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GRAPHICAL ABSTRACT

 Neutravidin in nM-concentration range
was revealed by light scattering methods.

« Biotin coated gold nanoparticles were
used as probes.

« Scattering signal changes were related
to nanoparticle aggregate characteristics
by Mie theory predictions.

« Potentials of light scattering methods
for bio-sensing applications were con-
firmed.
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Dynamic and Static Light Scattering (DLS and SLS), Resonance Light Scattering (RLS) and angular-ratiometric
methods have been used for investigating the aggregation of biotinylated bovine serum albumin gold
nanoparticles induced by the interaction of biotin with its partner neutravidin. All the approaches have
shown to be sensitive to the presence of neutravidin in solution at nM-concentrations. Changes in scattered
light intensity dependence on the scattering angle (studied by SLS) and on the wavelength of the incident
light (by RLS) have been observed. Predictions from Mie theory have enabled to connect these changes to
the increase in the hydrodynamic size of the aggregates, quantified by DLS. The results here reported confirm
the potentials of light scattering approach for realizing methods for analyte quantification and offer a good
starting point for evaluating the limits and advantages of each method, which would further widen the use
of light scattering approach in biosensing.
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1. Introduction

In recent years, gold nanoparticles have been extensively studied
and used in various applications because of their unique optical and
catalytic properties [1-12]. The optical properties are due to electron
oscillations in the metallic particles, induced by the incident light
field, giving rise to the so-called plasmon absorption [1-5]. The effi-
ciency of gold nanoparticles (GNPs) to absorb and scatter light is highly
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dependent on the size and the shape of the GNP and on the dielectric
properties of the environment [5,13,14]. All these properties and abili-
ties along with the fact that GNPs, as other metal nanoparticles, are
amenable to the attachment of biomolecules or ligands through
well-known thiol and amino chemistry or simply by electrostatic inter-
actions [15-17] have led to a wealth of nanoparticle-based optical
bio-sensing approaches for many applications. The majority of them
have been concerned with measurements of the plasmon absorption,
monitored by direct absorption or even by simply analyzing the visual
color, and its modifications induced either by changes of dielectric prop-
erties of the medium surrounding the gold surface, due to the presence
of molecules in the proximity of the surface, or by aggregation and floc-
culation of the nanoparticles in solution [ 18-25]. Since the plasmon res-
onance can also be involved in a modulation of the electric field around
the nanoparticle giving rise to the enhancement of Raman scattering or
fluorescence signal of nearby molecules [26,27], GNP-based biosensors
exploiting fluorescence or Raman effects have also been developed
and used [28,29]. In recent times, also the ability of metallic nano-
particles to efficiently scatter light [1,2,5,13,14] has received attention
and several groups have reported about the use of GNPs in biomolecular
assays based on GNP scattering properties [30-36], using the approach
of inducing nanoparticle aggregation by the target molecule as to have a
huge change in sample light scattering properties. Resonance Light
Scattering (RLS) is a technique which exploits the increase of scattering
efficiency occurring when the incident beam is close in wavelength to
the plasmon absorption band. This phenomenon is amplified when
nanoparticles giving rise to the plasmon band are strongly coupled (as
occurs when particles form aggregates) and hence RLS is particularly
well-suited for studying processes in which nanoparticles aggregate.
Accordingly, it has been successfully applied to investigate a large vari-
ety of systems including porphyrin [37,38], dye—nucleic acids [39] and
dye—protein [40-42] aggregates. Aslan et al. have used changes in RLS
signal to detect glucose [43]. They have also demonstrated the efficiency
of an angular-ratiometric light scattering method in sensing nanoparti-
cle aggregation [44] in which the angular distribution of scattered light
from different sized nanoparticles has been utilized for sensing. More
recently, Huo et al. [45,46] have introduced a new approach by
switching to detect particle size change for quantifying the content of
the target analyte in liquid samples as a consequence of the induced
GNP probe aggregation, using Dynamic Light Scattering (DLS) [47] tech-
nique. This approach has been shown to efficiently detect Human IgG
protein in the 1.6-25 pg/ml range [36,48].

Despite the increasing use of light scattering methods for realiz-
ing nanoparticle aggregation-based sensing approaches, no system-
atic comparison among these methods has been performed till
now. Static and Dynamic Light Scattering (SLS and DLS, respectively)
along with Resonance Light Scattering (RLS) and angular-ratiometric
methods are here compared using the probe-aggregation approach
for better elucidating the effect of analyte-induced nanoparticle ag-
gregation on the scattered intensity-depending signals. The compar-
ison has been carried on by exploiting the characteristics of a well
defined and well-known model system, i.e., biotin and one of its
partners, neutravidin. The specific interaction of biotin with avidin,
streptavidin and neutravidin, which is characterized by an extremely
high binding affinity, K ~ 10'> M~ [49], has been widely used to
test sensing approaches based on analyte-induced nanoparticle ag-
gregation. In fact, neutravidin is a tetrameric protein, which can
bind up to four biotinylated-bovine serum albumin (BSA) molecules.
For these reasons, neutravidin has been used to induce the aggrega-
tion of biotinylated-BSA-coated GNPs (BBSA-GNPs). The study of
neutravidin induced aggregation of BBSA-GNPs by the selected
light scattering methods has enabled to obtain at the same time in-
formation on dependence of the scattered intensity on the scattering
angle (obtained by SLS) and on the wavelength of the incident light
(by RLS) along with an estimation of the hydrodynamic size of the
nanoparticle aggregates (by DLS). These results along with information

obtained by applying the angular-ratiometric approach have been com-
pared with Mie theory predictions and discussed also in the view of the
potentials of the light scattering methods in biosensing.

2. Materials and methods
2.1. Sample preparation

2.1.1. Materials

Gold nanoparticle (20 nm) solution was purchased from Ted Pella.
Sodium phosphate monobasic, phosphate buffered saline (PBS),
neutravidin, and biotinamidocaproyl labeled bovine serum albumin
(biotinylated BSA) were purchased from Sigma-Aldrich. All chemicals
were used as received.

2.1.2. Preparation of biotinylated BSA-coated 20 nm gold nanoparticles

The surface modification of 20 nm gold nanoparticles was
performed using the procedure described in Ref. [44]. Briefly, 5 ml of
the gold nanoparticle solution was mixed with 0.05 ml of aqueous solu-
tion of biotinylated BSA (1.44 mg/ml), and this mixture was incubated
at room temperature for 2 h. In this way, BSA molecules are in excess
with respect to the number of particles that can be host on the gold
nanoparticles (around 25 biotin-BSA molecules are enough to cover
the surface of a 20-nm nanoparticle). The GNP/biotinylated BSA
mixture was then centrifuged in an Eppendorf centrifuge tube equipped
with a 100,000 MW cutoff filter for 10 min, using an Eppendorf
microcentrifuge at 8000 g, to separate the biotinylated BSA-coated
GNPs from the excess biotinylated BSA. The supernatant was carefully
removed, and the pellet containing the biotinylated gold nanoparticles
was resuspended in 10 mM sodium phosphate buffer (pH 7). The
resulting solution was subsequently used in the aggregation procedure,
without applying any additional procedure.

2.1.3. Aggregation procedure by using biotinylated gold nanoparticles
and neutravidin

The aggregation was induced by mixing biotinylated gold
nanoparticles with increasing concentrations of neutravidin in a
quartz cuvette. In this regard, a 3.3 uM stock solution of neutravidin
was prepared in PBS based buffer. To achieve the desired final
neutravidin concentrations (c = 0, 5, 10, 18, 25 nM), successive
predetermined volumes of neutravidin stock solution were used
and incubated for 90 min at each addition step. The scheme of the
model system investigated is reported in Fig. 1a. The depicted process
envisages the occurrence of the binding between biotin (available on
GNP surface) and neutravidin (given the value K ~ 10> M~ it is
well known that harsh conditions are required to break the formed
bond) leading to the formation of nanoparticle aggregates, in agree-
ment with previous literature reports [44].

Absorption spectra of the solutions were recorded after each step of
the sample preparation and the aggregation procedures by using a Jasco
dual-beam spectrophotometer Model UV-vis 550 and placing the sus-
pensions in a quartz cuvette. The detected spectra (Fig. 1b) confirmed
both the completion of biotin-BSA adsorption on the GNPs and GNP ag-
gregation due to neutravidin addition.

2.2. Methods

2.2.1. Resonance Light Scattering

RLS spectra were collected in the 250-800 nm range at room tem-
perature by a Spex FluoroMax (Jobin Yvon, France) spectrofluorometer,
equipped with 450 W Xenon lamp and two monochromators. The spec-
trofluorometer was used in synchroscan mode with the same excitation
and emission wavelength (AN = 0). The bandpass width for the excita-
tion and emission monochromators was 2.0 nm. Preliminary measure-
ments with two polarizers (one placed on the exciting light path and
the other after the sample on the emitted light path) performed on
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Fig. 1. (a) Schematic drawing of investigated model system (Biotin-BSA nanoparticles
aggregating upon neutravidin addition). (b) absorption spectra of Biotin-BSA 20-nm
gold nanoparticle solutions at different neutravidin concentrations; black dotted line:
c = 0nM, red dashed line: ¢ =5 nM; green dash dotted line ¢ = 10 nM; blue
short-dashed line ¢ = 18 nM; cyan continuous line ¢ = 24 nM.

bare GNP solutions allowed us to define the experimental conditions
providing the best signal-to-noise ratio. Accordingly, a configuration
with the first polarizer perpendicular to the scattering plane and the
other one parallel to the same plane was used. An integration time of
1.0 s, that relates to 0.5 nm step, was used. The light emitted by each
sample kept in a 1.0 cm x 1.0 cm internal size quartz cuvette was col-
lected at right angle to the excitation radiation. RLS spectra were
corrected for variations in lamp intensity by dividing the sample signal
intensity by the reference intensity (recorded by Spex photodiode
detector).

2.2.2. Static and Dynamic Light Scattering

SLS and DLS measurements were performed by using an apparatus
equipped with an Argon laser (working at 488 nm; laser maximum
power of 30 mW), a commercial Brookhaven Instrument BI-9836
photomultiplier tube (PMT), two polarizers (one, Pol A, was placed on
the path of the incident light, and the other, Pol B, on the path of the
detected light), collecting lenses, a pinhole with variable dimensions,
and a Brookhaven Instrument BI-9000 digital correlator. The PMT was
mounted on a motorized holder connected to a Brookhaven Instrument
BI-200 goniometer. In the employed set-up, the horizontal plane, in
which both the PMT and the laser lie and including the scattering vol-
ume, is the scattering plane (in fact the scattering plane is defined as
the plane in which both the vector of the detector position and the di-
rection of the incident beam lie).

In SLS measurements, scattered intensity was automatically ac-
quired at 22 angles in the range 30-140° with a 5°-step. The pinhole di-
mension and the acquisition time were defined in order to optimize the

signal-to-noise ratio and intensity stability for a sample used for refer-
ence, namely, pure nanoparticle solution (GNP concentration 0.6 nM).
Various sets of angle dependent intensities were collected for each in-
vestigated sample with polarizers in two detection configurations
(PERP configuration: Pol A and Pol B set perpendicular to the scattering
plane; PAR configuration: Pol A and Pol B set parallel to the scattering
plane).

In DLS measurements, autocorrelation function of the light intensity
detected at 90° scattering angle was recorded by the correlator with
polarizers set in PERP detection configuration. The pinhole dimension
and the acquisition time were defined for each experimental configura-
tion in order to optimize the signal-to-noise ratio and intensity stability
for the reference sample. The temperature of the sample was kept at
25.0 £+ 0.5 °C by a thermostatic bath.

2.3. Data analysis and Mie calculations

2.3.1. Static Light Scattering data analysis

The light scattered by very small subwavelength sized particles is
well described by Rayleigh theory [1,2,13]. Accordingly, it is well
known that for incident light of wavelength \ horizontally polarized
with respect to the scattering plane and observed in the same plane,
the intensity of light scattered by a homogeneous spherical particle
with radius a, being a < \, in the direction 6 is given by the Rayleigh
expression [1,2,13],

16m*a®n’l,

—_— nf—1
PAR 1”2)\4

n? +2

‘cosze (1)

where I is the incident intensity of the monochromatic light, n is the
refractive index of the medium surrounding the particle, n; is the re-
fractive index of the bulk particle material and r is the distance be-
tween the particle and the position where the scattered light is
detected. For larger particles, i.e., for particles with a > 1/20 \, or
for small particles in close proximity to one another, the scattering
process is no longer described by Rayleigh theory (Eq. (1)) but in-
deed can be depicted by Mie theory [13,14], which provides the ex-
tinction cross section and intensity of scattered light at defined
scattering angles for spherical GNPs of known diameter.

Given the geometry of the scattering apparatus, the direct inspection
of Ipar Vs 0 profiles was used to study the scattering regime of the sam-
ple. Actually, the particle radius and the laser wavelength were chosen
to follow the transition between Rayleigh and Mie scattering regimes
eventually occurring after neutravidin induced biotin-BSA-coated GNP
aggregation. The experimental angular intensity profiles were com-
pared with results from Mie theory predictions.

Iperp VS 6 profiles were instead used to define the best angles for
applying the angular-ratiometric approach [44] which consists in
monitoring nanoparticle aggregation by the analysis of the ratio of
the scattered intensity at two angles. In this way the increase in ab-
solute scattered intensity is exploited and the result is get rid by in-
tensity fluctuations. For an optimal efficiency of the method, one of
the angles (6,) has to be characterized by a significant dependence
of scattered intensity on GNP radius and the other (6,) is used to
have a reference intensity. After having defined the best 6; and 6,
angles, the value of 1(6,)/1(6;) was obtained for each samples and
studied as a function of neutravidin concentration.

2.3.2. Dynamic Light Scattering data analysis

DLS measurements provide the autocorrelation function of the
scattered intensity vs time delay (7) at a well defined scattering angle
[47,50]. For an ideal sample (i.e., an infinite dilute sample in which scat-
tering objects undergo only a translational diffusion process), the corre-
lation function can be described as [47,50-52]

g(q,7) =1+ exp(=2IT) (2)
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where T is the decay rate. The I value for the scattered light having the
same polarization as the incident beam is expressed as I' = Dq?, where
D is the translational diffusion coefficient, and q = 2mn/Asin(6/2). The
analysis of the correlation function was performed by applying
Multiexponential Sampling method [53]. The resulting values of T' pa-
rameter can be used to obtain the experimental estimation of D and,
under the additional hypothesis of spherical particles, information on
the absolute value of the particle hydrodynamic diameter (dy) by
using Stokes-Einstein relation [47,51]

KT
"~ 3mD

3)

where Kj is the Boltzmann constant, T the absolute temperature and m
the viscosity of the medium.

2.3.3. Mie calculations

Predictions about the intensity of the scattered light parallel (i;) and
perpendicular (i.) to the scattering plane were obtained according to
Mie theory [13,14] for different sized spherical gold nanoparticles in
water at 25 °C by MiePlot software pack [54]. In particular iy was calcu-

lated as ij = |S,|* and i. was calculated as i. = |S;|*> where [13]
. 2m+1
= Z o) (AT + by Tm) (4a)
m=1
. 2m+1
Z m(m 1 1) (A Tm + by T) (4b)

with a, and b, coefficients calculated as follows
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—Yn ()P (NX)
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where N = n/ny, n is the refractive index of the bulk particle material,
X = ka, a is the particle radius, k = 2™, )\ 1s the incident light wave-
length, U,(p) = pin(p) and &,,(p) = ph )(p) are the Riccati-Bessel
functions. T, and m,, are related to the first derivative of the Legendre
polynomials (PL,) as the following:

m sme’ mTode
The calculations were performed using the data for gold and water
refractive indexes provided by the software package (for water,
Segelstein data at 20 °C were used) [54].

3. Results and discussion
3.1. Resonance Light Scattering

The RLS spectra as detected from Biotin-BSA 20-nm GNP (BBSA-GNP)
solutions without and with neutravidin at various concentrations are
shown in Fig. 2a. All the spectra feature two peaks at 377 and 555 nm.
The latter peak is the highest one and is spectrally close to the plasmon
resonance peak, to which it can be related. As the neutravidin concentra-
tion increases, the absolute RLS intensity decreases and the relative inten-
sity of the peaks changes. This confirms that RLS approach is able to
monitor the process induced by biotin-neutravidin interaction. To quan-
tify the signal variation, the integral (Integral(c)) of each spectrum has
been calculated and the difference between the value obtained at c = 0
and those at ¢ has then been obtained. The quantity |A(Spectrum Inte-
gral)| = Integral(c = 0) — Integral(c) has been extracted for each
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Fig. 2. (a) RLS spectra of Biotin-BSA 20-nm gold nanoparticle solutions at different
neutravidin concentrations (¢ = 0, 10, 15, 20, 25 nM, shown as black dotted, red continuous,
green dashed, blue short-dashed, magenta dash-dot-dotted lines, respectively). (b) Values of
the spectrum integral from RLS spectra. Red line: curve resulting from a weightened linear
fitting procedure y = a + bx, with a = (—1.1 £+ 2.0) 10°au. and b = (1.19 + 0.11)
10° au/nM, r = 0.984.

neutravidin concentration. The resulting values are shown in Fig. 2b. As
is evident, they linearly increase with neutravidin concentration, enabling
the use of a linear fitting procedure (parameters reported in the figure
caption). The resulting slope of the curve is of (1.19 & 0.11) 106 nM !
suggesting a possible sensitivity in detecting neutravidin in the order of
10°°nM .

3.2. Static Light Scattering and ratiometric approach

The angular scattering profiles (Ipar vs 6) obtained for BBSA-GNP so-
lutions at increasing neutravidin concentrations are shown in Fig. 3. The
scattering profile changes from a relatively simple Rayleigh (cos?#) be-
havior in the absence of neutravidin to a more complex behavior when
neutravidin is added in solution. Notably, an increase in forward (6 =
0°) scattering intensity with increasing neutravidin concentration is ob-
served. These findings are consistent with a change from Rayleigh to
Mie scattering, thus confirming the occurrence of nanoparticle aggrega-
tion process induced by neutravidin-biotin interaction, similarly to
what was found for streptavidin-biotin model assay system [43,44].
This is further confirmed by the comparison of the angular scattering
profile of the solutions and angular dependence of Mie scattering
cross section for particles of two different diameters: 20 and 130 nm,
shown as lines in Fig. 3. The Mie theory estimations for the 20-nm and
130-nm diameter particles have the same profile as the scattering
data obtained at low and high neutravidin concentrations, respectively,
thus witnessing that the outlined changes in the scattering profile can
be related to the change in size of the aggregates.

Iperp VS 0 profiles have been used to define the best angles for ap-
plying the angular ratiometric approach, as described in Section 2.3.
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Fig. 3. Angular dependent scattering from 20-nm BSA-biotin gold nanoparticle solutions
at various neutravidin concentrations (¢ = 0, 5, 10, 18, 25 nM, shown as black square,
red rumble, green up triangle, blue down triangle, and cyan diamond, respectively) as
obtained in PAR detection configuration. Lines represent results of Mie calculation for
gold spherical particle with 20 (continuous line) and 130 nm (dotted line) diameter;
the vertical scale for lines being the left scale.

Accordingly, the angular dependent scattering profiles shown above
make reasonable to investigate the ratio of the scattered intensity at
40° and 90°. The value of this ratio has been calculated for each
sample and the results are shown in Fig. 4 as a function of
neutravidin concentration. As it comes clear, the I4o/lgg intensity
ratio increases with neutravidin concentration, in agreement with
previous reports [44]. In particular, it can be noticed that the ratio
features an exponential dependence on neutravidin concentration
(c), i.e. lao/loop = yo + Aexp(c/B), as witnessed by the curve resulting
from a fitting procedure shown as red line in the figure, suggesting a
high sensitivity of the ratio to neutravidin concentration. For com-
parison, the I4o/lgp ratios calculated using Mie scattering cross sec-
tions obtained for particles of increasing radius are shown in the
same figure (see dashed line). The calculated ratios feature a depen-
dence on the diameter of the scattering object similar to that ob-
served for I49/lgo Vs neutravidin concentration. This confirms that
also the I40/Igp ratio is sensitive to the presence of neutravidin and
the observed changes can be directly related to changes in the size
of the scattering objects and, thus, on the degree of aggregation of
nanoparticles induced by the interaction between neutravidin and
biotin.

Mie Scatter Diameter (nm)
[*] 50 100 150 200 250

0 5 10 15 20 25
Neutravidin concentration (nM)

Fig. 4. 140/l9o scattered PERP intensity ratio from aggregated BSA-biotin colloids as a
function of neutravidin concentration and corresponding curve resulting from an ex-
ponential growth regression (red continuous line). Dashed black line: I40/lgo scattered
PERP intensity ratios as predicted by Mie theory for different sized gold scattering ob-
jects; diameter being shown in the upper horizontal scale.

3.3. Dynamic Light Scattering

Autocorrelation functions as obtained by using DLS for investigat-
ing Biotin-BSA 20-nm gold nanoparticle solutions with increasing
neutravidin concentrations are shown in Fig. 5a. It can be observed
that the decay time of the function increases with neutravidin con-
centration, resulting in a decrease in the I' parameter introduced in
Eq. (2). Since T = Dq?, this decrease has to be due to a reduction of
the diffusion coefficient of the scattering objects, D, being q fixed
by the employed experimental conditions. Under dilute conditions,
for an object undergoing a translational diffusion motion in a fluid
at fixed temperature, T, a decrease in the diffusion coefficient has
to result from an increase in either the hydrodynamic diameter of
the scattering object or the fluid viscosity (see Eq. (3)). In the present
case, a simplified picture is used to take into account that the aggre-
gates cannot be considered as perfect geometrical spheres and that
both the interparticle interaction and biomolecule-biomolecule in-
teractions could affect the motion of the scattering objects. In partic-
ular, all the effects due to neutravidin addition in solution are here
thought to affect only the value of the hydrodynamic diameter of
the aggregates, that is read as an apparent diameter; the fluid viscos-
ity is considered to be constant over the investigated neutravidin
concentration range. In this framework, the reduction of the diffu-
sion coefficient is ascribed to an increase in the hydrodynamic diam-
eter of the aggregates. To quantify this increase an analysis of the
autocorrelation functions by means of Multiexponential Sampling
fit method has been carried out, providing the distribution of the
size of the aggregates shown in Fig. 5b. The obtained histograms
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Fig. 5. (a) Autocorrelation functions of light scattered at 90° (T = 25 °C) from
Biotin-BSA 20-nm gold colloid solutions with increasing neutravidin concentrations
(c =0, 10, 18, 25 nM, shown as continuous, dashed, dotted, dash-dotted, and dash-
dot dotted lines, respectively); temporal range 3-20,000 ps. (b) Diameter distributions
resulting from Multiexponential Sampling method fit applied to autocorrelation func-
tions and corresponding Gaussian fit functions (continuous lines).
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have then been fitted by Gaussian distributions whose central values
and width parameters are the following: 24 4+ 8 nm, 27 + 16 nm,
37 + 14 nm, 92 4 60 nm, and 134 & 80 nm, for 0, 5, 10, 18 and
25 nM neutravidin concentration, respectively. The observed size
of the aggregates increases with neutravidin concentration. This
evidence along with literature reports [44] and the above discussed
results confirm the occurrence of the aggregation process and pro-
vide an indicative size of the formed aggregates.

The overall analysis of the data obtained by all the employed light
scattering methods confirms that they are all sensitive to the presence
of neutravidin which induces the aggregation of the nanoparticle
probes. The availability of the data on the size of the aggregates
obtained by DLS allows us to correlate the detected changes in I40/lgg
ratio and in RLS integrated intensity to a change in the size of the scat-
tering objects. In fact, the I40/Igo ratio dependence on neutravidin con-
centration has been compared to the Mie extinction efficiency of
nanoparticle of increasing sizes.

Even if providing information for the realization of a specific bio-
sensor is out of the scope of the present work, the described results
can be analyzed for evaluating the potentials of each scattering-based
method for sensing target biomolecules in the nM-concentration
range. At this aim, a qualitative comparison among the response ability
of the investigated methods can be done considering the relative signal
changes at the different investigated neutravidin concentrations by cal-
culating the quantity

A5 15(0)-5(0)
STUs0) ©

where S(c) is the signal detected (i.e., central value of the Gaussian
distribution of the size for DLS, I4o/lgg value for angular ratiometric
approach and integral of the spectrum for RLS) at the neutravidin
concentration ¢ and S(0) is S(c) at ¢ = 0 (no neutravidin in
BBSA-GNP solution). The resulting values are reported in Fig. 6 and
make clear that the highest relative variation of the signal at the
highest neutravidin concentration is obtained by DLS, suggesting
that this technique could offer the best sensitivity. This can be
explained considering that the signal extracted from DLS (i.e., the ap-
parent size of the aggregates) is the only one that is sensitive to all
the effects due to neutravidin addition, including changes in the
size and in the characteristics of the motions of the aggregates.
Among the other methods, the highest variation is obtained when
the integral of the RLS spectrum is used to monitor neutravidin in-
duced particle aggregation. In addition, the RLS signal shows a linear
dependence on the target molecule concentration, thus it can be di-
rectly used for monitoring neutravidin concentration in the investi-
gated concentration range. The ratiometric approach potentially
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Fig. 6. Values of the AS/S (see text) for the methods employed for investigating nano-
particle aggregation.

has a very high sensitivity according to the observed exponential de-
pendence of the signal on neutravidin concentration. However, a more
accurate calibration would be required in a sensing method eventually
based on such an approach. Despite the outlined differences, all the
methods have shown to be sensitive to neutravidin present in solution
in nM-concentration range. Given the high dependence of the scatter-
ing properties of nanoobjects on their size, shape, and geometry and
considering the continuously increasing ability in tailoring these prop-
erties, this evidence suggests that light scattering-based methods have
the potentials to reach a sensitivity comparable to those reported, for
similar systems, for other optical approaches, resulting in picomolar
range for colorimetric, fluorescence and Surface-Enhanced Raman
scattering-based methods [25,28,29].

4. Conclusions

The study of aggregation of Biotin-BSA coated 20-nm gold
nanoparticles by SLS, DLS, RLS and angular-ratiometric methods con-
firmed that all the approaches are able to sense the presence in solu-
tion of neutravidin at concentrations in the nanomolar range. The
availability of information on both apparent aggregate size of the ag-
gregates and angular distribution of scattered light intensity along
with numerical evaluation of the scattered light intensity profile by
using Mie theory allowed us to relate the outlined modifications in
the scattering properties to changes in scatter size, thus strengthen-
ing the comprehension of the dependence of the signals on the char-
acteristics of the sample. The results were also discussed in the view
of the possible use of the employed methods for sensing applications. It
came out that the greatest changes in the signal used for monitoring ag-
gregation were obtained by DLS. A linear dependence on neutravidin
concentration was outlined only for RLS signal, while the signal used
in ratiometric approach showed an exponential-type dependence on
the analyte concentration. These evidences suggest that RLS can be sim-
ply used as sensing method to quantify an analyte; on the contrary the
ratiometric approach would require a more accurate calibration to real-
ize a sensing method eventually based on such an approach. These re-
sults are a good starting point for future work aimed at evaluating the
limits and advantages (in terms of limit of detection, specificity, easi-
ness of use, versatility) of each technique, which would further widen
the use of light scattering methods for biosensing.
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