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We describe an approach to affinity biosensing based on the depolarization of plasmon scatter of
biotinylated-bovine serum albumin coated 20 nin gold colloids crosslinked by streptavidin, Our

model system employs nanoparticles which initially scatter incident light with P=1,

n a

Rayleigh-like manner. However, upon aggregation, the nanoparticles show a decreased polarization
and an increased forward scatter, consistent with both plasmon near-field coupling and Mie like
scatter, enabling large changes in polarization detectable at angles approaching 180°. © 2005
American Institute of Physics. [DOI: 10.1063/1.2137465]

The localized plasmon resonance of noble metal nano-
particles has lead to the deve_]ﬂpment uf many sensors with
unique properties in the last decade.”” These nanoparticles
exhibit strong UV—vmblﬁ absorption bands that are not
present in the bulk metal, ! and which can lead to the brilliant
colors observed for nanoparticles in solution, a function of
both their absorption and scattering prﬂpﬂrties."

The majority of sensors based on the nanoparticle sur-
face plasmon resonance have been solution based,’ where the
sensitivity of the sensors is typically determined by the sen-
sitivity of the surface plasmons themselves to interparticle
coupling. When many particles, all supporting a surface plas-
mon resonance, are in close proximity, then they are able to
interact eiectmmagnetlcally through a dipole-dipole coupling
mechanism.” This mechanism, which can UCLUI‘ up to two
and half times the diameter of the partmlea, broadens and
redshifts the plasmon resonance bands, where smaller clus-
ters of particles have similar plasmon resmnance properties as
compared to that of a larger single }}cl[‘th]E This has prima-
rily lead to two main solution sensing tormats using the
nanoparticies, namely absorptton/colorimetricaltly based,
and those which look for changes in plasmon light scattering
properties. L2 While biosensing using plasmonic scatter is in-
nerently a much more powerful technique, It 1s considerably
eSS publishcd ® We note a recently published method of
wavelength-ratiometric plasmﬂmc hght scattering for glu-
cose sensing by our faboratories. Intultwely these properties
can be considered as a function of the nanoparticle’s cross
section, C,.,, Which is comprised of both absorption, C,,

and scattering, C.,, components, where

Ce:d.r = CE-:E:E+ Cahs : ( 1)
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In addition to these two properties of nanoparticles, sev-
eral other properties are known, but have been ill explored
for biosensing. These include the spatial distribution of scat-
ter and its subsequent polarization dependence. In this regard
we have recently published an angular-ratiomeitric plasmon
llghl scatter sensing platfnrm based on the disruption of the
cos® & dependence of Raylﬁlgh scatter, with excitation paral-
lel to the scattering plane In this letter, we utilize plasmon
light scattering to develop the concept of angular-dependent
polarization-based plasmon light scattering for bioaffinity
sensing, Here, the excitation is perpendicular to the scatter-
ing plane and so no cos® § angular dependence of scatter is
evident while the particles remain in the Rayleigh limit, i.e.,
diameter <1/2(th A. Subsequently, small Rayleigh like
particles, % with an initial polartzation approaching unity, ag-
pregate together via a bioaffinity reaction, The induced ag-
gregation changes the spatial distribution of polarized scatter
around the sample. However, to maximize the observed sig-
nal and therefore downstream the sensitivity of the assay, we
have selected partcles which initially scatter light mn a Ray-
leigh dependence. Upon aggregation, an increased forward
scatter is observed (particles now scattering in the Mie
limir),* ' enabling large changes in polarization to be sub-
sequently observed at angles approaching 180°, the angle of
forward scatter.

The change in polarization of light due to scattering has
been known for many vears, as first described by Raylei gh
For the case where the incident hight 1s polarized perpendicu-
lar to the scattering plane, then the extent of polarization, P,

at any angle ¢ 1s given by the expression

Ipppp—1
p — -PERP 7 “PAR (2)

IPERF - IFAR

where Tpgpp and Jpap are the scattered intensities in the per-
pendicular and parallel planes respectively. P can be positive
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FIG. I. Angular dependent-polarized scatter from different sized gold
colloids.

or negative and [P| << 1.%” For plane polarized light, the plas-
mon scattered light by a homogeneously sized and dilute
solution approaches 1.2 For light vertically polarized and
perpendicular to the scattering plane, then the intensity of
scatter is given by the well-known form of the Rayleigh

EXPression

4
167, Iy | m? - 1%

.=
scall N m+2

: (3)

where /; is the incident intensity of monochromatic light,
Hmeq 18 the refractive index surrounding the particle, m 1s the
refractive index of the bulk particle matenial, and r s the
distance between the particle and where the scattered light is
detected. Here, there is no angular dependence of scatter. In
the case where the excitation polarization 1s parallel to the
scattering plane, then the scattering intensity for small homo-
geneols spherical particle with radius «, that 1s much smaller
than the wavelength, A, of the incident beam, 1§ given by a
slightly different form of the Rayleigh expression Sl

2

cos’ 9. (4)

167%a%n f’nﬂ

o | m2 =1
f:mau" r2h4

me+2

In this condition, a cos® 8 angular dependence of scatter is
observed in the scattering plane. The intensily 15 highest at
the observation angles (° and 180° and minimum at 90° and
270° and is proportional to cos® 8 at all other angles. In this
Jetter, we employ excitation polarization perpendicular to the
scattering plane, Eq. (3}, where no Rayleigh angular depen-
dence of scattering occurs, the angular dependence due to
particles scattering in the Mie limit after aggregation, which
manifests itself in a increased forward scattering, 1.e., at
180°,

Figure 1 shows the angular dependence of polarization
of 532 nm plasmon-scattered light for a range of gold colloid
sizes. The plot starts at a 40° view point, and ends with
polarization values at 300° with respect to an excitation
angle of 0°. Angles outside these ranges were not measurable
due to the physical constraints of the rotational stage and the
collection fiber positioning. From Fig. 1 we observe that the
plasmon-scatter polarization curves are, as expected, almost

symmetrical around the 180° angle, the slight nonsymmetries
of the excitation beam in the
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center of the sample. Of particular interest 1s the sharp drop
in polarization at angles approaching 180°, and also as a
function of colloid size.

This interesting observation, which inevitably lends it-
self to an approach for bioaffinity sensing, can be explained
In two ways. First, when a small particle is exposed to an
electromagnetic wave whose wavelength is much longer than
the diameter of the particle, then every electron in the metal-
lic particle oscillates with the same phase ag the wave, and
therefore scatters light with the same phase. However, for
larger particles when its diameter approaches the wave-
length, then electrons 1n different parts of the particles oscil-
late with different phases. This leads to interference of the
scattered light, sometimes referred to as df.::.}:ilm&:ing,,E'gr where
the both the intensity and angular distribution of the scattered
light can be significantly different than that of smaller par-
ticles. In Fig. | at angles close to 180°, we sec a decreased
polarization for increased colloid size at a given angle, at-
iributed to the dephasing of the scattered light. Second, the
magnitude of these polarization changes 1s manifested in the
fact, that greater scattered intensities are observed for an os-
cillating dipole at angles approaching 180°, i.c., the spatial
distribution of scatter increases in the forward direction as a
function of size.>™"' In this regard we have been careful to
choose initial unaggregated gold nanoparticles whose diam-
eters are less than 1/20th the wavelength of light, i.c.,
Rayleigh scatterers,’” which uypon aggregation no longer
scatter light in a Rayleigh manner. Rayleigh theory applies
quite  strictly to particles for which the radius
a< < < <N (2unggml), where n_, is the refractive index
of surrounding the nanoparticle and m is the refractive index
of the bulk pariicle itself. For the gald colloids discussed
here |m| is usually not greater than 4. 2 Subsequently we can
see that for [m|=4, A=532 nm and n,,=1.33, this expres-
sion yields ideal Rayleigh scatters of 15.9 nm. According to
Yguerabide,s particles up to 40 nm diameter can still be con-
sidered to be in the Rayleigh limit for visible incident
vi.r.m.ff.alength5..H

From Fig. 1 1t is also important to note that we see a
drop in polarization at angles near 180°, which can be con-
sidered to be the angle where one would normally expect a
high polarization value due to unaffected incident light, ¢f. a
solution of fluorophores.'* However, in our system here, the
solution optical density was ==1. Subsequently only a very
small fraction of the incident light does not interact with the
colloids, which are well-known {0 1nteract and scatter light
outside the constraints of their physical cross sections,® when
Q...> 1, and where Q.= Cy./ ma’, and Q,., is the scattering
efficiency, a is the particle radius, and C, 1s the scattering
Cross section.

To demonstrate the utility of our sensing approach and
indeed its broader applicability to biclogical sensing, we
choose a model protein system. The streptavidin-biotin sys-
tem has been widely used for demonstration of nanoscale
bioaffinity Sensors, primarily due to the extremely high
binding affinity, K,~ 10" I/M. Streptavidin is a tetrameric
protein, which can bind up to four biotinylated molecules.’
Subsequently streptavidin can be wused to crosslink
biotinylated-bovine serum albumin (BSA) coated 20 nm
gold colloids, in essence causing the near-field plasmon cou-
pling of the nanoparticles, a subsequent change in their po-
larization (a function of colloidal proximity} as well as
breaking the Rayleigh scattering limit,>” the particles upon
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FIG. 2. Angular-dependent polarization of plasmon scatier as a function of
nanoparticle aggregation, and the polarization, £, at 140 deg vs streptavidin
concentration {Insert). BG-—Biotinylated 20 mn gold colloids.

aggregation starting to scatter in the Mie limit.*” Qur initial
hypothesis for this effect was based on the results obtained
with different sized virgin unaggregated colloids, similar po-
larization scattering effects being envisaged for increased
sized unaggregated colloids, as compared to the aggregation
of small colloids.

The surface modification of 20 nm gold collotds was
performed using a modified version’ of the procedure found
in the literature."® The biotinylated-BSA colloids were used
in the aggregation assays with increasing concentrations of
streptavidin, In this regard, a 1000 nM stock solution of
streptavidin (prepared in polybutene sulfone based on the
specifications provided by manufacturer, Sigma/Aldrich,
E1% at 282 nm=31.0) was added to 0.5 mL of biotinylated
gold colloid samples and incubated at room temperature for
30 min. In order to achieve the desired final streptavidin con-
centrations, predetermined volumes of streptavidin stock so-
lution were used. The angle-dependent polanzed scattering
from gold colloids of various sizes and those used in the
aggregation assay were measured using an X-Y rotating stage
(Edmund Optics), that was modified to hold a cylindrical

cuvette (a thin walled glass NMR tube)}, with a fiber optic
mount. The gold colloids were illominated with a 532 nm

laser line, a neutral density filter being used to adjust the
laser intensity. The angle-dependent polarized scattered light
from the gold colloids was collected through a dichroic sheet
polarizer (Edmund optics) into a 600 micron broad wave-
length fiber that was connected to an Ocean Optics HD2000
spectrofluorometer.

Similar to the polarization measurements of the virgm
colloids as a function of colloidal size, the 20 nm
biotinylated-BSA coated gold particles showed a substantial
decrease in polarization at an angle approaching 180 upon
increasing additions of streptavidin, Fig. 2—top. This de-
crease is explained as due to the near-field coupling of sur-
face plasmons upon aggregatiun,"z which results in dephased
polarized scatter "> similar to the effect observed for in-
creasing colloid size, i.e., Fig. 1. As the concentration of
streptavidin in the sample increases we also observe an in-
crease in the width of the scatter band at 180° i.e., an in-
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crease in the extent of forward scatier as the aggregated par-
ticles no longer scatter within the Rayleigh limit,*® but
indeed now begin to scatter light as described by Mie
theury.m Subsequently the concentration of steptavidin can
be readily determined, Fig. 2—insert, as could any other bio-
species which induces particle flocculation.

In conclusion, we report our findings of polarized
angular-dependent affinity biosensing for solutions of nano-
particles. This model sensing platform could be potentially
applied to many other nanoparticle :as.s::lys.i’2 Interestingly,
fluorescence depolarization 1s widely used in high through-
put screening (HTS) and drug disccwery.m’m In HTS assay
plate-well formats, minute changes in fluorescence polariza-
tion are readily used to determine antigen binding, reflecting
a change in the mobility of a fluorophore. Our approach sug-
gests that polarization based assays can be performed with a
simple near-180° geometry detection of the scattered light,
as compared to the total-internal reflection fluorescence 214
or backscattered fluorescence geometries  currently
r;';mplmqyed.m‘“’L Further, in our approach, an assay “hit” could
be determined by colloid proximity and not rotational orien-
tation as 1s currently used to transduce polarization assays.'”
In addition, the nanoparticles are inherently more photo-
stable than fluorophores, do not settle out solution, and can
couple over 2.5 times their diameter,” enabling long-range
plasmon coupling and therefore the sensing of large antigens.
In this regard, fluorescence resonance energy transfer has
languished for long-range immunoassay measurements, due
to the short-range ﬂunmPhﬂre Forster-type coupling dis-
tances, typically <5 nm.'* Work is currently underway by
our laboratories in this regard and will be reported in due
course,
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