30

For the reaction of enzyme (E) and single substrate

(S)

E+S== ES———>E+P

It has
_ Vis[S]
T [S]+ K
l 1 KBPP
or ™ Veoax Ve[ S]

where v is the reaction rate and at infinite substrate con-
centration, v reaches its maximum velocity, V.. For
electrochemistry, the catalytic currents (i and I, ) can
be used to evaluate the reaction rate, as expressed by the
Lineweaver-Burke equation:?

_Kr
* Tou[S]

L__l_
T

From the plot of versus [S] KPP value can be calcu-

lated from the ratlo of the slope and intercept of the fitting
line.

For our case, a K" value of 0.42 mmol/L was cal-
culated for the catalytic oxidation of H,0, at the HRP/
Fe304/PIGE. This value is much smaller than that report-
ed for the system of sol-gel/GCE . %

Conclusion

Enhanced electron transfer of HRP and the electrode
was achieved at the newly prepared HRP/Fe;0,/PIGE.
This HRP modified electrode can provide a sensitive and
reproducible probing of H,0,. It is clear that the presence
of nano-Fe;04 facilitates the electron transfer between HRP
and PIGE. The HRP immobilization and stabilization is
mainly due to the large specific surface area of nano-Fe;0,
particles. However, coulombic interactions and chemical
bonding effect between the HRP and the nano-Fe;0, matrix
should also play an important role. The HRP embedded in
the nano-Fe3O4 matrix may basically remain its native
structure. Thus, it provides a promising way to fabricate
enzyme-based biosensors free of mediator. For nano-Fe;0,
solid matrix, it is potential in both protein characterization
and biosensor applications.
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