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ABSTRACT

Electrochemical behavior of human cytochrome P450 2C9 (CYP2C9) incorporated in polyacrylamide
(PAM) hydrogel films cast on glassy carbon electrodes (GCE) was investigated. CYP2C9-PAM film
electrodes showed a pair of well-defined and nearly reversible cyclic voltammetric peaks. The electron-
transfer rate constant was about 6.96s! in pH 7.0 buffers, and the formal potential (E°") was —0.427 V
(vs. SCE). The dependence of E° on solution pH indicated that one-proton transfer was coupled to each
electron transfer in the direct electron-transfer reaction. UV-vis absorption spectroscopy demonstrated
that CYP2C9 retained a near native conformation in PAM films at medium pH. The CYP2C9 in the PAM
film retained its bioactivity and could catalyze the reduction of dissolved oxygen. Upon the addition of its
substrate bisphenol A (BPA) to the air-saturated solution, the reduction peak current of dissolved oxygen
increased, which indicates the catalytic behavior of CYP2C9 to BPA. By amperometry a calibration linear
range for BPA was obtained to be 1.25-10.0 WM with a sensitivity of 18.21 pAmM~-'. And the apparent
Michaelis-Menten constant for the electrocatalytic activity of CYP2C9 was estimated to be 3.90 uM for

BPA.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Bisphenol A (4,4-isopropylidenediphenol, BPA), as an indus-
trial chemical, is used in the manufacture of polycarbonate, epoxy
resin and numerous plastic articles [1]. These final products are
widely utilized in food and drink storage containers, polycarbonate
baby bottles, tableware, white dental fillings and sealants. BPA will
inevitably migrate into food and beverage from packing of product,
and then humans may routinely ingest trace amounts of BPA. Gaido
et al. [2] had reported that BPA has estrogenic activity, and demon-
strated developmental and reproductive toxicities in rats and mice
fed at high-doses, with particularly strong effects in fetuses [3].
Sugita-Konishi et al. recently reported that BPA possesses immuno-
toxicity and reduces the non-specific host defense to a level that
causes acute toxicity in mice [4].

Cytochrome P450 (CYP) comprises a superfamily of enzymes
that catalyze the oxidation of a wide variety of xenobiotic chemicals
including drugs, carcinogens, and steroids including sex hormones
[5]. It was reported that CYPs are closely associated with the
metabolism and toxicity of BPA in rats. BPA is metabolized to
DNA-reactive bisphenol-o-quinone through 5-hydroxybisphenol
and bisphenol semiquinone in rats [6]. Metabolism and interaction
of bisphenol A in human hepatic cytochrome P450 have been
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studied. The results showed that BPA was predominantly metabo-
lized by the CYP 2C subfamily (CYP2C9, CYP 2C18, and CYP 2C19)
in human liver [7].

Since CYP 450 catalysis is an electron-transfer (ET)-chain, it
might be suitable to substitute the biological electron delivery
system completely by an electrode. In the previous years, the elec-
trochemical properties of the various isoforms of CYP have been
investigated. Direct electrochemistry and catalysis of P450BM3 [8],
human 1A2 [9], human 2B6 [10], human 2E1[11], human 3A4 [12],
house fly cytochrome P450 6A1 [13] and rat cytochrome P450
1A1[14] have been shown on modified electrodes. In addition, two
reviews on P450 biosensors have also appeared [15,16]. These stud-
ies showed that P450 biosensors may be potential alternatives that
would allow quick measurements for many compounds with com-
parative simple equipments.

In this work, human cytochrome P450 2C9 was incorporated
into polyacrylamide (PAM) film to study its direct electrochem-
istry and electrocatalysis to bisphenol A. PAM hydrogels are
obtained by free radical cross linking copolymerization of acry-
lamide and N,N-methylenebis(acrylamide) monomers with many
hydrophilic amide groups. It was widely used in the field of
life science. The hydrogel can form a stable film on electrode
surface, which provide a microenvironment for CYP2C9. The
direct electron transfer between the immobilized CYP2C9 and the
electrode was achieved and an amperometric biosensor based
on cytochrome p450 2C9 for bisphenol A sensing was devel-
oped.
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Fig. 1. (A) Fe?*-CO vs. Fe?* difference spectra of CYP2C9 expressed in E. coli cells
after purification. For spectral analysis, samples were diluted in 100 mM Tris—-HCL
pH 7.4, containing 20% glycerol (v/v), and 1 mM EDTA. (B) UV-vis absorption spectra
of (a) dry CYP2C9-PAM film, (b) dry CYP2C9 film and (c) dry PAM film on optical
glass plates.

2. Experimental
2.1. Materials

Human cytochrome P450 2C9 was expressed in Escherichia coli
and purified in our lab [13]. CYP2C9 concentration was determined
by the general method of Omura and Sato using an extinction coef-
ficient of 91 mM~! cm~! [17] based on the CO-difference spectrum
(AinFig. 1). Acrylamide, N,N’-methylenebisacrylamide and bisphe-
nol A were obtained from Sigma. Buffers were 0.1 M Na,HPO,4 and
NaH,PO4 and its pH were adjusted with HCl or NaOH solutions. All
other chemicals were of analytical grade and used as obtained. All
solutions were prepared with twice-distilled water.

2.2. Preparation of the enzyme electrode

The glassy carbon electrode (GCE) with the diameter of 3 mm
was used as the working electrode. The active area of a glassy carbon
electrode with diameter 3 mm was determined by cyclic voltam-
mmetry using the Randles-Sevcik equation for a reversible redox
couple [Fe(CN)g]?~/[Fe(CN)g]?~ with a value about 4.78 mm?. The
electrode was first polished with 0.05 pum alumina slurry, then soni-
cated in nitric acid (1:1), ethanol and twice distilled water in turn.
30% polyacrylamide aqueous solution was obtained by dissolving
2.9 g acrylamide and 0.1 g N,N’-methylenebisacrylamide in 10 mL
distilled water. It was stored at room temperature after filtration

with 0.45 pm filtering membrane. To prepare the CYP2C9 incor-
porated PAM modified electrode (CYP2C9-PAM/GCE), 5 uL 30%
polyacrylamide aqueous solution, 5 wL CYP2C9 solution (0.1 mM)
and 0.3 pL 10% ammonium persulfate solution was mixed together,
thus, the total amount of protein coated on the electrode surface
is 5x 10719 M. Then all of this mixture was drop-coated on the
surface of the pretreated GCE. For control experiments, only 5 L
of the CYP2C9 solution or the PAM solution without the enzyme
was directly drop-coated onto the surface of the pretreated GCE to
produce P450 modified electrode (CYP2C9/GCE) or PAM modified
electrode (PAM/GCE). All three electrodes were dried at room tem-
perature for overnight to allow the formation of uniform interfaces.

2.3. Apparatus

Cyclic voltammetry (CV) was performed with a CHI660C elec-
trochemical workstation (CHI Instruments, Shanghai, China). A
three-electrode system, including a working CYP2C9-PAM film
electrode, a saturated calomel electrode (SCE) and a platinum wire
counter electrode, was employed. Prior to each experiment, the
buffer solutions were purged with high-purity nitrogen for at least
30 minand a nitrogen environment was then kept over the solution
in the cell. All experiments were carried out at room temperature. A
UV-757CRT visible ultraviolet spectrophotometer (Shanghai Preci-
sion & Scientific Instrument Co., Ltd., China) equipped with 1.0cm
quartz cells was used for scanning the UV spectrum. Sample films
for spectroscopy were prepared by dropping 10 L of CYP2C9-PAM
or CYP2C9 solution onto an optical glass slide and air-dried at room
temperature. The reference was an uncoated glass slide.

3. Results and discussion

3.1. Direct electrochemistry of CYP2C9 immobilized in PAM film
on the glassy carbon electrode

The position of the Soret absorption band in UV-vis absorp-
tion spectra can provide information about possible denaturation
of heme proteins, and is a useful conformational probe for the
study of heme proteins, especially for the study of conformational
change in the heme group region [18]. Fig. 1B exhibits the UV-vis
spectra of dry CYP2C9 and CYP2C9-PAM films. The Soret band of
CYP2C9inthe PAM filmislocated at 415 nm (curve a). While, for dry
CYP2C9 (curve b), the Soret band is located at 414 nm, suggesting
that CYP2C9 embedded in PAM films do not cause conformational
change in the heme group region.

SEM was used here to investigate the morphology of PAM film
and CYP2C9-PAM film. Top views of PAM film on glassy carbon disk
revealed that it forms a compact layer on the electrodes (Fig. 2A).
However, CYP2C9-PAM film showed a quite different morphol-
ogy, exhibiting a three-dimensional network porous structure with
small particles (Fig. 2B). All this suggests that interactions between
CYP2C9 and PAM govern the morphology of the dry films.

Fig. 3 shows the cyclic voltammograms of the GCE coated with
PAM, the GCE covered with CYP2C9-PAM in 0.1 M oxygen-free pH
7.0 phosphate buffers. A pair of well-defined and nearly symmet-
rical redox peaks is observed at the CYP2C9-PAM/GCE electrode
(curve b), while there are no redox peaks appeared at the PAM/GCE
(curve a). This indicates that the redox peaks in curve b attribute to
the electrochemical reaction of the P-Fell/P-Felll couple of CYP2C9.
The anodic peak potential (Epa) and the cathodic peak potential
(Epc)arelocated atabout —0.372 and —0.482 Vatscanrate of 1Vs~1,
respectively. The formal potential (E?"), defined as the average of
Epa and Ep, is about —0.427 V. The separation of the peak poten-
tial (AEp) is 110mV and the ratio of the cathodic current over the
anodic currentis close to one. In the experiment it was found that no
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Fig. 2. SEM top views of (A) PAM film and (B) CYP2C9-PAM film on glassy carbon
disks.

CV peaks were observed on CYP2C9/GCE, which demonstrates that
PAM film facilitates the electrochemical communication between
CYP2C9 and the electrode.

In the experiments it was found that there was no redox peaks
when the bare GCE in CYP2C9 solution. Speculating upon the rea-
son of the remarkably enhanced electron transfer rate of CYP2C9 in
PAM, possible explanations include that CYP2C9 in PAM film keep
its natural condition and maintain its activity. Adsorption of macro-
molecules can inhibit electron transfer between electrodes and
proteins in solution [19]. So it contributes that PAM film adsorption
can inhibit adsorption of CYP2C9 on the electrode and establish a
viable pathway for electron transfer.

To obtain optimal cyclic voltammogram of CYP2C9 immobi-
lized in PAM film, the effects of the concentration of PAM and
the amount of the CYP2C9-PAM mixture applied to the GCE on
the current responses were studied. When the concentration of
PAM was 30%, maximal anodic current could be obtained. Dur-
ing the process of the modified electrode preparation, 10 pL of
the CYP2C9-PAM mixture was cast onto the surface of the bare
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Fig. 3. Cyclic voltammograms of PAM/GCE (a); CYP2C9-PAM/GCE (b) in 0.1M
nitrogen-purged phosphate buffers (pH 7.0) at a scan rate of 1Vs~1.

GCE to achieve maximal anodic current. Therefore, 30% PAM solu-
tion was mixed with CYP2C9 solution in 1:1 (v/v) ratio. And then
10 L of the mixture was applied to the surface of the GCE to form
the CYP2C9-PAM modified GCE in the following experiments. CVs
of CYP2C9-PAM film had approximately symmetric peak shapes
and nearly equal heights of reduction and oxidation peaks in the
scan rates range from 1Vs~! to 10Vs~!. At scan rates lower than
1Vs~1, reduction current is higher than oxidation current because
of residue oxygen in CYP2C9-PAM film. Thus, 1Vs~! was cho-
sen in the following experiments. The cyclic voltammograms of
CYP2C9/PAM/GCE at different scan rates are shown in Fig. 4A. Well-
defined redox peaks could be obtained at scan rates ranging from
0.3 to 10V s~1. The reduction and oxidation peak currents exhibit
good linear relationships with the scan rates (Fig. 4B). And the
regression equations are ipa(A)=4.176+9.356v (Vs~1) (r=0.997)
and ipc(pA)=—6.042+-7.396v (Vs~1) (r=0.995). The integrations
of cyclic voltammograms obtain a nearly constant charge Q at dif-
ferent scan rates. All these results suggest that the reaction was a
surface-confined electrochemical behavior [20]. The surface cov-
erage of the electroactive CYP2C9 (I") on CYP2C9-PAM/GCE was
estimated from integration of the reduction peakin the CVs accord-
ing to Laviron’s equation [21]:

Q
= (1)
where Q is the charge involved in the reaction, n the number of
electron transferred, F Farady constant, and A the electrode area,
with the result of 1.26 x 10~12 mol cm~2 for CYP2C9. These values
are just about 2% of the total amount of protein coated on the elec-
trode surface. This may suggest that only those enzymes in the inner
layers of films closest to electrodes and with a suitable orientation
can exchanges electrons with the electrodes and contribute to the
observed redox reaction.

The kinetics of the heterogeneous electron transfer was ana-
lyzed using the model of Laviron [22]. For a peak separation
<200mV and the scan rate of 1Vs~1, the electron transfer rate
constant ks can be estimated according to Laviron’s equation:

mnFv
ks = T (2)
where « is the transfer coefficient, ks is the heterogeneous electron-
transfer rate constant, m for CYP2C9 in this work is 0.18 according

toref.[22], nis the number of the number of electrons transferred in
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Fig. 4. (A) CYP2C9-PAM/GCE in 0.1 M nitrogen-purged phosphate buffers (pH 7.0)
at various scan rates. (B) Plots of peak currents vs. scan rates.

the rate-determining reaction, Ris the gas constant, Tis the absolute
temperature, and v is the scan rate. A graph of AE, (the peak-to-
peak separation) versus the logarithm of the scan rate yielded a
straight line. Based on this, the values of & =0.503 and ks =6.96s~!
were calculated. The value of ks is greater than that identified as
the lower limit for use as a bioelectrocatalyst [23], indicating good
facilitation of the electron transfer between CYP2C9 and the elec-
trode.

The pH of buffer solutions had significant influence on CV peak
potentials of CYP2C9-PAM film (A in Fig. 5). Both reduction and oxi-
dation peaks shifted negatively with increasing pH. In the pH range
studied from 4 to 9, Epa, Epc and Ej shifted to the negative direc-
tion with a slope of 52.4mV pH~1,59.4mV pH-! and 56.7 mV pH~!,
respectively (B inFig. 5). The Ej, values are smaller than the theoret-
ically expected value of 59 mV pH-! for the transfer of one proton
and one electron per heme group during the electrode reaction
[24], indicating that a single protonation accompanies the electron
transfer of ferric ion in the active center of the protein (P-Felll) to
the electrodes. Thus, the simplified equation for the reduction of
ferric ion of CYP2C9 in PAM film can be depicted as:

P-Felll + HT + e~ < P-Fell (3)
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Fig.5. (A) CYP2C9-PAM/GCE in 0.1 M nitrogen-purged phosphate buffers at various
pH values: (a) 4.00; (b) 5.00; (c) 6.00; (d) 7.00; (e) 8.00; (f) 9.00. (B) Plots of oxidative
peak potential Ey,, reductive peak potential Epc and redox midpoint potential Ej, of
CYP2C9-PAM/GCE vs. pH.

The pH value also affects the redox peak current of CYP2C9
in PAM films (Fig. 5A). The peak currents at pH 5 and 6 are less
than that at other pH values, indicating the amount of electroac-
tive CYP2C9 molecule in PAM films decreases at pH 5 and 6. Maybe
the conformation of CYP2C9 is influenced in such pH buffer. But it
needs further investigation.

3.2. Catalytic activity of CYP2C9 in PAM film

Electrocatalytic reduction of oxygen by CYP2C9-PAM film was
investigated by cyclic voltammetry (Fig. 6). When a certain amount
of air was injected into pH 7.0 buffer solutions by a syringe,
a marked increased in reduction peak at about —0.36V was
observed for CYP2C9-PAM film. However, direct reduction of O,
was observed at PAM film at the potential —0.8 V. These results are
characteristics of catalytic reduction O, by CYP2C9 confined in PAM
film.

BPA is a potent endocrine disruptor, and widely spread in the
environment. To develop a simple, general purpose BPA sensor
that directly detects BPA is of significance. Here, the electrocat-
alytic oxidation of BPA was examined by cyclic voltammetry with
CYP2C9-PAM film (Fig. 6). When BPA was added to 10 mL pH 7.0
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Fig. 6. Cyclic voltammograms of the CYP2C9-PAM/GCE in the nitrogen-purged pH
7.0 phosphate buffer (a), in the pH 7.0 phosphate air-saturated buffer (b), in the
air-saturated pH 7.0 phosphate buffer after addition of 3.32 wM bisphenol A (c) at
scan rate of 1Vs~', respectively.

buffer, an increase of P-Felll reduction peak at about —0.36 V was
observed, accompanied by a decreased of P-Fell oxidation. The
result indicated that a cycle catalytic reaction between P-Fell and
BPA occurred and produced P-Felll and hydroxylated BPA again
[25]. To explain both the bioelectrocatalytic oxygen reduction cur-
rent and the bioelectrocatalytic substrate conversion, a simplified
reaction scheme was drawn that illustrates possible reaction ways
(Scheme 1). Firstly, substrate ROH binds to ferric state of P450 (reac-
tion (1)), the first electron is introduced (reaction (2)) followed
by oxygen binding (reaction (3)). The ferrous dioxygen complex
accepts a second electron (reaction (4)), and forms highly reactive
peroxy intermediate. This intermediate accepts protons, producing
a high-valence iron-oxygen complex, which is reactive enough to
insert an oxygen atom into the substrate. Release of ROH (product)
then restores the P450 to the starting ferric state (reaction (5)).
The current response of CYP2C9-PAM film to BPA was also
studied by amperometric i-t. A current-time response of CYP2C9
on 8 successive step changes of BPA concentration is shown in
Fig. 7. With the selected working potential —0.36 V, when an aliquot
of BPA is added into the buffer solution, the reductive current
increases and reaches the steady-state within 50s, which indi-
cates a fast diffusional process and a high activity of CYP2C9 in

RH
ROH P-Fe''H,0 \
)
) (RI'DP'F‘:H; e (supplied by electrode)
2
(RH)P-Fe™OOH (REDP-Fe™

e\ o
H /A (RH)P-Fe" O,
e (supplied by electrode)
Scheme 1. General scheme of the electrocatalytic reaction of CYP2C9 in the pres-

ence of oxygen. The presence of bound substrate BPA is marked by (RH). P is for the
protein.
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Fig. 7. Electrochemical responses at CYP2C9-PAM/GCE at —0.36 V in 8 mL of the pH
7.0 air-saturated phosphate buffer with injecting 10 wL of 1 mM BPA every 100s.
Inset: calibration curve of the reduction peak currents vs. the concentration of
bisphenol A.

PAM film. The calibration range of BPA is from 1.25 uM to 10.0 wM,
witharegression equation of ip(A)=0.075+0.018 C (M) (r=0.99,
n=14) (inset in Fig. 7). The detection limit was estimated to be
0.58 uM.

When the concentration of BPA in the electrochemical cell was
higher than 10.0 wM, a plateau was observed, showing a charac-
teristic of the Michaelis-Menten kinetic mechanism. The apparent
Michaelis-Menten constant, K;PP, which becomes a measure of the
affinity of an enzyme for its substrate, can be obtained from the
electrochemical version of the Lineweaver-Burk equation:

1 1 KPP

4
Imaxc ( )

E - Imax

Here, Iss is the steady-state current after the addition of sub-
strate, C is the bulk concentration of the substrate, and Imax is
the maximum current measured under saturated substrate condi-
tions. The KPP value for the CYP2C9-PAM/GCE was found to be
3.90 uM [I"1(nA)=0.076+0.018 C~ (M), R=0.997, n=5], which
is the same as that for the native NADPH-supported value 3.9 uM
determined by HPLC method [7]. And it is indicated that the affinity
of CYP2C9, which immobilized in PAM film, is not changed.

The BPA detection performances of the developed biosensor
were compared with the other biosensors. The results were shown
in Table 1. It can be seen that this is the first report that applied
CYP2C9 to detect BPA and mostly other biosensors is based on
tyrosinase. CYP2C9-PAM/GCE offered reasonable linear range for
BPA detection and the detection limit was lower than some of pre-
vious reports.

CYP2(C9 is recognized as one of the most important drug-
metabolizing enzymes in humans [28] responsible for the hepatic
clearance of S-warfarin, phenytoin, tolbutamide, torsemide and
many non-steroidal anti-inflammatory agents [28]. Thus the selec-
tivity of the proposed biosensor to BPA is not good, however,
the proposed biosensor can be used as an amperometric detec-
tor coupled with HPLC to detect BPA. Furthermore, the proposed
electrochemical biosensor can provide a platform to study the
metabolism of CYP2C9 to BPA after electrolysis at —0.36 V with the
aid of GC-MS.

The sensor showed good reproducibility for the determination
of BPA concentration in the linear range. The variation coefficient
was 2.3% for 7 successive assays of 2.5 wWM BPA. The stability tests



118 P. Sun, Y. Wu / Sensors and Actuators B 178 (2013) 113-118

Table 1

Performance comparison of the developed biosensor for BPA detection with other sensors.
Sensor Linear range (M) Detection limit (M) References
Tyrosinase-MWCN paste electrode 1-16 1 [26]
Tyrosinase/CPE 1-20 0.15 [27]
Tyrosinase-SWCN paste electrode 0.1-12 0.02 [26]
Tyrosinase/CPE 0.1-15 0.1 [26]
CYP2C9-PAM/GCE 1.25-10 0.58 This work

were carried out at room temperature by measuring the response
from day to day and the CYP2C9 biosensor was kept at room tem-
perature. It was shown that the biosensor maintains its 92% initial
activity after 10 days.

4. Conclusions

The direct electrochemistry and electrocatalysis to the bisphe-
nol A of CYP2C9 were successfully realized by immobilizing CYP2C9
in polyacrylamide hydrogel film. In the presence of dissolved oxy-
gen, the immobilized CYP2C9 displayed notably electrocatalytic
responses to its substrate bisphenol A. The linear rang of the biosen-
sor for bisphenol A was obtained by amperometry. Based on these
results, an amperometric biosensor based on cytochrome p450 2C9
for bisphenol A determination was developed.
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