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Abstract

Direct electrochemistry and thermal stability of hemoglobin (Hb) immobilized on a nanometer-sized zirconium dioxigenfddbied
pyrolytic graphite (PG) electrode were studied. The immobilized Hb displayed a couple of stable and well-defined redox peaks with an
electron transfer rate constant of4@ + 0.93) s and a formal potential 0f-0.361V (~0.12V versus NHE) in 0.1 M pH 7.0 PBS. Both
nanometer-sized Zr{and dimethyl sulfoxide (DMSO) could accelerate the electron transfer between Hb and the electrode. Spectroscopy
analysis of the Hb/ZrggDMSO film showed that the immobilized Hb could retain its natural structure. This modified electrode showed a
high thermal stability up to 74C and an electrocatalytic activity to the reduction of hydrogen peroxid®{Hvithout the aid of an electron
mediator. The electrocatalytic response showed a linear dependence a®theoHcentration ranging from 1.5 to 3QuM with a detection
limit of 0.14uM at 30. The apparent Michaelis—Menten const&if® for H,0, sensor was estimated to be30+ 0.02) mM, showing a
high affinity.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction understanding of electron transfer mechanism between Hb
and electrodes. Among these, the surface film technique

Hemoglobin (Hb) is a molecule with four electroac- was a main method. This method incorporated Hb in a
tive iron hemes and a molar mass of approximately biomembrane-like microenvironment, such as those in poly-
64,500 g mot?. Its electrochemistry has been described mer containing methylene blue‘g¢ and Baldwin, 1988
in a number of publications, such as early on dropping lipid-bilayer (Rusling, 1998, liquid-crystal film of dido-
mercury electrodesScheller et al., 1974; Scheller, 1977; decyldimethylammonium bromideC{ureanu et al., 1993
Kuznetsov et al., 19%7and later on membrane modified PG amphiphilic polymer polyacrylamides@in et al., 200pand
electrodesYe and Baldwin, 1988; Han et al., 200&nd in- egg-phosphatidylcholineHan et al., 200 films, which
dium oxide electrodesK@wahara and Ohno, 19R8These improved the electrochemical properties of the immobilized
works indicated that the bare solid electrodes resulted in anHb and eliminated the need for an electron transfer mediator.
irreversible denaturation of Hb and showed a usually slow  Owing to the close similarity of hemoglobin with perox-
electron transfer. Great efforts have been made to facilitateidases, some researchers have observed the pseudo perox-
electron transfer for Hb by using different mediators, pro- idase activity of the Hb immobilized in SP sephad€&arg
moters or special electrode materidlsi @nd Dong, 1990 etal., 200}, egg-phosphatidylcholindi@n et al., 200pand
Rusling et al., 1993, 199&8\assar et al., 1995; Ciureanu kieselgubr WWang et al., 200Rfilms and on colloidal gold
et al.,, 1998; Chen et al., 1999; Ma et al., 2000; Sun et al., nanoparticlesGu et al., 200L This property results in an
2000; Fan et al., 2001 These works provided a significant electrocatalytic activity of the immobilized Hb to the reduc-

tion of hydrogen peroxide (}02) and has been used for
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Xiao et al., 2000; Gu et al., 2001; Shipway et al., 2000 solving 1.5mg Hb in 1.0ml DMSO was cast onto the PG
The nanoparticles can retain the bioactivity of proteins to electrode to form Hb/PG, ZEIDMSO/PG, Hb/ZrQ/PG
a large extent and accelerate the electron transfer betweeror Hb/DMSO/PG modified electrode, respectively. A small
proteins and electrodes. However, these works were almostbottle was fit tightly over the electrode for 2 h to ensure the
performed at colloidal gold nanoparticles. In this work, zir- slow evaporation of water and the formation of more uni-
conium dioxide (ZrQ@) nanoparticles with 35 nm-diameter form film. The film was then dried and aged overnight in a
are cast on a pyrolytic graphite electrode by dispersing themsealed flask kept at a constant temperature ¢fCL&rior
in dimethyl sulfoxide (DMSO) to immobilize Hb, as an ex- to electrochemical experiments, the electrode was rinsed
ample of proteins to study the applications of Zn@anopar- thoroughly with doubly distilled water and kept in PBS
ticles in protein immobilization and biosensing. The direct at 4°C.
electrochemical behavior of protein at the Zr@anopar-
ticle modified pyrolytic graphite (PG) electrode is studied 2.3. Electrochemical measurements
for the first time. The Zr@ nanoparticles and adsorbed
DMSO result in an increase of the cathodic peak current Electrochemical measurements were performed with a
of Hb for 5.1 times and a good thermal stability of the im- conventional three-electrode system with the modified PG
mobilized Hb. The peak current increase of the immobi- electrode as working electrode, a platinum wire as auxil-
lized Hb with increasing temperature from 9 to°lshows iary electrode, and a saturated calomel electrode (SCE) as
an Arrhenius-type temperature dependence. On the, ZrO reference against which all potentials were measured. The
nanoparticles Hb retains its bioactivity and displays a high electrodes were connected to a BAS-100B electrochemical
affinity to H,O», producing a novel b0, sensor for a quick  analyzer (Bioanalytical System, USA). Cyclic voltammet-
measurement of $0, down to 0.14.M. ric measurements were done in a unstirred electrochemi-

cal cell thermostated at 18 0.2°C. The thermal stability

of the Hb/ZrG/DMSO/PG was examined by increasing the

2. Experimental cell temperature and recording cyclic voltammograms after
keeping the corresponding temperature for 20 min. All ex-
2.1. Materials perimental solutions were deoxygenated by bubbling highly

pure nitrogen for 15 min and maintained under nitrogen at-
Hb was obtained from Sigma and used without further mosphere during measurements. AC impedance experiments

purification. Three milligram per milliliter Hb solution was were carried out with the PGSTAT30/FRA2 system (Auto-
stored at a temperature of°@ as stock solution. Zr® lab, The Netherlands) in 0.1 mM Fe(Cy/4~ solution.
(35+ 3nm) is a gift from Xinxing Chemicals Group of UV-Vis absorbance spectroscopy was performed using
Jiangsu (Yixing, Jiangsu, China). Other reagents were of an-a UV-2201 spectrophotometer (Shimadzu; Kyoto Japan).
alytical reagent grade. 0.1 M phosphate buffer solutions with Fourier transform infrared (FT-IR) spectra were recorded
different pH values were prepared by mixing the stock stan- on a Vector 22 FT-IR spectrometer (Bruker). Hb solution,
dard solutions of KHPO, and KHPO, and adjusting the Hb/DMSO solution, Hb/ZrG/water or Hb/ZrG/DMSO
pH with 0.1 M HsPO4 or NaOH. All solutions were made  mixture was cast on a Teflon chip, respectively. After the

up with twice-distilled water. membrane on the chip was dried in air, it was stripped
off and tabletted with KBr powder for FT-IR measure-

2.2. Electrode preparation ment. Twenty scans were collected and averaged for each
spectrum.

The substrate PG electrodes with a geometric area of
3.78 mn? were polished before each experiment with 1.0,
0.3 and 0.0.m «-alumina slurry, respectively, rinsed thor- 3. Results and discussion
oughly with doubly distilled water between each polishing
step, then sonicated in 1:1 (HN®1,0 (v/v)) nitric acid so- 3.1. Spectroscopic analysis of the Hb/2/DMSO film
lution, acetone and doubly distilled water successively and
allowed to dry at room temperature. Fig. 1 shows the UV-Vis spectra of different solutions.
For preparation of a Hb entrapped Zr@anoparticle mod- ~ The solutions of Hb and Hb/DMSO and the suspensions
ified electrode (Hb/Zr@lDMSO/PG), a ZrQ@ suspension  of Hb/ZrOy/water and Hb/Zrg/DMSO showed a largest
was firstly obtained by dispersing 2.0 mg Zr@anopar- absorbance at 405.4 nm, while no absorption for both pure
ticle powder in 1.0 ml DMSO. Aqueous mixture of {0 DMSO and ZrQ suspension was observed. Obviously,
of Hb solution and 1@.I of ZrO, suspension was spread this absorption peak was attributed to the Soret band of
onto the surface of the substrate PG electrode. Alterna-Hb (George and Hanania, 1963Previous studies have
tively, only 10ul Hb solution, ZrG/DMSO suspension, demonstrated that the absorption band would diminish upon
Hb/ZrOy/water suspension containing 1.5 mg Hb and 1.0 mg the full protein denaturationGeorge and Hanania, 1953;
ZrOz in 1.0 ml water or Hb/DMSO solution obtained by dis- Nassar et al., 1995Thus, the Hb mixed in the suspensions
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Fig. 1. UV-Vis spectra of DMSO (a); Zr$§DMSO (b); Hb (c); Hb/DMSO
(d); Hb/ZrG, (e) and Hb/Zr@/DMSO (f) solutions.

of ZrO,/DMSO and ZrQ/water and pure DMSO could
retain its native structure.

As well known, the shapes of the infrared absorption
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Fig. 3. Cyclic voltammograms of PG (a solid line), ZrO2/DMSO/PG (b,
dash line), Hb/PG (c, dot line), Hb/ZrO,/PG (d, short dash dot line),
Hb/DMSO/PG (e, short dash dot dot line) and Hb/ZrO,/DMSO/PG (f,
short dash line) in 0.1M pH 7.0 PBS at 50mV s~1.

FT-IR and UV-Vis spectroscopic experiments suggested that
the Hb in Hb/ZrO,/DM SO film was not grossly denatured
and retained its native secondary structure.

bands of amide | and amide Il in Hb molecule can pro- 32 pirect electrochemistry of Hb/ZEIDMSO modified
vide detailed information on the secondary structure of the g|ectrode

polypeptide chain Kauppinen et al., 1981 The absorp-
tion band of 1700-1600cm for amide | is caused by

C=0 stretching vibration of peptide linkages in the protein’s
backbone. The absorption band around 1620-1500:cm
for amide Il results from a combination of N-H bending
and C—N stretching. The complete denaturation of Hb will
eliminate the distinctive absorption bands of amide | and

amide Il Song et al., 1992; Nassar et al., 199big. 2
shows the FT-IR spectra of Hb, Hb/ZsOHb/DMSO and

Hb/ZrO,/DMSO films. The absorption bands for amide |

and amide Il in the Hb/Zr@gDMSO film were located at
1653.13 and 1540.96 cm, respectively, which were nearly

Fig. 3 shows the cyclic voltammograms of differ-
ent electrodes in 0.1M pH 7.0 phosphate buffer solu-
tion. The Hb/ZrO,/DMSO/PG gave a couple of stable
and well-defined redox peaks at —345 and —378mV at
50mVs~! (curve f in Fig. 3B), while no redox peak
was observable at both substrate PG electrode (curve a
in Fig. 3A) and ZrO,/DMSO/PG (curve b in Fig. 3A),
the ZrO,/DMSO/PG displayed a low background cur-
rent. Obvioudly, the response of the Hb/ZrO,/DMSO/PG
was attributed to the redox of the electroactive centers
in the immobilized Hb. On the other hand, the Hb/PG

the same as those obtained for the protein itself (1653.38 andcyrve ¢ in Fig. 3A) and the Hb/ZrO,/PG (curve d in
1540.86 ct), while these absorption bands in the Hb/ZrO Fig. 3B) also displayed a couple of redox peaks of Hb. But

or Hb/DMSO film deviated slightly from these value, indi-

cating an interaction between Hb and Zr@ DMSO when
only Hb and ZrQ or Hb and DMSO existed in the film. Both
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Fig. 2. FTIR spectra of Hb (a); Hb/DMSO (b); Hb/ZsO(c) and
Hb/ZrO,/DMSO (d) films.

these peak currents were much smaller than those at the
Hb/ZrO,/DMSO/PG. Thus, the presence of DMSO played
an important role in accelerating the electron transfer be-
tween Hb and the electrode. This property can be seen
from curve e in Fig. 3B for the Hb/DMSO/PG. The in-
creasing peak currents due to the presence of DM SO were
attributed to the decrease of the dielectric constant of the
microenvironment around Hb molecules, which decreased
the reorganization energy of biological electron transfer
(Zhou, 1994). The response at the Hb/DM SO/PG, however,
was 2.4 times smaller than that of the Hb/ZrO,/DM SO/PG.
Thus, ZrO, nanoparticles were more important for facili-
tating the electron exchange. ZrO, nanoparticles provided
a three-dimensional stage and some of the restricted orien-
tations also favored the direct electron transfer between the
protein molecules and the conductor surface.

The formal potential (EY) of the heme Fe'''/!! couple in
Hb/ZrO,/DMSO/PG, estimated as the midpoint of anodic
and cathodic peak potentials, was —361 mV (—120mV ver-
susNHE) at pH 7.0. Thisvalue was similar to those reported
previously (Nassar and Rusling, 1996; Chen et al., 1999;
Wang et al., 2002) and was more negative than that obtained
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Fig. 4. Cyclic voltammograms of Hb/ZrO,/DMSO/PG in 0.1M pH 7.0
PBS at 40, 80, 150, 300, 400 and 500mV s~ (from lowest to highest
peak currents). Insets: cyclic voltammograms of Hb/ZrO,/DMSO/PG in
0.1M pH 7.0 PBS at 10, 20, 40mV s~ (A) and plot of peak current vs.
scan rate (B).

in an agueous solution (Lu and Dong, 1990). The negative
shift of the peak potentials for the Hb modified electrode
verses the Hb/ZrO, modified €l ectrode was attributed to the
presence of the ZrO, nanoparticles which can stabilize the
oxidized form of Hb.

The cyclic voltammogram of the Hb/ZrO,/DM SO/PG
showed a nearly equal height of reduction and oxidation
peaks at the same scan rate (Fig. 4). With an increas-
ing scan rate ranging from 10 to 500mV s~! the anodic
and cathodic peak potentials of the Hb showed a small
shift and the redox peak currents increased linearly (in-
set B in Fig. 4), indicating a surface-controlled electrode
process.

The peak-to-peak separations of the cyclic voltammo-
grams of the Hb/ZrO,/DMSO/PG at 100, 150, 200, 250,
300, 400 and 500mV s~ were 33, 36, 38, 40, 42, 49 and
56 mV, respectively. Supposing the charge transfer coeffi-
cient was between 0.3 and 0.7, the electron transfer rate
constant ks was estimated according to the model of Lav-
iron (Laviron, 1979) with the formula ks = mnFv/RT to
be (7.90 + 0.93) s1, where mis a parameter related to the
peak-to-peak separation. This value was larger than that of
(2.3+0.4) s~ for Hbimmobilized in the didodecyl dimethy-
lammonium bromide film (Lu et al., 1997), suggesting
a reasonably fast electron transfer between the immobi-
lized Hb and the electrode due to the presence of ZrO;
nanoparticles.
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Fig. 5. Cyclic voltammograms of Hb/ZrO,/DMSO/PG in PBS with var-
ious pH values at 50mV s~1. Inset: effect of pH on formal potentia of
Hb/ZrO,/DMSO/PG in 0.1M PBS.

3.3. Effect of solution pH on direct electron transfer
of Hb

The effect of solution pH on the response of the
Hb/ZrO,/DM SO/PG was shown in Fig. 5. An increase of
solution pH from pH 2.5 to 9.2 led to a negative shift of
both reduction and oxidation peak potentials. In general, al
changesin the peak potentials and currents with solution pH
were reversible in the pH range from 2.5 to 9.2, that was,
the same cyclic voltammograms could be obtained if the
electrode was transferred from a solution with a different
pH valueto its original solution. Plot of the formal potential
versus pH (from 2.5 to 9.2) (inset in Fig. 5) showed a line
with a slope of —43.5mV pH~! (R = 0.9956), which was
close to the expected value of —57.8mV/pH at 291.15K,
indicating that one proton participated in the electron trans-
fer process (Sun et a., 2000; Chen et al., 1999).

3.4. Impedance characterization of Hb/ZTDMSO/PG

The effect of Hb modified films on the impedance of
PG electrode was investigated using AC impedance spec-
troscopy. An equivalent circuit was utilized to model the
impedance data, thus enabling the extraction of electrical
parameters from the impedance spectra. The data analysis
results were listed in Table 1. It was clearly observed that
the polarization impedance increased largely upon spread-
ing of Hb to PG surface. ZrO, nanoparticles could decrease
the polarization impedance, while DM SO increased slightly
the polarization impedance due to its hydrophilic interface.
Theinteraction of ZrO, and DM SO at Hb/ZrO,/DM SO/PG,

Table 1

Data analysis of AC impedance spectra of different electrodes in 0.1mM Fe(CN)g3—/4~

Electrodes? a b c d e f g
Polarization impedance (£2) 2000 + 34P 2928 + 53 1040 £+ 14 5281 + 68 3895 + 55 6938 + 61 2641 + 29
Capacitance (Fcm—2) 114 + 06 76+ 0.3 05+ 01 113 £ 0.4 6.8 + 04 36+ 03 85 + 0.7

2 (a) PG; (b) ZrO»/PG; (c) ZrOo/DMSOIPG; (d) Hb/PG: (€) Hb/ZrO,/PG; (f) HW/DMSO/PG and (g) Hb/ZrO,/DMSO/PG.
b R.S.D. for three determinations.
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Fig. 6. Cyclic voltammograms of Hb/ZrO,/DMSO/PG at 9, 30 and 74°C
in 0.1M pH 7.0 PBS a 50mV s~ Inset: plot of cathodic peak current
(@) and anionic peak current (H) vs. temperature.

however, could decrease greatly the polarization impedance
resulted from the spreading of Hb. The spreading of both
ZrO, suspension and DM SO to PG surface resulted in ade-
crease of capacitance. Thus, the redox reaction of Hb could
easier take place on the Hb/ZrO,/DM SO/PG than any other
electrodes.

3.5. Thermal stability of Hb/ZredlDMSO/PG

The immobilization of proteins and enzymes onto trans-
ducer surfaces can lead to a change of their behavior com-
pared to that observed in homogeneous solution (Wesetall,
1974; Bowers, 1986). Thermal stability is a measure of the
ability of the biosensor to withstand elevations in tempera-
ture (Wang et a., 1997). Fig. 6 shows the cyclic voltammo-
grams of the Hb/ZrO>/DM SO/PG in pH 7.0 PBS at various
temperatures. Both the anodic and cathodic peak currents of
the Hb/ZrO»/DM SO/PG increased with increasing tempera-
ture from 9 to 74 °C, displaying an expected Arrhenius-type
temperature dependence (inset in Fig. 6). Meanwhile no peak
was observed at the Hb/PG up to 52 °C (results not shown),
indicating the denaturation of Hb. Theincreasein thethermal
stability of the Hb/ZrO,/DMSO/PG could be attributed to
the presence of ZrO, nanoparticles. The immobilized Hb on
hydrophobic ZrO» nanoparticles could greatly enhance the
thermal stability due to the unusua conformational rigidity
in this nonpolar binding environment (Wang et al., 1997).

3.6. Electrocatalysis of Hb/ZrelDMSO/PG to reduction
of HoOo

Cyclic voltammograms of the Hb/ZrO,/DMSO/PG be-
fore and after injection of aliquots of H,O» solution in pH
7.0 PBS were shown in Fig. 7. Upon addition of 32uM
H>0O to the electrochemical cell the reduction peak current
increased and the anodic peak current decreased dramati-
caly, indicating a typical electrocatalytic reduction process
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Fig. 7. Cyclic voltammograms of Hb/ZrO,/DMSO/PG in 0.1M pH 7.0
PBS containing 0, 15 and 35 wM H»O, (from bottom to top) at 50mV s™1.
Inset: plot of catalytic current vs. H,O, concentration (A) and the
Lineweaver—Burk plot (B).

of H2O». Furthermore, the reduction peak current increased
with the increasing H,O, concentration. This phenomenon
was not observed at a bare PG or a ZrO,/DM SO/PG elec-
trode. Thus, the catalytic reduction of HoO, was due to the
presence of Hb.

The cdlibration curve of the Hb/ZrO,/DM SO/PG to Ho O
concentration obtained with cyclic voltammetry was shown
ininset A inFig. 7. Thelinear response range of the sensor to
H205 concentration was from 1.5t0 30.2 wM. Thelinear re-
gression equation was y = 0.028x+0.015 A, with acorre-
lation coefficient of 0.999. From the dope of 0.028 pA/uM
the detection limit was estimated to be 0.14 uM at 3c. The
sensitivity of the proposed Hb sensor was0.74A M~1cm~2,
which was larger than that of 0.6 AM~1cm=2 (Karyakin
et al., 2000) and 0.243A M~1cm—2 (Ricci et a., 2003), and
dightly lower than that of 1 or 2AM~1cm=2 at Prussian
blue modified platinum or gold screen-printed electrode (De
Mattos et a., 2003). The high sensitivity of Hb modified
electrode was due to the electrochemical characterization of
intrinsic peroxidase activity of Hb.

The redox peaks for the direct electron transfer of the im-
mobilized Hb and the electrocatalysis to the reduction of
hydrogen peroxide occurred in the potentials more negative
than —300mV. 0.1 mM ascorbic acid and dopamine with the
redox potentials more positive than 0V (versus Ag/AgCl) at
PG electrode (Han et al., 2002) did not interfere the deter-
mination of 30 wM hydrogen peroxide.

When the concentration of H,O» was higher than 30 uM,
a response platform was observed, showing a characteris-
tic of the Michaelis-Menten kinetic mechanism. The appar-
ent Michaelis-Menten constant (K), a reflection of both
the enzymatic affinity and the ratio of microscopic kinetic
constants, could be obtained from the electrochemical ver-
sion of the linweaver—Burk equation (Kamin and Willson,
1980). The Ky value for the Hb/ZrO,/DM SO/PG was de-
termined to be (0.31 £ 0.02) mM. This value was smaller
than that of immobilized horseradish peroxidase (Ferri et a.,
1998; Xiao et a., 2000). It was also smaller than those of
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0.975mM for Hb incorporated kieselgubr film (Wang et al.,
2002) and 1.9mM for Hb incorporated SP sephadex mem-
brane (Fan et a., 2001). Thus, the presence of ZrO, nanopar-
ticles resulted in a higher affinity to H,O,, as shown on a
Au colloid-cysteamine-modified gold electrode (Gu et al.,
2001).

3.7. Stability of the Hb/ZrgZDMSO/PG

When the Hb/ZrO,/DM SO/PG was not in use, it was store
in PBS or in the refrigerator at 4°C. It retained 91% of its
initial current response after a two months storage. The rel-
ative standard deviation was 5.4% for six successive deter-
minations at a HoO, concentration of 20 wM. The relative
standard deviation for determinations of H>O» concentra-
tion at 20 WM was 6.6% for seven successive renewals. The
fabrication of six electrodes, made independently with the
same bare electrode, showed an acceptable reproducibility
with a relative standard deviation of 5.2% for the current
determined at 20 uM H»05.

4. Conclusions

Hemoglobin can be effectively immobilized on zirconium
dioxide nanoparticle modified pyrolytic graphite electrode to
produce afast direct electron transfer. On the ZrO, nanopar-
ticles Hb retains its bioactivity and native structure. The im-
mobilized hemoglobin displays a high affinity to hydrogen
peroxide, which allows producing a novel H,O» sensor for
a quick measurement of H,O» down to 0.14 pM. This work
offers a way to build the new mediator-free sensors by im-
mobilizing proteins or enzymes on ZrO, nanoparticles for
determination of different substrates, such as glucose using
glucose oxidase. This may aso be agood alternative method
for further study on the direct electrochemistry of redox pro-
teins and their sensing application.
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