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Localized surface plasmon resonance (LSPR) nanosensors have
been demonstrated as sensitive platforms for the detection of
streptavidin,1 anti-biotin,2 concanavalin,3 Alzheimer disease bio-
markers,4 and many other biorecognition events.5 Sensing is
accomplished by monitoring the wavelength shift in the LSPR
extinction or scattering maximum (λmax) induced by the binding of
target analytes to the nanoparticle surface. The concentration of
target analytes is quantitatively related to the shift inλmax. In these
cases, however, the analytes were optically transparent; and
consequently, the observed shift was only weakly dependent on
the LSPR λmax..1-4 Since many biomolecules contain visible
chromophores, it is important to broaden the scope of LSPR sensing
by exploring electronically resonant adsorbates in biosensing events.
When resonant molecules are adsorbed on nanoparticles, the
induced LSPR shift is found to be strongly dependent on the spectral
overlap between the electronic resonance of the adsorbates and the
plasmon resonance of the nanoparticles.6 Specifically, a large red-
shift occurs when the nanoparticles’ LSPR is located at a slightly
longer wavelength than the adsorbate’s molecular resonance
wavelength, that is, a factor of 3 greater than when the LSPR is
distant from the molecular resonance. This resonant LSPR response
opens up the possibility of detecting the binding of a low molecular
weight analyte to a protein receptor adsorbed on a nanoparticle.
Herein, we present a proof-of-concept experiment for the binding
of camphor (C10H16O, molecular weight (Mr) ) 152.24 g‚mol-1)
to cytochrome P450cam protein (CYP101). This system was
selected because the electronic structure changes that occur when
substrate binds have been well characterized.7,8

Cytochrome P450s are essential for steroid hormone biosynthesis
and are involved in the metabolism of xenobiotics. Many drug
molecules, for example, metyrapone, fluconazole, and cimetidine,9

inhibit cytochrome P450, thereby leading to a decrease in metabo-
lism which can cause adverse toxicity. The development of an
ultrasensitive, label-free detection method for binding of the
molecules to cytochrome P450s would, therefore, have a significant
impact on drug discovery research.10-12 CYP101 is a specific
member of this P450 superfamily catalyzing the stereospecific
hydroxylation of camphor as the first step in the utilization of this
terpene as a sole source of carbon and energy in the soil organism
Pseudomonas putida. Figure 1A shows the UV-vis absorption
spectra of camphor-free (green solid line) and camphor-bound (pink
dashed line) oxidized CYP101 in phosphate buffer (pH) 7.4).
When camphor binds to CYP101 with the heme iron in its+3
oxidation state, CYP101(Fe3+), the Soret absorption band peak of
CYP101 blue-shifts by 26 nm from its low spin state at 417 nm
(extinction coefficientε ) 115 mM-1 cm-1) to its high spin state

at 391 nm (ε ) 102 mM-1 cm-1). The cause of this peak shift is
the displacement of water coordinated with the Fe3+ in CYP101
by camphor which shifts the spin state of the heme iron from low
to high spin.7,8,13

Nanosphere lithography (NSL) fabricated Ag nanoparticles were
used as the LSPR sensing platform.1,2,4,14 To immobilize Fe3+-
CYP101 onto Ag nanoparticles, a self-assembled monolayer (SAM)
of 11-mercaptoundecanoic acid (11-MUA) (Figure 1B) was used
to modify the nanoparticles. With the aid of 1-ethyl-3-[3-dimethy-
aminopropyl] carbodiimide hydrochloride, the amine groups on the
CYP101(Fe3+) were covalently bound to the carboxyl groups on
11-MUA.1 Then, the samples were exposed to a 200µM camphor
solution. Since the dissociation constantKd is 0.61 µM, this
concentration saturates all binding sites in Fe3+CYP101.7,13,15The
experimental procedure is summarized in Figure 1C.

Each step of the functionalization of the samples was monitored
using UV-vis extinction spectroscopy in a N2 environment. Parts
A and B of Figure 2 show two sets of representative LSPR spectra.
In Figure 2A, after incubation in 11-MUA, the LSPR extinction
wavelength,λ max,SAM was measured to be 636.1 nm. The sample
was then incubated in CYP101(Fe3+) solution. The LSPR of
CYP101(Fe3+) modified nanoparticles,λmax,CYP101, red-shifted by
13.2 nm to 649.3 nm. Next, the sample was exposed to a camphor
solution, and the LSPR,λmax,CYP101-Cam, blue-shifted by 8.7 nm to
640.6 nm. A parallel experiment was conducted using the nano-
particles with λmax,SAM close to but slightly greater than the
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Figure 1. (A) UV-vis absorption spectra of CYP101(Fe3+) (green solid
line) with a Soret band at 417 nm (low spin) and camphor-bound CYP101-
(Fe3+) (pink dashed line) with a Soret band at 391 nm (high spin); (B)
schematic notations of 11-MUA, CYP101, and camphor; (C) schematic
representation of CYP101 protein immobilized Ag nanobiosensor, followed
by binding of camphor. The Ag nanoparticles are fabricated using NSL
(nanosphere lithography) on a glass substrate.
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molecular resonance of the CYP101(Fe3+) (λmax,SAM ) 420 nm;
the molecular resonance of CYP101(Fe3+) is at 417 nm). In this
case, dramatic wavelength shifts were observed (shown in Figure
2B). Specifically, the LSPR red-shifted by 66.2 nm to 487.6 nm
after incubation in CYP101(Fe3+), and then blue-shifted by 34.7
nm to 452.9 nm upon the substrate binding of camphor.

On the basis of the aforementioned results, it is clear that the
LSPR shifts vary strongly withλmax,SAM. To study this, experiments
were conducted to measure the LSPR response of nanoparticles
while varying the initial LSPR wavelength. The LSPR peaks were
controlled by changing the nanosphere diameter and the deposited
metal film thickness.16 In general, an increase in nanosphere
diameter and/or a decrease in metal film thickness result in a red-
shift in LSPR. Figure 2C shows the wavelength-dependent plots
of ∆λ1 (black line with dots), and∆λ2 (blue line with triangles)
versus λmax,SAM. The values of∆λ were calculated from the
following equations:

Here, a positive wavelength shift indicates a red-shift and a
negative wavelength shift indicates a blue-shift. When theλmax,SAM

is located at wavelengths longer than the CYP101(Fe3+) resonance
(>460 nm), an average shift of∼19 nm is observed for∆λ1, and
∼ -6 nm for ∆λ2. However, whenλmax,SAM is at a slightly longer
wavelength than the CYP101(Fe3+) resonance (the results shown
in Figure 2B), amplified shifts are observed for∆λ1 (amplified
magnitude∼340%) and∆λ2 (∼550%).

These results are remarkable owing to both the magnitude of
the shifts and the shift direction. In previously reported studies of
LSPR response to the binding of nonresonant proteins to the
nanoparticles, we always observed a red-shift in LSPR wave-

length.1,4 Similarly, we observe that the LSPR red-shifts from
λmax,SAM upon binding of either CYP101(Fe3+), or camphor bound
CYP101(Fe3+). However, the exposure of CYP101(Fe3+) modified
nanoparticles to camphor results in a blue-shift (i.e.,∆λ2). If
camphor were a noninteracting adsorbate added to CYP101(Fe3+),
the local refractive index around the nanoparticles would increase,
resulting in a red-shift in the LSPR peaks. However, blue-shifts
are found for a variety of nanoparticles with differentλmax,SAM

(Figure 2C). This shows that substrate binding to CYP101(Fe3+)
involves a change in the electronic state of the protein, and since
this state is at a shorter wavelength than in CYP101(Fe3+), the
λmax,CYP101-Cam is blue-shifted relative toλmax,CYP101.

The tunability of the localized surface plasmon resonance has
been successfully exploited as a signal transduction mechanism for
the detection of substrate binding. Indeed, this is the first demon-
stration that the binding of a small molecule (camphor) to a protein
(CYP101(Fe3+)) can generate a LSPR spectral change. Amplified
spectral response to substrate binding is achieved when the LSPR
of the silver nanosensor is optimized to be close to the molecular
resonance of the protein. This study demonstrates that strong
coupling between the molecular resonance and the intrinsic LSPR
of the nanoparticles results in an amplified LSPR shift that is
modulated by substrate binding, providing further insight into
possible uses of plasmon resonance spectroscopy. Application of
this finding to the screening for inhibitors of human cytochrome
P450s is under investigation on the basis of these results. It is
foreseeable that this discovery will provide guidance to the design
and optimization of refractive index based sensing for biological
targets with resonant chromophores.
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Figure 2. UV-vis extinction spectra of each step in the surface modification
of NSL fabricated Ag nanoparticles and the wavelength-dependent LSPR
shift plots. All extinction measurements were collected in a N2 environment.
A 200 µM camphor buffer solution was used: (A) a series of UV-vis
extinction spectra of Ag nanoparticles (a)λmax,SAM ) 636.1 nm, (b)
λmax,CYP101) 649.3 nm, and (c)λmax,CYP101-Cam ) 640.1 nm; (B) a series
of UV-vis extinction spectra of Ag nanoparticles (a)λmax,SAM ) 421.4
nm, (b) λmax,CYP101) 487.6 nm, and (c)λmax,CYP101-Cam ) 452.9 nm; (C)
plots of LSPR shifts versusλmax,SAM where∆λ1 ) λmax,CYP101- λmax,SAM

(shift on binding CYP101), and∆λ2 ) λmax,CYP101-Cam - λmax,CYP101(shift
on binding camphor). The vertical black dotted line denotes the molecular
resonance of Fe3+CYP101 at 417 nm.

∆λ1 ) λmax,CYP101- λmax,SAM (1)

∆λ2 ) λmax,CYP101-Cam- λmax,CYP101 (2)
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