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Localized surface plasmon resonance (LSPR) nanosensors have [A], B]
been demonstrated as sensitive platforms for the detection of
streptavidint anti-biotin? concanavalid, Alzheimer disease bio-
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markers! and many other biorecognition eveftsSensing is gos- 11-MUA

accomplished by monitoring the wavelength shift in the LSPR |8

extinction or scattering maximumi,,) induced by the binding of § CYP101
o 0.4+

target analytes to the nanoparticle surface. The concentration of
target analytes is quantitatively related to the shiftjg. In these
cases, however, the analytes were optically transparent; and
consequently, the observed shift was only weakly dependent on wo a0 ™ %
the LSPR Amax.l™* 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 & w i
induced LSPR shift is found to be strongly dependent on the spectral ‘/ e o
overlap between the electronic resonance of the adsorbates and the
plasmon resonance of the nanopartiél&pecifically, a large red-  Figure 1. (A) UV —vis absorption spectra of CYP101} (green solid
shift occurs when the nanoparticles’ LSPR is located at a slightly line) with a Soret band at 417 nm (low spin) and camphor-bound CYP101-
longer wavelength than the adsorbate’s molecular resonance(F€") (pink dashed line) with a Soret band at 391 nm (high spin); (B)
wavelength, that is, a factor of 3 greater than when the LSPR is Schematic notations of 11-MUA, CYP101, and camphor; (C) schematic
B . representation of CYP101 protein immobilized Ag nanobiosensor, followed
distant from the molecular resonance. This resonant LSPR responsgy hinding of camphor. The Ag nanoparticles are fabricated using NSL
opens up the possibility of detecting the binding of a low molecular (nanosphere lithography) on a glass substrate.

L"e'ght analyte to aproeln e ‘;"dsorb‘?d on e ”tinog.ag'.c'e'at 391 nm ¢ = 102 mM* cm-). The cause of this peak shift is
erein, we present a proot-ot-concept experiment for the bINAING ¢ gigplacement of water coordinated with thé*Fim CYP101
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of camphor (G160, molecular \(velghtMr) 152'_24 gmol™) by camphor which shifts the spin state of the heme iron from low
to cytochrome P450cam protein (CYP101). This system was to high spin’813

selected because the electronic structure changes that occur when Nanosphere lithography (NSL) fabricated Ag nanoparticles were

SUléStratE bmdsng\ée been Wellt_cflw?rac:eri’z_ggc:{ bi thesi used as the LSPR sensing platfofff:14 To immobilize Fé&*-
ytoc rome Fa50s are essential lor steroid hormone BIOSYNINESISy pg gy oo Ag nanoparticles, a self-assembled monolayer (SAM)
and are involved in the metabolism of xenobiotics. Many drug

molecules. for mple. metvranone. fluconazole. and cimetidin of 11-mercaptoundecanoic acid (11-MUA) (Figure 1B) was used

Molecules, Tor example, metyrapone, fluconazole, and cimetiding, - modify the nanoparticles. With the aid of 1-ethyl-3-[3-dimethy-

inhibit cytochrome P450, thereby leading to a decrease in metabo-_ . L ) ;

lism which can cause adverse toxicity, The development of an aminopropyl] carbodiimide hydrochloride, the amine groups on the
. -

ultrasensitive, label-free detection method for binding of the CYPI01(F€") were covalently bound to the carboxyl groups on

N 11-MUA.* Then, the samples were exposed to a 20camphor
ir:]ni:gg?liit%fgéog?srggzgfgsegféﬁé tg‘?g?éi’ ihsa\;e gpse'gcir;;zcamsolution. Since the dissociation constaf is 0.61 uM, this
member of this P450 superfamily c.atalyzing the stereospecific conce_ntratlon saturates "?1” binding .SIteS _|ﬁ*@YP101?-13:15The
hvd lati f hor as the first step in the utilization of this experimental procedure_ls su_mn_1ar|zed in Figure 1C. _

ydroxylation o | camp f ! P! u 'AZ : i 1S Each step of the functionalization of the samples was monitored
t:srzﬁggnics):azo N ?gz:r_ce 0 cle'lor‘bor:l and iner&i/l n t F:)SO' O.rgamsmusing UV-vis extinction spectroscopy in a;Nenvironment. Parts
putidarigure SNOWS the VIS absorption . A and B of Figure 2 show two sets of representative LSPR spectra.
spectra O.f camphqr-free (green Sphd line) and camphor-bound (pmkln Figure 2A, after incubation in 11-MUA, the LSPR extinction
dashed line) oxidized CYP101 in phosphate buffer GH?.4).
When camphor binds to CYP101 with the heme iron in-#3 wavelength/ maxsam was measured to be 636.1 nm. The sample
oxidation state, CYP101(F€), the Soret absorption band peak of was then |ncubat§q n CYP10.163¢ solution. The L.SPR of
CYP101 blue-shifts by 26 nm from its low spin state atp417 nm CYP101(F€") modified nanoparticlesimay.cypior red-shifted by
T . y_ L oq PIN < . 13.2 nm to 649.3 nm. Next, the sample was exposed to a camphor
(extinction coefficient = 115 mM~! cm™?) to its high spin state solution, and the LSPRma: cvpios.cam blue-shifted by 8.7 nm to

 Northwestern University. 640.6 nm. A parallel experiment was conducted using the nano-
* University of lllinois. particles with Amaxsam close to but slightly greater than the
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lengthl# Similarly, we observe that the LSPR red-shifts from
Amax.sam Upon binding of either CYP101(F8, or camphor bound
80 pYE c CYP101(Fé"). However, the exposure of CYP101fFemodified
nanoparticles to camphor results in a blue-shift (i&4,). If
camphor were a noninteracting adsorbate added to CYP18)(Fe
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 differebitax.sam
(Figure 2C). This shows that substrate binding to CYP10{(Fe
involves a change in the electronic state of the protein, and since
this state is at a shorter wavelength than in CYP10X(Fehe
4 imax,CYPlO%Cam is blue-shifted relative tdmax,CYPlOl
~I~~ The tunability of the localized surface plasmon resonance has
9300'4610' 50 6bo” 700 300 been successfully exploited as a signal transduction mechanism for
Amax sam (NM) the detection of substrate binding. Indeed, this is the first demon-
' stration that the binding of a small molecule (camphor) to a protein
(CYP101(Fé")) 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
r 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 LSP

shift plots. All extinction measurements were collected in,@hvironment.

A 200 uM camphor buffer solution was used: (A) a series of s
extinction spectra of Ag nanoparticles (Ahaxsam = 636.1 nm, (b)
Amax,cyr101= 649.3 nm, and (Clmax,cypriorcam = 640.1 nm; (B) a series
of UV—vis extinction spectra of Ag nanoparticles @)ax.sam = 421.4
nm, (b) Amax,cypio1= 487.6 nm, and (Clmax,cypiorcam = 452.9 nm; (C)
plots of LSPR shifts versumax.sam Where A1 = Amax,cyp101— Amax,.sam
(shift on binding CYP101), andA2 = Amax,cyp10+-cam — Amax,cypio1(Shift

on binding camphor). The vertical black dotted line denotes the molecular
resonance of FéCYP101 at 417 nm.

molecular resonance of the CYP101¥Pe(Amaxsam = 420 nm; Acknowledgment. We acknowledge Dr. Shengli Zou at North-
the molecular resonance of CYP101{Peis at 417 nm). In this western University and Dr. Thomas Makris at University of lllinois-
case, dramatic wavelength shifts were observed (shown in FigureUrbana Champaign for helpful comments. This research was
2B). Specifically, the LSPR red-shifted by 66.2 nm to 487.6 nm supported by the National Science Foundation (Grants EEC-
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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 deposite
metal film thickness$® In general, an increase in nanosphere
diameter and/or a decrease in metal film thickness result in a red- references
shift in LSPR. Figure 2C shows the wavelength-dependent plots .
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A2y = Amax.cvp101™ Amax,sAm (1)
A/IZ = Amax,CYPlOl—Cam - j‘ma\x,CYPlOl

Here, a positive wavelength shift indicates a red-shift and a

negative wavelength shift indicates a blue-shift. Whenithg sam
is located at wavelengths longer than the CYP103(Fesonance
(>460 nm), an average shift 6§19 nm is observed foAl,, and
~ —6 nm for Al,. However, whemmax sam is at a slightly longer
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wavelength than the CYP101## resonance (the results shown
in Figure 2B), amplified shifts are observed fai; (amplified
magnitude~340%) andA1, (~550%).

The_se results are_remarkable owing _to both the magnitl_Jde of (15) Denisov, I. G.; Makris, T. M.; Sligar, S. G.; Schlichting,Ghem. Re.
the shifts and the shift direction. In previously reported studies of 2005 105 2253-2277.
LSPR response to the binding of nonresonant proteins to the (16) Haynes, C.L.;vanDuyne, R. B.Phys. Chem. BOO], 105 5599-5611.
nanoparticles, we always observed a red-shift in LSPR wave- JA0636082
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