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a  b  s  t  r  a  c  t

A  porous  silicon  biosensor  based  on  P450  enzyme  for arachidonic  acid detection  was  developed.  A new
transduction  method  is  presented  with  a  simultaneous  measurement  of  refractive  index  and  fluorescence
intensity  changes  when  the  analyte  is  binding  to  an  enzyme  on the  porous  silicon  surface.  A fluorophore
bound  to  a  cysteine  residue  in  an  allosteric  position  of  the  haem  domain  (BMP)  of cytochrome  P450
BM3  enhances  its fluorescence  intensity  upon  interaction  with  its  substrate  arachidonic  acid,  involved  in
diseases such  as  Alzheimer’s,  liver  cancer  and  cellular  inflammation  processes.  BMP  has  been  anchored
on  porous  silicon  surface  and  the  new  transduction  method  has  been  successfully  exploited  to  develop  a
luorescence
rachidonic acid
450 BM3

biosensor  for  arachidonic  acid,  reaching  a  detection  limit  of  10 �M  arachidonic  acid  in  a dynamic  range
of  10–200  �M.  Moreover,  the  change  of  the  refractive  index  has been  also  monitored  at  the same  time,
displaying  a higher  detection  limit  of  30  �M.  Preliminary  test  were  also  conducted  in plasma  proving  the
high  specificity  and  selectivity  of  the  sensor  even  in  presence  of  interferents  in  the  range  of  50–100  �M.
Here  we  suggest  these  two detection  systems  could  be used  simultaneously  to increase  the  accuracy  and

 senso
the  dynamic  range  of  the

. Introduction

Immobilization of biomolecules on solid supports has received
reat interest in emerging technologies to develop systems based
n biocatalytic and biorecognition events (DeLouise and Miller,
005). These technologies include the development of biosen-
ors for several class of analytes such as pathogens (Chan et al.,
001a,b), toxins (Ligler et al., 2003), tumoral markers (Wang, 2006),
rugs; micro- and nano-array for genomic and proteomic analysis
MacBeath, 2001; Fantuzzi et al., 2010; Panico et al., 2011; Sadeghi
t al., 2011); and enzymes for bioreactors (Davison and Nghiem,
999).

For biosensing applications, nanoscale materials with their
arge, often highly reactive surface, and their ability of interacting

ith biomolecules of comparable dimension, can provide a more
ffective capture and detection of molecules when compared to
ulk materials (Rossi et al., 2007). One such material, nanoporous
ilicon, has been widely studied in the last two decades as an opti-
al transducer for biosensors, due to its intrinsic properties and to

he easy and cheap fabrication processes (Canham, 1997). The high
pecific surface area (200 m2/cm3) and the possibility to anchor
iomolecules as capture probes give high sensibility and speci-
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r  avoiding  a  false  positive  response.
© 2011 Elsevier B.V. All rights reserved.

ficity of interaction to a defined target. Moreover, the high optical
quality of porous silicon (PS) layers allows the realization of label
free optical devices from a simple monolayer (Lin et al., 1997) to
more complex structures such as Fabry-Perot microcavity (Chan
et al., 2001a,b; De Stefano et al., 2004), Bragg reflectors (Snow et al.,
1999), rugate filters (Pacholski et al., 2006) and waveguide (Rong
et al., 2008). However, the optical signal generated by a change
of the refractive index of the porous layer upon the infiltration of
the biomolecule provides only an incomplete picture of the device
and could allow for false positives due to the infiltration of several
molecules within a complex solution.

In order to achieve a more specific response of the enzyme-
substrate interaction, we present an alternative and fast transduc-
tion method based on the fluorescence changes of a fluorophore
labeled engineered enzyme. Labeling of specific cysteine residues
close to the binding site of several periplasmic binding proteins
for studying ligand binding has been previously exploited by our
group as well as others (Gilardi et al., 1994; De Lorimier et al.,
2002), together with antibodies (Renard and Bedouelle, 2004) and
enzymes (Der and Dattelbaum, 2008).

Cytochrome P450 BM3  (CYP102A1) from Bacillus megaterium
is a catalytically self-sufficient monooxygenase. It is composed of
a haem domain (BMP) fused via a peptide linker to the reduc-

tase domain in a single polypeptide chain of 119 kDa (Narhi and
Fulco, 1986). Recently, our group has generated a cysteine mutant
of BMP  that was  labeled with a fluorophore that senses the binding
of its substrate arachidonic acid (AA) to its active site. Conforma-

dx.doi.org/10.1016/j.bios.2011.07.046
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:a.giovannozzi@inrim.it
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ional rearrangements in BMP  upon binding of the substrate lead
o changes in the environment of the fluorophore and hence to an
nhancement of the fluorescent emission that is proportional to the
oncentration of AA (Ferrero et al., 2011).

Since AA is a well known biomarker involved in pain and inflam-
ation processes (Hain, 1997; Serhan et al., 2004; Wyss-Coray and
ucke, 2002; Dai et al., 2001; Roman, 2002; Panigrahy et al., 2010),

n neuronal development (Darios and Davletov, 2006) and also in a
umber of diseases such as Alzheimer’s (Sanchez-Mejia and Mucke,
010), liver cancer (Dymkowska and Wojtczak, 2009; Panigrahy
t al., 2010; Xu et al., 2010), kidney pathologies (Kauser et al., 1991;
u et al., 1998) and blood pressure dysregulation (Nguyen et al.,
999; Zeldin et al., 1996) we decided to develop a biosensing plat-
orm based on PS for its detection. In this work, an AA biosensor
as been developed through the immobilization of the fluorophore-

abeled BMP  in PS exploiting two different transduction methods
t the same time. The first is based on the fluorescence variation of
he fluorophore-labeled BMP, the other on the change in refractive
ndex. Both methods have been successfully employed and com-
ined to increase the dynamic range of the sensor and to avoid
alse positive responses.

. Materials and methods

.1. Protein expression and purification

The protein was expressed, isolated and purified (Ferrero et al.,
008) and functionality of purified BMP  enzymes was verified spec-
rophotometrically (Omura and Sato, 1964).

.2. Protein labeling

The active and pure protein (purity ratio Abs419/Abs280 = 1.3)
as pre-incubated with a fivefolds excess of dithiothreitol (DTT)

or 30 min  at 4 ◦C to reduce intermolecular disulphide bonds. After
emoving the excess DTT with a PD10 Sephadex G25 column (GE
ealthcare), the fluorescent probe IANBD amide (absorption �max

78 nm,  emission �max 540 nm)  in a tenfolds excess was added to
he protein solution and the mixture was incubated for 3 h at 4 ◦C.
he protein reacts with the probe through its thiol group, forming

 thioether bond.
The excess probe was then removed by a PD10 Sephadex G25

olumn. The Cf/Cp ratio (Ferrero et al., 2011), that indicates the
abeling ratio obtained for the protein, was measured spectropho-
ometrically (UV–vis spectrophotometer Agilent 8453E, Agilent
echnologies).

.3. Porous film preparation

The PS films were prepared using pulsed anodic etching in an
F electrolyte solution (Foll, 1991). A homemade PVC electrochem-

cal cell was equipped with a platinum sheet as a cathode and a
olished p+-doped crystalline silicon wafer as the anode (〈1 0 0〉
oron doped, � = 8–12 m� cm,  MEMC). Etching was performed
sing a sequence of current pulses (200 ms  pulse duration followed
y a 10 s pause), supplied by a programmable current generator
Keithley 2400). A sacrificial layer was first prepared using a 1:1
ydrofluoric acid (50% in water) ethyl alcohol (>99.9%) solution and
pplying a current density of 300 mA/cm2 for a total etching time
f 1 s and subsequently dissolved in 1 M KOH aqueous solution.
he PS layer has been fabricated etching the prestructured silicon
afer with a 1: 2.3 hydrofluoric acid (50% in water) ethyl alcohol
>99.9%) solution and applying a current density of 70 mA/cm2. PS
ayers were etched to a depth of 2.5 or 5 �m.  The thickness of the
S samples was measured using a Tencor P-100 profilometer after
issolution in 1 M KOH aqueous solution. After forming the porous
Bioelectronics 28 (2011) 320– 325 321

layers, the chips were rinsed in deionized water and ethanol and
subsequently dried with N2 gas.

2.4. SEM characterization

Sample characterization was  carried out using scanning electron
microscopy (SEM) FEI Quanta 3D or Inspect F in UHV mode with the
SE detector. Typical settings for the imaging are: 30 kV accelerating
voltage, 1.5 spot (17 pA with 30 �m aperture), 10 mm WD.

2.5. Bioconjugation chemistry

Freshly etched PS samples were partially thermally oxidized in
a furnace at 500 ◦C for 3 h in an air atmosphere and subsequently
exposed to a 1 M aqueous NaOH for 2 min. This was  followed
by treating the samples with a 5% solution of (3-aminopropyl)-
trimethoxysilane (APTMS) (>95% from Sigma–Aldrich) in ethanol
(>99.9% from Carlo Erba) mixing for 4 h at room temperature. Sam-
ples were gently rinsed with ethanol, dried gently with nitrogen
and cured at 150 ◦C overnight (Vrancken et al., 1995). The silanized
samples were then immersed in a 2.5% solution of glutaraldehyde
in DI water (pH adjusted to 7 with NaOH) for 1 h at room temper-
ature. Samples were extensively rinsed with DI water, immersed
in deionized water for 10 min  twice and dried with nitrogen flux.
IANBD labeled BMP  (2, 5 and 10 �M)  in phosphate buffer solution
(KPi 100 mM,  pH 7.4) has been dropped on glutaraldehyde acti-
vated surfaces and allowed to react for 2 h at room temperature.
Several washing procedures have been used after the bioconjuga-
tion to remove the unreacted and absorbed proteins: porous silicon
samples have been rinsed and incubated in KPi buffer pH 7.4 for
20 min, then rinsed and incubated in deionized water for 10 min
twice. Finally, samples were dried with nitrogen and prepared for
fluorescence and reflectivity measurements. For arachidonic acid
incubation experiments, a 16.4 mM stock solution of AA in ethanol
was  first diluted to 1.64 mM in K2CO3 and further diluted to the
desired concentrations of 200, 150, 100, 80, 50, 30 and 10 �M in
phosphate buffer solution (KPi). PS samples were incubated in AA
solutions for 30 min, then extensively rinsed and soaked in KPi for
5 min, then in deionized water for the same time and finally dried
with nitrogen.

For the analysis on a real matrix, human blood (5 ml)  was drawn
from vein and collected in a tube containing EDTA. The erythro-
cytes were then separated by centrifugation (3000 rpm for 10 min)
and the supernatant plasma collected and used for further analy-
sis. Plasma was used as is or with additions of different amounts
of arachidonic acid (50, 100 and 200 �M).  PS samples with the
labeled BMP  were then incubated with these solutions as previ-
ously described.

2.6. FTIR characterization

The infrared spectra of PS samples were collected using Nicolet
Nexus equipped with Nicolet Continuum FTIR Microscope operat-
ing in reflectance mode; 64 interferograms, with a resolution of
4 cm−1, were registered for each spectrum. Background spectrum
was  collected on c-Si after dipping in 25% HF to remove the native
oxide.

2.7. Fluorescence and reflectivity analysis

The amount of IANBD labeled protein bound to the PS surface
was  quantified by measuring the dye-labeled fluorescence inten-

sity at the emission peak (540 nm). The emission spectra were
recorded using a fluorescence microscope equipped with a 20×
objective and an external fiber optic mounted at the top of the
microscope. The emitted light from PS samples was collected by
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Fig. 1. Fluorescence emission spectra of 1 �M BMPwt IANBD-bound collected upon
addition of increasing concentrations of AA from 0 to 30 �M.  Inset: crystallographic
3D  structure of BMP  (PDB file 1FAG) showing the solvent exposed Cys62 (green,
exposure of 11.0 Å2) that was exploited as the linking site for the fluorescent probe
(IANBD amide, yellow) on the protein. Some of the helices involved in changes upon
substrate binding are coloured: helix B is green, B′ is yellow, F is orange, G is pink, H
i
l

t
t
M
u
d
s
s
B
c
p

3

e
t
e
l
(
i
t
h

s  magenta and I is blue. (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of the article.)

he optical fiber in back scattering configuration and transmitted
o the detector (USB 2000 Fiber Optic Spectrometer, Ocean Optics).

etal halide lamp filtered with an emission peak at 488 nm was
sed as excitation source. Five measurements on PS surface were
one for each sample using an integration time of 0.5 s. Reflectivity
pectra were recorded with the same setup of fluorescence mea-
urements using a white light lamp and a 10× microscope objective.
ackground spectrum was collected on a gold slide and automati-
ally subtracted by the software from PS spectra. Three spectra on
orous region were collected for each sample.

. Results

Samples of pure protein with a purity index greater than 1.3 (Li
t al., 1991) were labeled with a fluorescent probe (IANBD amide)
hat is able to covalently bind to thiol groups, exploiting a solvent
xposed cysteine, the C62 (inset of Fig. 1). This residue is located in a
oop between B and B′ helices close to the active site of the enzyme

Peterson and Graham, 1998). When the binding of AA occurs, there
s a big movement of helices F and G (called lid part of the pro-
ein) that subsequently extends to helices H and I. Moreover, the B′

elix, which is in contact with the G helix, also moves with the lid

Fig. 2. (a) Top down and (b) cross sectional scanning electron micro
Bioelectronics 28 (2011) 320– 325

domain (Haines et al., 2001). When the fluorophore is conjugated
to the protein through the C62, it is be able to sense the microen-
vironment changes upon ligand binding, causing a variation in the
fluorescence intensity.

BMP  ligand binding studies were carried out using a range of AA
concentrations from 0 to 30 �M:  titrations of fluorophore-labeled
BMP  wild type resulted in a progressive enhancement of the probe
fluorescence emission (�em = 540 nm)  as shown in Fig. 1 (Ferrero
et al., 2011).

The ability of the probe to increase its fluorescence intensity
upon ligand binding was then tested when the wild type protein
was  immobilized on a surface, in order to create a biosensing plat-
form initially for AA detection but subsequently for screening of
other substrates.

PS monolayers with thickness ranging from 2.5 to 5 �m were
fabricated to develop and optimize the AA biosensor. The PS fab-
rication protocol was adjusted to tune the pore dimensions to the
biomolecule size (inset of Fig. 1).

Top view and cross section images of these PS samples are
shown in Fig. 2. Pore size distribution analysis performed on PS
top view image revealed an average pore size of 50 nm (Fig. 2a).

These pore dimensions guaranteed a higher BMP  infiltration
than those observed with mesoporous (ø 20 nm)  and macroporous
(ø 100 nm)  silicon (data not shown). In the mesoporous case, pore
dimensions are probably too small to induce a complete infiltration
of the BMP  inside the porous layer. In the case of macroporous sil-
icon, the specific surface area is probably reduced, decreasing the
amount of BMP  anchored on the surface and affecting the sensitivity
of the sensor. Thus, PS monolayers with 50 nm pores diameter were
used to develop the sensor. Freshly etched hydride-terminated PS
samples were thermally oxidized in a furnace at 500 ◦C for 3 h in
order to form a silicon oxide layer at the internal and external sur-
face of the porous film. In Fig. 3a FTIR spectra of PS layer with 4 �m
thickness before and after the oxidation procedure are presented.

Typical absorption bands corresponding to stretching and defor-
mation vibrations of SiHx, �(SiHx) around 2100 cm−1 and ı(SiH2)
around 900 cm−1, are shown in the “as-etched” spectrum. After the
thermal oxidation, these bands disappear and the oxidized spec-
trum exhibits a large band centered at 1100 cm−1, corresponding to
stretching vibrations of Si–Ox groups. Samples were then exposed
to a solution of 1 M aqueous NaOH in order to hydrolyze the surface
siloxane groups formed during thermal oxidation treatment. In this
way more surface silanol groups are generated making the further
silanization reaction more efficient (Cunin et al., 2007). FTIR spec-

trum of the APTMS silanized surface (Fig. 3b) show two  small bands
at 3294 cm−1 and near 3380 cm−1, which are attributed to –NH
bonds. Two  bands around 3000–2800 cm−1 are due to the presence
of –CHx bonds.

graphs of the PS films produced by electro-chemical etching.
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Fig. 3. (a) FTIR spectra of as-etched (black line) and thermally oxidized (grey line)
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incubation of AA in plasma and buffer (only in the linear part of the
S; (b) FTIR spectra of thermally oxidized (black line) and APTMS silanized (grey
ine) PS.

The amine group of APTMS modified surface was  reacted with
lutaraldehyde to yield an aldehyde which can form an imine link-
ge with the primary amine group present in proteins.

Three concentrations (2, 5 and 10 �M)  of IANBD-labeled BMP
ere grafted on PS monolayers and these samples were subse-

uently incubated with 200 �M of AA in order to validate the
uorescence transduction method and to identify the BMP  concen-
ration more sensitive to substrate addition. Accordingly to what
e have seen in liquid measurements, upon the incubation with

he arachidonic acid a fluorescence enhancement was  detected on
very PS samples while no fluorescence variation was seen in phos-
hate buffer solution (data not shown), suggesting the fluorescence
hange is only related to binding the BMP-AA. The highest fluo-
escence enhancement as well as a better sensitivity was reached
hen 10 �M of BMP  was immobilized into the PS surface. After
aving positively tested the fluorescence transduction method and
ptimized the bioconjugation protocol, the dynamic range and the
ensitivity of the sensor in buffer solution was investigated. PS sam-
les bioconjugated with 10 �M of BMP  were exposed to a series

f solutions with AA concentrations ranging from 10 to 200 �M.
igher concentrations of AA were not tested due to a partial pro-

ein unfolding when AA above 200 �M was used in fluorescence
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titration measurements (data not shown). Moreover, in order to
anchor a higher amount of BMP  and to gain the sensitivity of the
sensor, the thickness of the PS sample was  increased up to 5 �m.  In
Fig. 4a the fluorescence change, calculated as the difference of the
fluorescence intensity before and after the incubation with AA, is
plotted against the AA concentration.

The fluorescence enhancement is linear up to 100 �M of AA with
a good determination coefficient of 0.9952. As the AA concentration
increases above 100 �M the sensor response is no longer linear and
a saturation of the fluorescence seems to take over. A second order
fit seems to suit perfectly in the dynamic range of 0–200 �M AA
with a determination coefficient of 0.9955. From the data shown in
Fig. 4a, a detection limit of 10 �M of AA was  calculated.

Refractive index changes due to presence of AA inside the PS
based on the shift of the interference fringe pattern in the visi-
ble range were also exploited as a parallel transduction method to
combine two different transduction systems. In Fig. 4b the fringe
pattern shift is plotted against the AA concentration. Differently
from what we  observed for the fluorescence transduction method,
the sensor response based on the refractive index seems to be lin-
ear over the entire concentrations range of AA, as was confirmed
by a determination coefficient of 0.9861 in the linear fit. However,
the sensitivity of this method seems to be impaired at lower con-
centrations since 10 �M of AA is no longer detected. From the data
shown in Fig. 4b, a detection limit of 30 �M of AA was  calculated.

The sensor response both in fluorescence and refractive index
measurements was also investigated in a complex matrix such as
plasma in order to evaluate the specificity and the selectivity of
these two transduction methods.

Three specific concentrations of AA (50, 100 and 200 �M)  were
added in plasma and subsequently incubated with the BMP  modi-
fied porous silicon samples.

In Fig. 4c the fluorescence variation, calculated as the difference
of the fluorescence intensity of PS samples exposed to plasma–AA
solution and only plasma, is plotted against the AA concentration.

The fluorescence enhancement in a real sample seems to be lin-
ear over the concentration range of AA with a good determination
coefficient of 0.9925.

A similar response was  also obtained monitoring the refrac-
tive index changes upon incubation with AA (Fig. 4d). The shift
of the interference fringe pattern of the samples incubated with
plasma–AA solution has been subtracted to those incubated only
with plasma and plotted versus the AA concentration.

Interestingly, a linear response was also obtained as confirmed
by a determination coefficient of 0.9998.

4. Discussion

In the sensing test using AA standard buffer solutions the
fluorescence method has shown to be more sensitive at lower con-
centrations of AA displaying a lower detection limit of 10 �M.  From
the data shown in Fig. 4a and b the fluorescence response seems
to be linear up to 100 �M and tends to a saturation point above
this value, while the refractive index method is linear all over the
dynamic range of 10–200 �M.  In the real sample analysis (Fig. 4c
and d), instead, a linear response of both transduction methods was
always observed.

Comparing the sensor response in standard buffer solutions and
plasma for both fluorescence and refractive index measurements,
some interesting information can be extracted (Fig. 4).

Comparing the fluorescence variation of the sensor upon the
fit in the range 0–100 �M AA), it is clearly seen that the slope of
the line in buffer is slightly steeper than in plasma (Fig. 4a–c). The
sensitivity of the fluorescence method in plasma, especially at low
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Fig. 4. (a) Fluorescence variation in KPI buffer is plotted over AA concentration. Linear fit in the 10–100 �M AA range (solid line) and parabolic fit in the 10–200 �M AA range
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dotted line) are shown. (b) Fringe pattern shift in KPI buffer is plotted over the AA c
n  plasma is plotted over AA concentration. Linear fit in the 50–200 �M AA range is 

n  the 50–200 �M AA range is shown.

oncentrations of AA, is barely affected by the presence of several
nterferents that can absorb the excitation/emission light. How-
ver, the fluorescence variation is still significantly detectable in
he AA concentrations tested and a linear response was  registered
ver the entire range.

The sensor response in the refractive index measurements
Fig. 4b–d) resulted to be linear over the entire range tested. How-
ver, the sensitivity of this method was also affected by the aspecific
dsorption of plasma interferents on PS surface. In fact, the slope
f the linear fit decreased from 0.017 to 0.0075 upon incubation in
lasma.

These preliminary results show a linear response of the sensor
n a real sample both in fluorescence and refractive index mea-
urements and prove the good BMP–AA binding selectivity even in
resence of several interferents contained in plasma such as pro-
eins, glucose, clotting factors, mineral ions, hormones. The three
ey concentrations of AA (50, 100 and 200 �M)  chosen for the
lasma test have been observed in some pathological conditions.

n psoriasis, for instance, skin inflamed tissue can contain AA levels
f around 100 �M (Hammarstrom et al., 1975). In kidney patholo-
ies AA (50 �M)  has been found to constrict isolated perfused renal
rteries and potentiate the myogenic response in the presence of
ndomethacin (Kauser et al., 1991). It has been also demonstrated
hat AA at micromolar concentrations (around 40 �M)  produces a
rastic increase in the generation of reactive oxygen species in rat
epatoma AS-30D cells (Dymkowska et al., 2006; Dymkowska and

ojtczak, 2009) along with an increase in the incidence of apo-

totic cell death. This has been shown for several types of cell lines
ultivated in vitro (Penzo et al., 2002). This sensor could be used
s a fast screening method for the AA symptomatic of apoptosis, as
trations. Linear fit in the 10–200 �M AA range is shown. (c) Fluorescence variation
. (d) Fringe pattern shift in plasma is plotted over the AA concentrations. Linear fit

an alternative or complementary method to flow cytometry that is
the currently used technique to follow apoptosis. The role of AA
on liver cancer has been also investigated in rat hepatoma H22
cells and AA concentrations in a range of 7–250 �M have been
detected (Xu et al., 2010). In this study the AA was  derivatized by p-
bromoacetophenone for detection under ultraviolet light by a HPLC
system. Our method, instead, would allow a quantification of AA in
the same concentration range without any further derivatization
procedure.

5. Conclusions

A PS based biosensor for the detection of AA was  fabricated.
The possibility of using a combination of two  different transduc-
tion methods based on two  different physical mechanisms, one
based on fluorescence intensity changes and the second on refrac-
tive index changes, on the same sensor was  demonstrated, allowing
an overlapping comparison of the sensing response.

Interestingly, preliminary results in a real sample, such as blood
plasma, showed the linearity of the sensor response for both trans-
duction methods and proved the selectivity of this system even
in presence of several interferents. A test representative of three
key concentrations measured in some important disease has been
carried out with success.

Studies have shown that the concentrations of extracellular,

unbound, and free AA in a physiological setting range from the
nanomolar (nM) to the micromolar (�M)  (Brash, 2001; Omole et al.,
2009). The method described in this work instead has a detection
range for AA in micromolar concentrations. Our aim for the future



s and 

i
a

a
c

A

I

f
f

R

B
C
C

C

C

D

D
D

D

D

D
D
D

D
F

F

F

F

Wyss-Coray, T., Mucke, L., 2002. Neuron 35 (3), 419–432.
A.M. Giovannozzi et al. / Biosensor

s to increase the dynamic range of the sensor reaching a sensitivity
t the nanomolar range.

This detection method could be applied to other P450 enzymes
s well as other proteins where the binding of a ligand causes a
onformational change.
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