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Human cytochrome P450 3A4 and a carbon nanofiber
modified film electrode as a platform for the simple
evaluation of drug metabolism and inhibition
reactionst

Qiang Xue,? Dai Kato,® Tomoyuki Kamata,® Qiaohui Guo,” Tianyan YouP
and Osamu Niwa™*?

Electrochemical biosensors consisting of cytochrome P450 enzyme modified electrodes have been
developed to provide a simple method for screening the metabolism of a drug and its inhibitor. Here, we
report a very simple electrochemically driven biosensor for detecting drug metabolism and its inhibition
based on cytochrome P450 3A4 (CYP3A4) and a carbon nanofiber (CNF) modified film electrode without
any other modified layers such as mediator films. Direct electron transfer (DET) between CYP3A4 and
CNFs was observed at a formal potential of —0.302 V. The electrocatalytic reduction current increased
with the addition of drugs including testosterone and quinidine. In contrast, the reduction current was
greatly suppressed in the presence of ketoconazole, which is a CYP3A4 inhibitor. CNFs with high
conductivity, a large surface area and sufficient edge planes provide a suitable microenvironment for
achieving excellent DET and biocatalysis properties, which could not be observed when we used other
carbon materials such as carbon nanotube (CNT) and carbon black (CB) modified electrodes, indicating
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Introduction

Human cytochrome P450 3A4 (CYP3A4) is deemed to be the
most significant enzyme in the P450 family for drug metabo-
lism.* CYP3A4 metabolizes more drug molecules than all other
isoforms combined” and it plays a crucial role in the metabolism
of 50% of clinical drugs. Therefore, the development of a simple
and rapid method for screening drug candidates by detecting
changes in CYP3A4 activity is significant as regards metabolism
and inhibition. Traditionally, the activity of CYP3A4 is deter-
mined from the rate at which metabolites are formed by the
donation of electrons from NADPH to CYP3A4. Since the
commonly used HPLC and photometric analysis methods are
expensive and time-consuming, much simpler and less expen-
sive methods have been developed. Previous reports indicated
that the electrode could be employed as an alternative source of
electrons, instead of NADPH, for electrochemically driven
catalysis of P450 enzymes.*® In recent years, electrochemical
enzyme sensors based on the direct electron transfer (DET)
between CYP3A4 and an electrode have been studied to realize
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that our system is promising as a new bioelectronic platform for electrochemical biosensing.

the simple detection of drug metabolites, because they do not
require expensive NADPH and its regenerating enzymes. Joseph
et al. reported the direct electrochemistry of CYP3A4 and its
biocatalysis of four substrates (verapamil, midazolam, quini-
dine, and progesterone) at a poly(dimethyldiallylammonium
chloride) (PDDA) and 3-mercapto-1-propenesulfonic acid (MPS)
modified gold electrode.” Gilardi and co-workers have found
that DET was obtained at thiol reactive cystamine-maleimide
modified gold and polyion modified glassy carbon (GC) elec-
trodes, and artificial redox chains were employed to enhance the
coupling efficiency and catalytic activity of CYP3A4.®

More recently, Mie et al. obtained DET at a gold electrode
modified with hydrophobic layers of aromatic compounds.
They indicated that the electrochemically driven metabolism of
testosterone was detected at the CYP3A4 microsome modified
electrode.’ Liu's group also achieved DET at a Au electrode
modified with CYP3A4/CPR microsomes using modified hybrid
layers (nanocomposites consist of PDDA functionalized gra-
phene sheets and gold nanoparticles).'® All of the above studies
have used modified layers including polyelectrolyte or naph-
thalenethiolate to provide a suitable biomembrane-like micro-
environment for immobilizing proteins and accelerating
electron transfer. It has been reported that the direct electro-
chemistry of CYPs at an electrode without modified layers is
very difficult.” Therefore, the efficient DET of CYP3A4 without a
modified layer is still a challenging target if we are to realize

Analyst, 2013, 138, 6463-6468 | 6463


http://dx.doi.org/10.1039/c3an01313h
http://pubs.rsc.org/en/journals/journal/AN
http://pubs.rsc.org/en/journals/journal/AN?issueid=AN138021

Published on 15 August 2013. Downloaded by University of Pittsburgh on 29/10/2014 10:45:36.

simpler drug metabolism sensors. Electrode materials play a
significant role in achieving efficient DET of enzymes.>*>"
Carbon nanomaterials are promising as candidate electrode
materials for the direct electrochemistry of enzymes because of
their wide variety of chemical structures and morphology,
which is beneficial in terms of reducing the distance between
the enzyme redox center and the electrode surface.

Previous reports have shown that carbon nanotubes (CNTs)
and carbon nanofibers (CNFs) can provide a suitable microen-
vironment for obtaining the DET of redox proteins such as
glucose oxidase, laccase, bilirubin oxidase and cytochrome
¢,"**® because they have large surface areas that can provide a
suitable nanospace so that the redox center of the enzymes is
close to the electrode surface. Although both CNTs and CNFs
have great mechanical strength, excellent electrical conduc-
tivity, and biocompatibility, CNFs are less ordered materials
and have more edge planes on their sidewalls than CNTs,***°
which may facilitate electron transfer. This also suggests that
the CNF sidewalls would be more suitable for biomolecule (such
as enzyme) adsorption. In addition, CNFs can be synthesized
without any catalyst involved in the carbonization process.
These unique characteristics are beneficial for designing an
electrochemical enzyme biosensor based on DET.

In this study, we investigated an electrochemically driven
CYP3A4 biosensor based on DET by employing a CNF modified
film electrode without using an organic (or polymeric) modified
layer. We also compared the electrocatalytic activities of CYP3A4
when co-immobilized with different carbon nanomaterials such
as CNTs and carbon black (CB). A CYP3A4 and CNF (CYP3A4/
CNF) modified film electrode exhibited a more effective dioxy-
gen reduction current than CNT and CB modified film elec-
trodes. The metabolism of testosterone and quinidine and its
inhibition with ketoconazole were detected using a CYP3A4/
CNF modified film electrode with the same quality of electrode
response as that of previously reported CYP3A4 modified elec-
trodes using organic (or polymeric) modified layers.

Experimental
Materials and apparatus

All of the chemicals employed in this study were of analytical
grade and used as received without further purification. Puri-
fied human CYP3A4 was purchased from Cypex Ltd. (UK).
Ketoconazole, testosterone and quinidine were purchased from
Wako Pure Chemical Industries Ltd. (Japan). Phosphate buffer
solution (PB, 0.1 M, pH 7.0) was prepared by mixing stock
solutions of Na,HPO, and NaH,PO,. The CNFs were fabricated
using a previously reported electrospinning method.** Multi-
wall carbon nanotubes (MWCNTs, diameter 110-170 nm,
fabricated with the chemical vapor deposition (CVD) method)
were purchased from Sigma-Aldrich Co. Carbon black (CB,
mean size 110 nm) was purchased from Tokai Carbon Co., Ltd.
(Aqua-Black, Japan). Highly oriented pyrolytic graphite (HOPG)
electrodes (edge plane and basal plane) were purchased from
BAS Co. (Tokyo, Japan). The morphologies of the electrode
surfaces were evaluated with a field-emission scanning electron
microscope (FE-SEM, S4800, Hitachi, Japan) and an atomic
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force microscope (AFM, SPM-9600, Japan). Raman spectra were
acquired using a Raman microspectrometer (DXR Raman
Microscope, Japan) equipped with an optical microscope under
ambient conditions and using a 780 nm laser.

Preparation of a CNF modified film electrode

Nanocarbon films deposited by the unbalanced magnetron
sputtering (UBMS) method were used as base film electrodes
because a UBMS nanocarbon film has a wide potential window
in the cathodic region that is suitable for measuring the oxygen
reduction current based on DET with a high S/N ratio. The film
also provides relatively good electrochemical properties similar
to those of our previously reported nanocarbon film formed by
electron cyclotron resonance (ECR) sputtering.* After depos-
iting the nanocarbon film on the Si wafer, we cut the carbon
material into rectangles, and then fixed a plastic tape with a
2 mm diameter hole in it onto these nanocarbon films to form
disk electrodes. The fabrication process of the CNF modified
film electrode was based on our previous report.* Briefly, CNFs
were crushed into powder and dispersed in water via energetic
mixing and then sonicated for 60 min to form a CNF solution
(1 mg mL™"). The CNF modified film electrodes were prepared
by casting 6 uL of CNF solution onto the surface of the UBMS
nanocarbon film and then drying it at room temperature. Other
electrodes modified with carbon materials were prepared in the
same way except for the process described below that was used
for CNT purification. Before casting the CNT solution onto the
electrode surface, the solution was centrifuged at 12 000 rpm to
remove impurities (including the catalyst). This operation was
repeated three times.

Electrochemical measurements for CYP3A4

Purified CYP3A4 was dissolved in a PB solution. To achieve
physical adsorption of CYP3A4 onto the CNF modified film
electrode surface, we cast 5 uL of CYP3A4 solution (20 uM) onto
the electrode surface. After incubation for 30 min at 25 °C, the
prepared enzyme electrode was rinsed with PB solution. The
enzyme modified electrode was then transferred to a PB solu-
tion to evaluate the DET and the electrocatalytic and inhibition
properties.

All electrochemical measurements were performed with an
ALS/CHI 730C electrochemical analyzer (CH Instruments, Inc.,
USA). A conventional three-electrode configuration was used.
The prepared electrode was used as the working electrode. An
Ag/AgCl (3 M NacCl) electrode and a Pt wire served as reference
and auxiliary electrodes, respectively.

Results and discussion
Characterization of CNFs

We characterized the surface properties of the CNF by SEM,
AFM and Raman spectrometry. Fig. 1a shows an image of the
pristine CNF, which is black and cotton-like in appearance.
The CNFs are regular and fibrous with a network-like
morphology (Fig. 1b and c). The diameter is 200-400 nm and
the length after crushing is several micrometers. The
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Fig. 1 Characterization of the CNF. (a) Image of the as-grown CNF, (b and ¢) SEM images of a CNF at low and high magnifications, (d and e) AFM images of a CNF at

different resolutions, and (f) Raman spectrum of a CNF.

morphology of a single CNF as revealed by the AFM images
indicated that it was rod shaped with a rough surface (the
average roughness is 4 nm), as shown in Fig. 1d and e. The
microstructure of the CNF was characterized by Raman spec-
troscopy. Fig. 1f shows two distinct peaks at 1302 and 1592
cm ', which are defined as the D (disordered turbostratic
carbon structure) and G bands (ordered graphitic structure),
respectively.”*** The relative intensity ratio of the D band to the
G band (R = Ip/I;) reflects the number of defect sites present in
the carbon materials.** The R value of CNFs is 1.47 which is
larger than that of other nanocarbon materials such as
MWCNTs (0.999) and graphene sheets (1.02).>"*° It has been
reported that an R value greater than 1.0 indicates a highly
disordered structure with the presence of many defects in the
graphitic structure,” which suggests that there are a large
number of edge-plane defect sites in the CNFs. Since it has
been reported that the edge-plane defects displayed high
electrocatalytic activity in relation to certain biomolecules,* a
large number of edge-plane defect sites are beneficial as
regards electrochemical activity.

Direct electrochemistry of CYP3A4

Although it is very difficult to achieve the DET of CYP at an
electrode without any modification layers, one of the most
promising technologies for its successful realization involves
the use of an electrode material with a suitable nanostructured
surface. Here, we examined the DET properties of a CYP3A4/
CNF modified film electrode without any modification layer. No
redox peaks were observed at the CYP3A4 modified film elec-
trode (Fig. 2, curve a) or the CNF modified film electrode (Fig. 2,
curve b). In contrast, the CYP3A4/CNF modified film electrode
clearly exhibited redox waves at —0.260 and —0.344 V vs. Ag/
AgCl in an anaerobic solution (Fig. 2, curve c). Moreover, the
reduction peak was increased 1.5 times under aerobic condi-
tions, and the oxidation peak disappeared completely as shown
in Fig. 2 (curve d), suggesting a typical electrocatalytic oxygen
reduction process based on the fast binding of oxygen to the

This journal is © The Royal Society of Chemistry 2013
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Fig.2 Cyclic voltammograms showing the direct electrochemistry of CYP3A4 at
various CNF modified electrodes: (a) CYP3A4 modified film electrode; (b) CNF
modified film electrode; (c) CYP3A4/CNF modified film electrode (a—c: anaerobic
condition, argon purge for at least 30 min and maintained in an argon atmo-
sphere); (d) CYP3A4/CNF modified film electrode (aerobic condition, argon purge
for 10 min). Scan rate: 150 mV s~"; PB solution (0.1 M, pH 7.0).

reduced ferrous cytochrome P450,7'**® and then rapid electron
transfer between the enzyme and electrode. Therefore, the
response current was obviously due to the DET-type electro-
catalytic reaction between an enzyme active center and the
electrode surface. It is noteworthy that DET from a CYP protein
was achieved at the CYP3A4/CNF modified film electrode
without any other modified layers, thus confirming that the
CNF is a very significant electrode material for the DET of
CYP3A4. This excellent DET characteristic could be due to the
favorable microenvironment for CYP3A4 immobilization
created by CNFs with high conductivity, a large surface area and
abundant edge-plane defect sites.

The formal potential (mid-point potential) at the CYP3A4
modified electrode was —0.302 V, which was almost the same as
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a previously reported value for purified CYP3A4 (—0.319 V vs.
Ag/AgCl).”® This formal potential was positively shifted
compared with the reported value (—0.40 V vs. Ag/AgCl) for
CYP3A4/CPR-microsomes on a naphthalenethiolate modified
gold electrode,” and the value (—0.482 V vs. SCE) for CYP3A4/
CPR-microsomes on a gold—graphene nanocomposite modified
gold electrode.” The difference could be attributed to the
distinct microenvironment induced by the CYP3A4/CNF modi-
fied film electrode without any modified layer, since it is known
that an electrode surface material and modification can alter
the microenvironment for cyt P450s and affect the reduction
potentials of P450s.5%°

Comparison of the electrocatalytic performance of CYP3A4 at
various electrodes

Other carbon nanomaterials including CB and CNT modified
film electrodes were also studied to compare the catalytic
currents of CYP3A4. In Fig. 3a, a clear response current was
obtained at the CYP3A4/CNF modified film electrode as
described above (red line). In contrast, we observed only a slight
response current at the CYP3A4/CNT modified film electrode as
shown in Fig. 3b (pink line). This was because the CNT sidewall
was less electroactive than that of CNFs, although they both
have excellent electronic properties and large surface areas. It
has been reported that CNFs are less ordered materials and
have more edge planes on their sidewalls than CNTs.'>*
Tominaga et al. indicated that the electrochemical properties of
the MWCNT sidewalls could be similar to those of the basal
plane of HOPG and are essentially inert. His group also reported
that edge-plane-like defects, including the open ends in
MWCNTs or the step edge, dominate the electrochemical
properties.** We also measured the electrocatalytic performance
of CYP3A4 modified HOPG (basal and edge plane) electrodes,
and the results showed that a higher response current was
achieved at the edge plane HOPG electrode (Fig. S1t). This
result also supported the idea that an electrode based on CNFs,

—_
(=}

y (pA/cm?)
(=}

— CYP3A4/CNF
= CYP3A4/CNT
- CYP3A4/CB

Currqnt densit
=

-0.9 -0.7 -0.5 -0.3 -0.1 0.1 0.3 0.5
Potential/V vs Ag/AgCl

Fig. 3 Comparison of the electrocatalytic performance of CYP3A4 at various

carbon material modified film electrodes. (a) CYP3A4/CNF modified film elec-

trode, (b) CYP3A4/CNT modified film electrode, and (c) CYP3A4/CB modified film
electrode. Scan rate: 20 mV s~"; PB solution (0.1 M, pH 7.0).
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which has sufficient edge planes on its sidewalls, exhibits better
DET than a CNT based electrode.

In Fig. 3c, no catalytic current peak can be seen at the
CYP3A4 and CB (CYP3A4/CB) modified film electrode despite
the fact that it exhibited the largest capacitance (black line).
Since the edge plane of carbon has a high electrochemical
activity for biomolecules,” and CB is a form of amorphous
carbon,* the absence of the response current at the CYP3A4/CB
modified electrode could be due to the lower edge plane content
as a result of their amorphous structure. Therefore, the CYP3A4/
CNF modified film electrode can provide better conditions for
achieving efficient direct electrocatalytic current than those at
other film electrodes modified with carbon materials when we
do not use modified layers such as mediators.

Drug metabolism and its inhibition at the CYP3A4/CNF
modified film electrode

We confirmed efficient DET at the CYP3A4/CNF modified film
electrode as described above, and so we anticipate that elec-
trochemically driven drug metabolism and inhibition reactions
can be achieved by using the CYP3A4/CNF modified film elec-
trode. A model of the drug metabolism and its related inhibi-
tion process is shown schematically in Fig. 4. Fig. 5 shows the
effect of typical substrates (drugs: testosterone and quinidine)
and inhibitor (ketoconazole) on the electrocatalytic current of
CYP3A4. In Fig. 5a and b, catalytic currents were clearly
observed in the absence of substrates (blue lines). When 200 uM
of testosterone or quinidine was added to the system, an
increased reduction current was observed (red lines), which
indicated that the drug metabolism reaction occurred effec-
tively. The difference between the peak potential shifts for the
metabolism of the two substrates might result from different
binding sites with the enzyme and the related distinct drug
metabolism mechanism, since the presence of multiple binding
sites within the CYP3A4 active site has been indicated by several
studies.**** The reduction peak negatively shifted only after the
addition of quinidine. This could be an implication of the lower
electron transfer for the quinidine metabolism than that for the
testosterone metabolism, since we obtained smaller apparent
Michaelis-Menten constant (K 2FP) for the testosterone metab-
olism than that for the quinidine metabolism, as shown in the
later section. In addition, it has been reported that quinidine is

CNF surfarce

heme

CNF surfarce

Fig. 4 Schematic illustration of drug metabolism and the related inhibition
process at the CYP3A4/CNF modified film electrode. (a) Drug metabolism and (b)
enzyme inhibition.
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Fig. 5 Electrocatalysis behavior (effect of substrate and inhibitor) at the CYP3A4/CNF modified film electrode. Scan rate: 20 mV s ' PB solution (0.1 M, pH 7.0).
Substrates (testosterone and quinidine): 200 pM and inhibitor (ketoconazole): 200 pM. (a) Testosterone metabolism and its inhibition, (b) quinidine metabolism and its

inhibition, and (c—e) substrates and inhibitor used in this study.

not only a substrate but also an inhibitor for CYP3A4.*® The
efficiency of this CNF-based biosensor was evaluated in terms of
the ratio of the catalyzed current of the substrate (drug) (Z.a-
(substrate)) to the oxygen reduction current (I.,(O,)). The ..
(substrate)/I..(O,) values for testosterone and quinidine are
1.63 and 1.59, respectively, which are larger than those of a
previous reported CYP3A4 biosensor containing a PDDA layer
(1.38).” This result indicated that our CYP3A4/CNF modified
film electrode provided a suitable environment for a high
catalytic ability even without a modified layer. Based on the
Michaelis-Menten equation, the apparent K 2t¥ values, calcu-
lated from the relationship between catalytic currents and
concentrations of drugs (testosterone and quinidine), were 8.9
and 14.1 uM for testosterone and quinidine, respectively. These
values are lower than the values described in other reports,***
which infer that a good affinity of CYP3A4-substrate activity was
obtained in our system (Fig. S21). This is highly advantageous
for constructing these kinds of biosensors with a simple
configuration. Ketoconazole was used to evaluate the inhibition
effect on the metabolic activity of CYP3A4. When 200 pM
ketoconazole was introduced into the system, the reduction
currents were significantly decreased (pink lines). The inhibi-
tion efficiencies for testosterone and quinidine metabolism
were 81.3% and 52.8%, respectively. This result clearly showed
that the inhibition of enzyme activity by ketoconazole could be
efficiently detected. The ICs, value was used to describe the
more detailed enzyme inhibition effect in the presence of
testosterone (Fig. S31). The inhibition data followed a binomial
model (Y =2 x 10~ %°X* — 0.0072X + 0.8573), and the IC5, value
was calculated to be 58.5 uM. The inhibition effect on testos-
terone metabolism was similar to that of a previous report.’
These results are essential in terms of obtaining a further
understanding of the drug metabolism mechanism and the
related inhibition reaction at the CNF based electrode. We are
now exploring ways of using our CNF based electrode in relation
to the metabolism of other drugs and the related inhibition
reaction or the properties of other CYPs.

This journal is © The Royal Society of Chemistry 2013

Conclusion

We successfully achieved efficient DET at a CYP3A4/CNF modi-
fied film electrode without any modification layers such as
mediators. Compared with other carbon nanomaterials such as
CNTs and CB, the CYP3A4/CNF modified film electrode exhibits a
much larger and sharper electrocatalytic current for oxygen
reduction. The CYP3A4/CNF modified film electrode also allowed
us to evaluate electrochemically driven drug metabolism and its
inhibition by simply measuring the magnitude of reduction
currents. In fact, the reduction currents increased 1.63 and 1.59
times when we added testosterone and quinidine, respectively
and also decreased 81.3% and 52.8% when we added a ketoco-
nazole inhibitor. The apparent KitP values were 8.9 and 14.1 pM
for testosterone and quinidine, respectively. These results show
the potential for developing a much simpler and more sophisti-
cated drug screening biosensor platform based on CNFs. We will
now focus on extending this system to the metabolism of a wide
variety of drugs and for screening its inhibitors.
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