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Abstract: We describe an exciting opportunity for affinity biosensing using a ratiometric approach to the
angular-dependent light scattering from bioactivated and subsequently aggregated noble metal colloids.
This new model sensing platform utilizes the changes in particle scattering from very small colloids, which
scatter light according to traditional Rayleigh theory, as compared to the changes in scattering observed
by much larger colloidal aggregates, formed due to a bioaffinity reaction. These larger aggregates no longer
scatter incident light in a Cos? 6 dependence, as is the case for Rayleigh scattering, but instead scatter
light in an increased forward direction as compared to the incident geometry. By subsequently taking the
ratio of the scattered intensity at two angles, namely 90° and 140°, relative to the incident light, we can
follow the association of biotinylated bovine serum albumin-coated 20 nm gold colloids, cross-linked by
additions of streptavidin. This new model system can be potentially applied to many other nanopatrticle
assays and has many advantages over traditional fluorescence sensing and indeed light-scattering
approaches. For example, a single nanoparticle can have the equivalent scattered intensity as 10° fluorescing
fluorescein molecules substantially increasing detection; the angular distribution of scattered light from
noble metal colloids is substantially easier to predict as compared to fluorescence; the scattered light is
not quenched by biospecies; the ratiometric measurements described here are not dependent on colloid
concentration as are other scattering techniques; and finally, the noble metal colloids are not prone to
photodestruction, as is the case with organic fluorophores.

1. Introduction increased. This has been afforded by their very high molar
absorption coefficientd! which has enabled their use in many
absorption-based (of light) nanoparticle assay$.n addition

to their high absorption cross-sectiors= 1.68 x 109 M~1
cm~1 for a 30 nm Ag particle, 380 nnf)nanoparticles of gold
and silver are also very efficient scatterers of lighi{G= 8 x
10712 c? for a 30 nm Ag particle, 380 nn%)Indeed a noble
metal colloid’s extinction spectrum is composed of both an
absorption and scattering component, which is contrary to how
we think of a typical fluorophores extinction spectrum. Subse-
quently, light scattering by gold and silver nanoparticles can
be detected at concentrations as low as!4®1.¢ In addition,

Dynamic Light Scattering (DLS), also referred to as photon
correlation spectroscopyis the most widely used technique
today for studying colloidal systends? It is a relatively fast
technique which can provide absolute estimates of particle size
and concentration for a wide variety of particles. However, the
technigue does have several limitatidrighese include the low
information content from the measured signal, the complexity
of data analysis (this involves the numerical inversion of a
Laplace Transford) and the fact that both DLS and the other
scattering techniques are not appropriate for very dilute solutions
of particles?™®> Subsequently, this has been a limitation in
sensing biospecies at nanomolar and even lower concentrations. (e) yguerabide, J.; Yguerabide, Bnal. Biochem1998 262, 137—156.

However, over the last several years the use of both gold g; ngen(ag‘_?iaf(gvng;{egf‘%‘??’GESSQS?‘éfhéﬁna{ggﬁezn?.zic?&%les17,

and silver nanoparticles in biological assays has dramatically 139-144.
9) Aslan K.; Lakowicz, J. R.; Geddes, C. Bnal. Biochem2004 330, 145—

TInstitute of Fluorescence. (10) Reynolds R. A.; Mirkin, C. A.; Letsinger, R. L. Am. Chem. So200Q
* Center for Fluorescence Spectroscopy. 122, 3795-3796.
(1) Bryant, G.; Thomas, J. Cangmuir1995 11, 2480-2485. (11) Elghanian, R.; Storhoff, J. J.; Mucic, R. C.; Letsinger, R. L.; Mirkin, C. A.
(2) Dahneke, B. E. EdMeasurements of Suspended Particles by Quasi-Elastic Sciencel997, 277, 1078-1081.
Light Scattering Wiley-Interscience: New York, 1983. (12) Sastry, M.; Lala, N.; Patil, V.; Chavan, S. P.; Chittiboyina, AL&gmuir
(3) Chu, B.Laser Light Scattering?nd ed.; Academic Press: New York, 1991. 1998,14, 4138-4142.
(4) Brown, W. Ed. Dynamic Light Scattering: The Method and Some (13) Cobbe, S.; Connolly, S.; Ryan, D.; Nagle, L.; Eritja, R.; Fitzmauricel.D.
Applications Clarendon Press: Oxford, U.K., 1993. Phys. Chem. BR003 107, 470-477.
(5) Finay, R.Adv. Colloid Interface Scil994 52, 79—143. (14) Nath, N.; Chilkoti, A.Anal. Chem2002 74, 504-5009.
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Y wavelength), and s the distance between the particle and where
the scattered light is detected. From Figure 1 (top) the
polarization vector lies in thgzplane, and this scattered light
is 100% polarized. Interestingly from Figure 1 and eq 1, the

Polarized Direction of scattered light intensity is highest at the observation angles

Detector Monthﬁmatlc = 0° and 180, is zero at) = 90° and 270, the intensity being

— p. 9 proportional to Co%6. This spatial or angular distribution of

= » X plasmon scatter is characteristic of an electric dipole enfitter.

Equation 1 is ideally suited for single particle scattering or for

particle suspensions where the particles are sufficiently spaced

so that interpretable perturbations and multiple scatterings are
insignificant. For very dilute samples of multiple particles, where

C the absorbance of the incident wavelength is less than .005

Cylindrical then the intensity of the scattered light can be obtained by
Cuvette multiplying the single particle scattering intensity expressions

[ ) by the particle concentratiom, (particles/cr). The intensity

Polarizer is therefore proportional to the nanoparticle concentration, and

the dilute solution has the same angular distribution of scatter,

) and degree of polarization, as an individual “Rayleigh partiéle”.

Fiber < [[_470 nm /5320m However, for larger particles, where the size of the nanopar-

H /650 nm ticle is approximately greater thaf, the wavelength of light,
or for Rayleigh sized particles in close proximity to one another,
‘ | Jn"'d"n'”m" | ‘ \ the scattering properties no longer obey Rayleigh theory but
Neutral Density indeed can be described by Mie's thedfyThe angular
O Filter dependence of plasmonic scatter subsequently changes from the
Co¢ 6 dependence described by eq 1 (Rayleigh limit) to a much

Fioure 1. Coordinat . d 1o describe th rical tmore complex spatial distribution of scatter, where the degree
gure 1. oorainate system usead 1o descripe the geometrical arrangemen . - .

of the illumination (Perp. excitation) and detection systems (top) and the Of_ forwar(_j Scat_ter (I'e_" 1_80_n lo7ur geometry, Figure 1) increases
apparatus used for measuring the angular dependence of colloidal scatteWith particle size (Mie limit):

(bottom). It is informative to briefly describe why the scattering from
. . . . larger particles is no longer described by Rayleigh theory. It
it is well-known that the light dependent scattering properties was previously mentioned that when a small particle is exposed

ofa nanopart@le depend on their Size, shape, composition, andto an electromagnetic field, whose wavelength is much larger
the refractive index of the suspending meditimowever, one . . .
than the diameter of the particle, then the electrons in the

gotﬁzrtg:hS:a?ajebiir;glngépgre;:i;?r dti);(t);ci'te)ﬂtsil)nn% i?p“::gﬁgi nanoparticle all sense the same phase of the incident wave, and
Y P P P therefore all scatter light with the same phase. In essence, the

scatter> as we describe herein. : - )
When a metallic nanoparticle is exposed to an electroma neticWhOIe particle behaves as a large oscillating dipole moment, &
P P 9 function of the collective electron oscillations (plasmons).

wave, the electrons in the metal (plasmons) oscillate at the same f h icl h he el h
frequency as the incident wafeSubsequently, the oscillating owever, Tor much arger pfart|c €s, then the electrons on the
' particles can experience different phases and therefore can

ﬁfg;r:::y ;ﬂif Ozﬁﬁ;?:;aggi?r%n;adl'taitlsotnhigg@g};gﬁgf oscillate with different phases. This inherently leads to interfer-
light at the same incident Wavelength. which is often referred ence of the light Whlch Is scattered by the electrons from
to as plasmon scattér ! different parts pf t-he partlcles. Subsequentlly, both Fhe magnitude
. . . and angular distribution of the scattered light deviate from that
The scattering of light by very small subwavelength sized d of a normal oscillating electric dinole. While bevond
particles is well described by Rayleigh thedfyor incident expected o - . 9 . po'e. y
light traveling along thecaxis, Figure 1 (top), and polarized in the scope of this text, Mie theory for light scattering from large
the z-axis, the intensity of Iight scatterety ,in the direction partic!es can be considered as Iight ra_diating from oscillating
0 by a hémogeneous spherical particlec?/t\;ith radiughat is electric dipoles, as well as magnetic dipoles, quadruples, and
other higher order magnetic multipol€sScattered light by Mie

much smaller than the wavelength,of the incident beam, is . ) : .
given by the Rayleigh expressi6as theory is well-known to be described by the following equation

Aol Laser

X-Y Rotating Stage

1678041 _ e
loeat=—— 4 | n* L2cogy 1) lscar=""9 (2n+ 1)(a,* + |b,[*) )
ri I’T12 +2 k2 n=
wherelg is the incident intensity of monochromatic lighmeq wherek = 27nmedi. One can envision the different terms in

is the refractive index surrounding the particteis the refractive the sum as corresponding to different electric and magnetic
index of the bulk particle material (bOth functions of the incident mu]tipo|es andn is the term index. The term witim = 1

corresponds to the electric dipole. The coefficieatsaand by,

(15) Souza, G. R.; Miller, J. HJ. Am. Chem. So@001, 123 6734-6735.
(16) Kerker, M.The Scattering of Light and Other Electromagnetic Radiagtion
Academic Press: New York, 1969. (17) Mie, G Ann. Phys1908 25, 377—445.
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are defined in terms of the Bessel and Ricatti functions and in 0.6
general are complex numbers depending on whether the
refractive index of the particle is real or compleXVhen the A\ 7R
particle is much smaller than the wavelength of light, the most i i
important expression in the Mie equation becomes that of the § 7
electric dipole, and then the Mie equation reduces back to the §
Rayleigh expression. 2

To demonstrate the utility of our new sensing approach, we 8
first demonstrate the angular dependence of laser-light scatter‘<°
from different sized gold colloids. These colloids range in size
from 20 to 200 nm, where the differences in their angular
distribution of scatter serve to confirm and support our observa-
tions for a bioaffinity solution based assay, where small .
nanoparticles aggregate into much larger structures using 400 500 600 700 800 900
proteins.

The angular distribution (spatial distribution) of scatter from
different sized colloids is known to be markedly diffefehtt
has never been utilized for sensing. For small particles whose
diameters are less thahg the wavelength of light, then thisis  gold colloids in citrate buffer. We can clearly see the plasmon
described well by Rayleigh theoPy.® whereas Mie theody absorption band at 520 nm for 20 nm colloids, shifting red, as
describes the scattering from the much larger structures. As wewell as broadening as a function of size. This is consistent with
will show, the Co3 6 dependence of scatter from small other reportd*'8 Subsequently, for the angular scattering
unaggregated particles in the Rayleigh limit is no longer a valid dependences discussed in this paper, we used monochromatic
description of the scattering distribution for much larger, laser light at 470, 532, and 650 nm, which is similar to the
aggregated particles. In this regard, we have been careful toplasmon absorption maxima of the colloifs?
choose unaggreagted colloids (monomers) whose scatter can For bioaffinity sensing based on the angular dependence of
initially be well described by Rayleigh theory but, after protein plasmon scatter, it is important to understand the concentration
induced aggregation, now resides in the Mie limit for scattering. dependence of the colloids on the scattering spatial distribution.
As mentioned, the initial choice of nanoparticle size is para- Figure 3 shows the angular scattering profiles for different
mount for the biosensing platform described in this paper. concentrations of 20 nm colloids using 532 nm monochromatic
Rayleigh theory applies quite strictly to particles for which the laser light. As predicted by eq 1, the Ca% dependence on
radiusa << A/(2mnmedm). For silver colloids and the wave-  scattering can clearly be seen in these dilute samples. At angles
lengths discussed hena is usually not greater than®For m approaching § 18C°, and 360, the scattering is the most
= 4, 2 = 532 and 650 nm andmeq = 1.33, this expression  pronounced, minimums in the scattering occurring &t &ad
yields particles with radii of 15.9 and 19.4 nm, respectively. 270, respectively. As expected the two sets of scattering curves
According to Yguerabidé particles up to about 40 nm are still  in Figure 3 (top) are mirror images of each other and simply
considered to be in the Rayleigh limit. Subsequently for this reflect the 0—180 and 180—360 regions, as the fiber optic
work, we have chosen to use 20 nm gold colloids, which can detector is rotated around the samples, cf. Figure 1 (bottom).
be purchased monodispersed from Ted Pella, CA. Approaching 0, 18C°, and 360, the detector is rapidly saturated

In addition to “breaking” the Cds9 angular dependence of ~and hence the intensity values & @80, and 360 were not
Rayleigh scatter by protein aggregation of the nanoparticles asmeasurable. In fact, the dynamic range of scattering presented
an approach to sensing, we have also been able to ratio then Figure 3 (top) is a compromise between the laser power used
scattered intensities at different angles, so that our measurementgnd being able to detect both the minimum and maximum
become independent of light fluctuations, background light, and scattering intensities. Subsequently, for the data shown in this
most importantly nanoparticle concentration, which is not the paper, we typically record scattering intensities from #0160
case with other light scattering techniqde3This subsequently ~ and 200 to 320.
allows us to quantitatively measure the concentration of protein ~ Rayleigh theory for the scattering of light by dilute solutions
in our model system, or potentially any species that induces of small colloids predicts that the scattering intensity at a given
nanoparticle aggregation. We therefore envisage that thisangle increases as a function of colloid concentration. This can
angular-ratiometric plasmon-resonance based light scatteringbe clearly seen in Figure 3 (top insert), which is simply the
approach for bioaffinity sensing will serve as a model system enlarged 80—100° region. However, by taking the ratio of any
which could readily be applied to the many other nanoparticle two intensities, in our case we have chosef &@d 140, then

~..
~.
“=..

20 nm Gold Colloids
40 nm Gold Colloids
100 nm Gold Colloids
200 nm Gold Colloids

S —

Wavelength / nm
Figure 2. Normalized absorption spectra of different sized gold colloids.

assays which have been develofetf. the scattered intensities become independent of the colloid
. _ concentration. In addition, these angular ratiometric measure-
2. Results and Discussion ments are independent of excitation (light fluctuations) or

To demonstrate our sensing approach, whereby the angulardetectordrifts as well as background room light, notable features

dependence of plasmonic scatter changes upon colloidal ag_for biosensing. It should be noted that our data were not taken

gregation induced by a bioaffinity reaction, we first studied the simultaneously at all angles, but in fact the detector fiber was
scattering behavior o_f uncoated g(_)ld colloid suspensions. F|_gure(18) Collier, C. P. Vossmeyer, T.. Heath, J.Anu. Re. Phys. Chem1998
2 shows the normalized absorption spectra of different sized 49, 371-404.
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Figure 3. Angular dependent scattering of 20 nm colloids using 532 nm
laser light as a function of colloid concentration (top), enlarget-a00°
region (top insert) and thh4dlg intensity ratio Vs colloid concentration 0 y y T T T g T
(bottom). 0 40 80 120 160 200 240 280 320

Angle /| Degrees
swept around the sample to demantrate the e@pendence Figure 4. Angular dependent scattering from 0.8 nM different sized gold
of plasmon scatter and the utility of our sensing approach. colloids using 470 nm (top), 532 nm (middle), and 650 nm (bottom) laser
However, one can envisage that, for actual real-world bioaffinity light.
sensing, two fibers could simultaneously measure plasmon
scatter at any t\.NO unique angles, thl.JS potentla!ly making the nM different sized gold colloids using 470, 532, and 650 nm
measurements independent of experimental artifacts.

Fi 3 (bott indeed d irates thi ) rat laser light, top to bottom, respectively. There are two main
igure 3 (bottom) in eed demonstrates this sensing strateQye oy res to these plots: first, the colloidal size dependence of
and shows an angular-ratiometric plot of intensities recorded scattering at a given incident wavelength, and second, the
at 140 and 90 asa fu'nct|0n of 20 nm gold colloid concentrg- differences in scattering distributions for a given colloid size
tion. The almost linearity of the plot shows that the concentration using different incident wavelengths

of the colloids does not change the spatial distribution of the .

it hich i ‘i tant ideration f ) At a given incident wavelength, all the plots show a size
scatter, which 15 a most important consideration for sensing dependence on scattering distribution, Figure 4. These results
applications. In addition, the concentration range studied typi-

. . . show that the scattering from 20 nm colloids typically follows
cally reflects that used in colloidal plasmon absorption type a Cog 6 dependence as depicted by Rayleigh theory, i.e., eq 1.
biosensing assa¥s?! and was the reason for its choice. In this o

. . ) L As the colloidal size increases, the angular scattering profiles
regard, our choice of colloid concentration for sensing is deemed become much more complex and are no longer described by
on the limit of where the concentration of the colloids has no

little effect on th ing dat the Rayleigh expression but can indeed be described by Mie’s
or littie efiect on the sensing data. theory!” In Mie's theory, the degree of forward scatter increases
as the particle size increas€dzrom Figure 4 (middle), we can

Figure 4 shows the angular dependent scattering from 0.8

(19) Roll, D.; Malicka, J.; Gryczynski, I.; Gryczynski, Z.; Lakowicz, J.Anal.

Chem.2003 75, 3108-3113. clearly see this, as the width of the scattering spectrum &t 180
(20) Mayes, A. G Blyth, J.; Millington, R. B.; Lowe, C. Rnal. Chem2002 increases as a function of colloidal size. In our system? 180
(21) Kim, Y.; Johnson, R. C.; Hupp, J. Nano Lett.2001, 1 (4), 165-167. the angle of forward scatter, cf. Figure 1. It should be noted
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Figure 5. Intensity ratio at 149and 90 Vs colloid size for three different Figure 6. 532 nm, 140 scattered intensity for different sized colloids as
incident wavelengths. a function of time.

that in our experimental system we found the data not to be
totally symmetrical about the 18@xis. This we explain as due
to the imperfect positioning of the laser foci in the center of
sample chamberand also the nonisotropic scattering from Wansintensity as a function of time using 532 nm incident light
of the chamber itself. ) . . .. _measured at 140 Figure 6. For all colloid sizes and also the
Subsequently, by taklr?g the ratio of th.e sgattergd Intensities gsa_piotin colloids described later, we found that the intensity
at90 and 140 as a functhn of_go!d C9||°'d size, F'g“re S, w_e remained constant over the 30 min measurement period. This
can clearly see how the size distribution of scatter is changing. a5 particularly encouraging and demonstrates that both the
For small colloids, thl“d'% ratio is quite large, in the range . 5i4s do not settle from solution during measurements and
3—7, asthe scattermg fOIIOWS, a Cfo@dependenge. prgver, that the laser powers employed in this study (several mW) do
fpr much larger colloids the ghscrete Cdsscattering distribu- not alter the shape of the colloids, as has been reported by some
tions are lost; the scat_terlng no longer fO"O\_NS a @os authors, but for higher incident laser powétsrom Figure 6
dependence, and the ratio becomes close to unity, Figure 5.\ o ¢ see that the colloids are photostable, more so than

For our bioaffin_ity sensir_lg scheme, priefly discussed in the . yjtjgna| fluorophores, which are prone to photodegrad&fion,
Introduction and discussed in more detail later, we have carefully ;.. scattering distributions not changing as a function of time.
chosen our initial gold colloid size to be in the Rayleigh limit, 2.1 Bioaffinity Assay Monitored by Angular-Ratiometric
e, 20 nm. qun prot_ein-induced a_ggrega'_cion of the colloids, Plasmon-Resonance Based Light-Scattering.o demonstrate
the scattering distributions become increasingly more complex the utility of our approach and its broader applicability to

as a _functlon of protein addition, _th_e scattering no Ic_)r_1ger biological sensing, we chose a model protein system, Figure 7.

following a Co¢ 6 dependence. Similar to the unmodified iotinviated bovi Ibumi d loid

colloids, theli4dlgo ratio changes and can subsequently be Biotiny a_te ovine-serum a umm-coate_ 20 nm colloids
’ (BSA-colloids) can be readily prepared, which cluster by the

cprrelatgd W'ﬂ.] p“’te'f‘ concentratlpn, or mdeeq any analyte or addition of the tetravalent protein streptaviéfhe hypothesis
biospecies which can induced colloidal aggregation. Importantly, .
of our approach was that one would expect to see changes in

the dynamic range of the sensing strategy manifests itself in . U . o 20
. : A ) the scattering distribution of associated colloids, in a similar
being able to aggregate particles which initially scatter in the .
S LT . manner as that observed for the scattering dependence of
Rayleigh limit, into the Mie limit after aggregation, cf. the range . . ; . .2
increasingly larger sized colloids as shown in Figures 4 and 5.

shown in Flgure S . _Indeed, many workers have reported the shifts in absorption
From Figures 4 and 5 we can also see that the scattering . . . .
spectra as a function of aggregation for sensing, but changes in

d_lstrlbutlon an_d thergfore thdlso ratio for a given coII_0|d the angular distribution of the scattering portion of the extinction
size change with incident wavelength, respectively. Unlike the . . s .
. : ) T spectrum for sensing, during association, has been ill explored
colloidal size dependence for a fixed incident wavelength, these -
to date. In addition, our model system was chosen as the

trends are much more complex to interpret and are due to bothassociation of biotin and streptavidin is very stréfgliminating

the absorption and scattering components of a colloid’s extinc- . . L . .
. . . . the possibility of back disassociation reactions to complicate
tion spectrunf, in addition to the position of the plasmon S

our model system’s kinetics.

absorption maximurfi1418 For the sensing scheme discussed Figure 8 (top) shows the normalized absorption spectra of
| in thi h h h 532 . . o .
ater in this paper we have chosen to use both 532 and 650 ntSA-coIIO|ds as a function of streptavidin addition. The

incident wavelengths. This is because 20 nm colloids have a . .
- . 418 . absorption spectra were taken after completion of the aggrega-
plasmon absorption maxima &620 nnt*~18 and the potential . . . - .
tion, which was typically 45 min for each sample. Figure 8

applications of this technology to biological sensing and the . - .
- . ; - .~ (bottom) shows the time dependent change in absorption at 600
respective need to alleviate biological autofluorescence by usmgnm for a 15 nM streptavidin addition. After 2000 s, we can see

longer incident wavelengtts. S )
g g that the reaction is essentialty90% complete.

Finally, to investigate both the photostability of the colloids,
as well as to ascertain whether the colloids would settle out of
solution as a function of time, we monitored the scattering

(22) Lakowicz, J. RPrinciples of Fluorescence Spectroscpijuwer/Academic
Plenum Publishers: New York, 1997. (23) Millard, M.; Huang, P.; Brus, LNano Lett 2003 3, 1611-1615.
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2L - BSA-biotin
% : Streptavidin

Figure 7. Model system (BSA-Biotin colloids cross-linked by steptavidin) to demonstrate the utility of angular-ratiometric plasmon-resonance based light
scattering for affinity biosensing.

0.9 4000
1 Biotinylated Gold —@— 20nm Biotinylated Gold Excitation: 532 nm
@® 0.8 1 +5 nM Streptavidin —— + 5 nM Streptavidin
(3] +10 nM Streptavidin —&— + 10 nM Streptavidin
c 0.7 A +15 nM Streptavidin —O— + 15 nM Streptavidin
E ' Q"!... +25 nM Streptavidin ~— 3000 { —A— +25nM Streptavidin
-
0.6 1., : =)
2 : <
L o5 ™ =
< = 2 2000 -
T 04 - 2
o c
N )
= 0.3 A -
© c
E 0.2 1 1000 A
o
Z 0.1
0.0 T T T 0 T T T T T T T
400 500 600 700 800 0 40 80 120 160 200 240 280 320
Wavelength / nm Angle / Degrees
0.38 4000 —
— Biotinylated Gold + 15 nM Streptavidin z fosn,::n%?:;{':\:ﬁﬁn%'d Excitation: 650 nm
€ 036 —m— + 10 nM Streptavidin
c —O— + 15 nM Streptavidin
1= —_~ 3000 {—A— +25nM Streptavidin
S 034 ]
% <
8 0.32 2 2000
c n
© c
L 0.30 - K]
o c
7] = 1000 A
< 028 1
0.26 - - - 0 . . . . . . .
0 500 1000 1500 2000 0 40 80 120 160 200 240 280 320
Time / seconds Angle / Degrees

Figure 8. Changes in absorption spectra of BSA-biotin colloids cross- g re 9. Angular dependent scattering from 20 nm BSA-biotin colloids
linked by streptavidin (top) and the time dependent change in absorption ¢rqss-linked by streptavidin (45 min incubation) from 532 nm (top) and
at 600 nm for a 15 nM streptavidin addition (bottom). 650 nm laser light (bottom).

Identical concentration and compositions of BSA-colloids complex, with a higher degree of forward scatter. These changes
were subsequently incubated with different concentrations of gre consistent with a change in scattering from Rayleigh like
streptavidin for 45 min, and the angular scattering profiles then particles to particles in the Mie limit as depicted by egs 1 and
taken using both 532 (Figure 9, top) and 650 nm (Figure 9, 2. Importantly, by taking théiso/loo intensity ratio, we are able
bottom) incident light, in an analogous manner to the virgin to follow the BSA-colloid association reaction as a function of
colloids described earlier. From Figure 9 we can clearly see streptavidin addition, Figure 10. Using this model system, we
that the streptavidin induced association reaction changes thehave been able to observe a notable change inlth#igo
angular scattering profile from a relatively simple €ad% intensity ratio using 532 and 650 nm incident light. While we
dependence in the absence of streptavidin to one much morehave chosen a relatively simple model system to demonstrate
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6.0 no longer have a spatial distribution of scatter that can be
o 532 nm descrlk_)ed by the Raylelgh expression. By subsequently takmg
%51 —O— 650nm the ratio of the scattered intensities at two angles, we are readily
able to quantitatively follow the bioinduced aggregation of the
o 207 nanoparticles, independently of the nanoparticle concentration,
- a notable feature for biosensing. The dynamic range for sensing
‘3 4.5 1 _ has been optimized by carefully choosing unaggregated particles
- - that initially scatter light according to the Rayleigh expression,
4.0 1 but after bio-induced aggregation, scatter light with a different
spatial (angular) distribution, i.ex Cog46.
35
4. Materials and Methods
30 4 . . . . 4.1. Materials. Colloidal gold dispersions (20, 40, 100, and 200

0 5 10 15 20 25 nm) were purchased from Ted Pella. Sodium phosphate monobasic,
- phosphate buffered saline (PBS), streptavidin, biotinamidocaproyl
[Streptavidin] / nM labeled bovine serum albumin (biotinylated BSA), and standard glass
. . . ) . NMR tubes (5 mm, series 300) were purchased from Sigma-Aldrich.
Figure 10. 14090 Scattered intensity ratio from aggregated BSA-biotin

colloids for both 532 and 650 nm laser light as a function of streptavidin All chemicals were used as rec_e"’ed- o
concentration (45 min incubation time). 4.2. Methods. 4.2.1. Preparation of Biotinylated BSA-Coated 20

nm Gold Colloids. The surface modification of 20 nm gold colloids

our approach, this approach could be applied to monitor the Was performed using an adapted version of the procedure found in the
many other nanoparticle biological association/disassociation literature!® In this regard, 5 mL of the gold colloid solution were mixed
reactions with 0.05 mL of aqueous solution of biotinylated BSA (1.44 mg/ml),

. . . - and this mixture was incubated at room temperature for 2 h. The gold
2.2. Advantages of this Sensing Platform for Bioaffinity colloid/biotinylated BSA mixture was then centrifuged in an Eppendorf

Sensing. In this paper we have demonstrated a cheap and centrifuge tube equipped with a 100 000 MW cutoff filter for 10 min,
simplistic approach to bioaffinity sensing. Our approach has ysing an Eppendorf microcentrifuge at 80@ separate the biotiny-
many notable advantages in terms of instrumentation, using lated BSA-coated gold colloids from the excess biotinylated BSA. The
nanoparticles as compared to fluorophores for sensing, as wellsupernatant was carefully removed, and the pellet containing the
as advantages over other scattering-based techniques. Mosbiotinylated gold colloids was resuspended in 10 mM sodium phosphate
notably: buffer (pH 7). This was subsequently used in the aggregation assays.
(1) In most nanoparticle assays to date, one typically measures 4.2.2. Aggregation Assay Using Biotinylated Gold Colloids and
the bioinduced change in plasmon absorp#iot.This involves ~ Streptavidin. The model aggregation assay, used to demonsrate the
moderately complex instrumentati&hin that a subtractive light ~ Utility of our approach, was performed by mixing biotinylated gold
measurement is undertaken (absorption measurement) which isco|I0|ds (20 nm) with increasing concentrations of streptavidin in a

I d | ths. H f quartz cuvette. In this regard, a 1000 nM stock solution of streptavidin
usually scanned over many wavelengins. HOowever, for our (prepared in PBS based on the specifications provided by manufacturer,

angular-ratiometric plasmon-resonance based light scatteringg o, at 282 nm= 31.0) was added to 0.5 mL of biotinylated gold

approach, a bioaffinity reaction can be followed by simply colioid samples and incubated at room temperature for 30 min. To

measuring and taking the ratio of the scattered light intensity achieve the desired final streptavidin concentrations, predetermined

from a laser line at two unique angles. This is a notable step volumes of streptavidin stock solution were used. The degree of

forward in the simplification and cost of the sensing instru- aggregation was measured by recording the absorption spectrum of each

mentation. sample (as with all other absorption measurements), using a Varian
(2) By taking the ratio of the scattered intensity at two angles, €ary 50 spectrophotometer.

the sensing approach is independent of nanoparticle concentra- 4-3-3. Angle-Dependent Scattering Measurements of Gold Col-
tion, cf. Figure 5, which is not the case for DLS and other loids and the Bioaffinity Aggregation Assay.The angle-dependent
scattering techniquéss scattering from gold colloids of various sizes and those used in the

(3) The spatial distribution of scatter from colloids is much aggregation assay were measured using aif ¥otating stage (Edmund

. . & Optics), that was modified to hold a cylindrical cuvette (a thin walled
simpler to predict than fluorescence from fluorophdres. NMR tube), with a fiber optic mount (Figure 1, bottom). The gold

(4) Fluorophores are prone to photodestruction over time by ¢ojioids were illuminated with three different polarized laser sources:
intense illumination intensities, such as those used in micros- 470, 532, and 650 nm, a neutral density filter being used to adjust the
copy?? Colloids are not prone to photodestruction under the laser intensity. The angle-dependent polarized scattered light from the
same conditions. gold colloids was collected through a dichroic sheet polarizer (Edmund

(5) The lifetime of plasmon scatter is usually less than 1 ps, optics) into a 600 micron broad wavelength fiber that was connected
whereas fluorescence lifetimes are usually on a nanosecond timdo an Ocean Optics HD2000 spectrofluorometer.
scale. Subsequently, plasmon light scatter is not prone to The photostability of 20, 40, and 200 nm gold colloids, under

quenching by biospecies, unlike many fluorophdvé. constant illumination with a 532 nm laser, was measured by simply

. observing the scattered intensity at 146r 30 min.
3. Conclusions

In this paper we have demonstrated a model sensing platform
that could be applied to many other nanoparticle based assays
20 nm gold colloids which scatter 532 and 650 nm laser light

in an angular Cdsf dependence readily change their spatial
scattering distribution upon aggregation. The resultant aggregatesiA052739K
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