Chapter 2
Elastic Light Scattering of Biopolymer/Gold
Nanoparticles Fractal Aggregates

Glauco R. Souza and J. Houston Miller

1 Introduction

From the interface of biotechnology and nanotechnology are emerging innovative
analytical tools for the detection and characterization of nucleic acids, proteins, and
protein interactions. This chapter addresses the development and application of a
technique that combines angle-dependent light scattering (ADLS), fractal dimension
analysis (FD), and gold nanoparticle assembly to detect and characterize nucleic
acids and proteins. We will show that specific DNA or protein interactions trigger the
assembly of Au-biopolymer fractal aggregates. The angle-resolved light-scattering
signal from these aggregates can be used to determine their fractal dimension which
is found to be sensitive to concentration, size, shape, and physical properties of both
the biopolymers and the nanoparticles forming the aggregates [1, 2].

Researchers in the fields of material and combustion sciences have used ADLS
and fractal dimension analysis (ADLS/FD) to study the structure and the formation
of colloidal and soot particle aggregates (see Table 2.1) [1, 5, 27, 34-48]. Fractals
are self-similar or scale-invariant objects [49, 50]. Regardless of the magnification
of an object relative to a given variable, such as length, area, volume, or radius of
gyration, the structure of a fractal remains statistically unchanged [48]. The Au col-
loid aggregate shown in Fig. 2.1 is an example of a fractal object, where the structure
of small regions of the aggregate resembles the overall aggregate structure [51].

In this chapter, we will review work performed to analyze elastic light scattering
from fractal aggregates and describe some of the work performed in our laboratory
to extend this technique to the detection and characterization of biopolymers.
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Table 2.1 Partial summary of literature on fractal agglomerate and scattering phenomena
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Sample type Technique Ref.
Colloid Theoretical calculation [3]

Latex Optical microscopy [4]

Hematite Light scattering [5]

Latex Light scattering [6]

Au-DNA Light scattering [1]

Au colloid TEM [71

Au—protein Light scattering [1]

Vaporized metal Transmission electron microscope (TEM) [8]

Silica Light and X-ray scattering [9]

Au colloid TEM [10]
Au colloid Dynamic light scattering and theoretical calculations [11]
Au colloid Dynamic Light scattering, TEM and light scattering [12]
Silica aerogel Small-angle X-ray scattering [13]
Protein-surfactant (BSA-LDS) Small angle neutron scattering (SANS) [14]
Silica Static light scattering [15]
Au colloid X-ray scattering [16]
Silica SANS [17]
Silica vapor Light scattering [18]
Au colloid Dynamic light scattering [19]
Silica Light scattering [20]
Au colloid Dynamic light scattering [21]
Hematite Dynamic light scattering [22]
Au colloid Dynamic light scattering [21]
Au colloid Light scattering and TEM [23]
Polystyrene latex Light scattering [24]
Silica and carbon black X-ray scattering and SANS [25]
Silica aerogels SANS [26]
Soot aerogels Light scattering [27]
Polystyrene Light scattering [28]
Soot aerogel TEM [29]
Polystyrene latex Light scattering [30]
Polystyrene Light scattering [31]
Haematite X-ray scattering [32]
Ag colloid TEM [33]

1.1 Simple Light Scattering Theories: Rayleigh Through Mie

Light scattering is a natural phenomenon that is part of our everyday lives. Rarely is
light observed directly from its original source but rather is a result of scattered light
[52]. For example, blue skies and red sunsets occur because sunlight is scattered by
molecules and particles in the atmosphere, respectively [53]. The observation of blue
skies at midday and red skies at sunrise and sunset provide clues about the dependence
of scattering signal on not only the size of the particles, but also the angular depen-
dence of the scattered light from the source to the scatterer to the observer [54].
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Fig. 2.1 Scanning electron microscope image of Au colloid fractal

It is important to distinguish the meaning of the terms “absorption” and “extinction.”
The measurement of light extinction (such as that provided in a simple UV/Vis
absorption spectrophotometer) reports the sum of scattering and absorption, since
both phenomenon attenuate the intensity of a light beam traveling across a medium
[55-57]. In this chapter, both phenomenon might occur in the same sample.
For example, the observation of surface plasmon absorption in suspensions of
gold nanoparticles is an absorption phenomenon as surface plasmon electrons are
being excited from one state to another [55]. In the same sample, aggregation of the
nanoparticles leads to extinction at both shorter and longer wavelengths that is
attributable to scattering from the aggregates particles.

Light scattering can be differentiated as elastic or inelastic light scattering.
Inelastic light scattering occurs when the scattered light has a wavelength shift rela-
tive to the wavelength of the incident light. This frequency shift can be either higher
or lower, depending on if there is a loss or gain of energy of the scattering substance.
Examples of inelastic light scattering are Raman and dynamic light scattering. In this
chapter, we refer almost exclusively to elastic scattering, where the incident and scat-
tered wave have the same wavelength. However, we will conclude by showing how
inelastic scattering might be used to provide complementary information about
aggregation of systems of gold nanoparticles induced by biopolymer interactions.

The foundation of light-scattering theory was initially developed near the end of
the nineteenth century and in first half of the twentieth century by Rayleigh, Mie,
Smoluchowski, Einstein, and Debye motivated in part by the experimental work of
Tyndall [58]. In addition to providing an explanation for scattering in the atmo-
sphere, Rayleigh also studied scattering from spheres of arbitrary sizes, where phase
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relations between the light scattered from different regions of the same particles
were regarded as localized, independent, and induced dipoles. In the early 1900s,
Debye further developed scattering theory for larger and nonspherical particles.
Matter consists of electrically charged nuclei and electrons that can interact with
an oscillating electromagnetic field, e.g., light, and either absorb or scatter light. In
either case, there is attenuation in the light intensity, which is described by the expo-
nential decay of the light intensity as it passes through a medium [52, 55, 56, 59]:

I=1e™" (2.1)

where [ is the intensity of the light transmitted after traveling a distance x across the
medium. k changes in definition (and symbol) for different forms of extinction. For
molecular absorption, it is the absorption coefficient.! For scattering, the extinction
coefficient is often given the symbol 7, the turbidity of the medium. In this context,
it is related to the number density of particles (n) and their individual extinction
cross-section (0 ),

ext

T=nX0o,,. (2.2)

As noted above, extinction is due to both scattering, which removes light from
the incident path by reemitting light in all directions, and absorption, which con-
verts the light into other forms of energy (such as heat). Mathematically,

0, =0, 10 (2.3)

scatt ?
where o, and o, are the absorption and scattering cross sections, respectively.
This relationship is valid for all particle and molecular systems [56].

As noted, since the late nineteenth century, the relative size of the scatterer and
the wavelength of light are critical dependencies of the scattering intensity. For
spheres, it is convenient to define the size parameter, o, as a relative measure of the
magnitude of the particle radius (a) and the wavelength of light (A).

o=—-. 2.4

Rayleigh scattering is the best and simplest mathematical description for the
scattering from particles that are small, relative to the wavelength of light. Generally,
for Rayleigh scattering we require [52, 54-57, 60]:

a<<l and ma<<l, 2.5)

'Chemists remember the extinction coefficient as the product of the molar extinction coefficient
and the molar concentration. Gas phase spectroscopists cast this as the product of the gas density,
the absorbing species’ line strength, and a line shape factor that accounts for how the line is broad-
ened from molecular collisions and molecular motion.
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where m is the relative refractive index of the scattering particle. A quantity that is
often used to describe a scattering object is its differential scattering cross section,

2
m* —1
2
m +2
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which is related to the power scattered (P ) per unit solid angle (€2) through [55, 56]:

P, d

where the intensity of incident radiation is /.
If the differential scattering cross section is integrated over all space, the total
scattering cross section is given by

2
m® =1
m?+2|

_8ml6n'a’

Gscatt _?T (28)

Thus, if the quantity |(m>—1)/(m?+2)|* is weakly dependent on A, the scattered
intensity shows the familiar 1~ dependence.

If the incident light and the scattered light have the same polarization (referred to
as “parallel” scattering), the angular distribution of the scattered light depends on
the polarization of the incident light. Specifically,

1 167%a® mz—l2
J-=r_2 14 m2+2 Io’ (2-9)
1 167%a® | m* 1]
”:r—z P SR COSZGIO, (2.10)
1 1 167'a® [m* 1]
1:5(1L ”)—r pR (1+cos o), 2.11)

where [ , 1, and / are the intensities of vertically polarized light, horizontally polar-
ized light, and unpolarized light, respectively [55].

As noted by Sorensen [56], three features of Rayleigh scattering can be highlighted:

* The scattering of vertically polarized light is independent of 0 and it is isotropic
in the scattering plane

e [ is a function of A, which implies that short wavelength light scatters more
efficiently

* There is large size dependence for the scattered intensity through the a® term
(proportional to the square of the particle volume). This third feature is often
referred to as the Tyndall effect [56, 60]
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As seen in (2.3), particles and molecules both scatter and absorb light. For
molecules, absorption is described in terms of the interaction of two molecular
wavefunctions through the dipole moment operator. For particles, the Rayleigh
absorption cross-section is given by

2 3 2
o, = 8”/1“ Im(n a 1]. (2.12)

m-+2

If the relative refractive index is real, there is no absorption [52, 55-57].

Because 0, and o have different wavelength, 4, and size, a, dependencies
and the scattermg cross sectlon depends on both polarization and angle, it is clear
that significant information about a particle’s morphology is available from inter-
rogation of the scattering signal. While these relationships have been shown explic-
itly for Rayleigh scatterers, we will show below that similar relationships hold for
other scattering regimes [56].

Rayleigh scattering theory is derived with the assumption that the phase of the
incident electromagnetic wave does not change across the particle. This require-
ment [a<<1 in (2.5)] is relaxed in the Rayleigh—-Gans—Debye (RGD) scattering
theory [52, 55-57, 60] if

lm—1] <1, (2.13)
20tlm -1 < 1. (2.14)

The RGD scattering cross section for perpendicular detection of light [56], is

dg—:@ di;‘ { (sin(u) —u- cos(u))} 2.15)
where
u=qa, (2.16)
and
g=sin (gj @.17)

q is the scattering wave vector which will be further described below.
Two important characteristics of RGD scattering are [56]:

* For 0=0, the cross-section reduces to the Rayleigh cross-section.

* In contrast to Rayleigh scattering, the scattering intensity is larger in the forward
direction, and this anisotropy increases with increasing particle size. This
increase in anisotropy with particle size allows us to use a simple analysis
method, the dissymmetry ratio [54, 55, 60], to detect changes in the size of an



2 Scattering of Biopolymer/Gold Aggregates 45

aggregate or coalescing particles. Here we calculate the ratio of the intensity of
forward scattering to the intensity of back scattering. Larger ratios indicate a
larger size for the scattering particle.

Rayleigh and RGD scattering theories represent rigorous treatments of
Maxwell’s equations. For larger particles, where the approximations used to solve
Maxwell’s equations for a small particle are not valid, more complex dependencies
on angular scattering intensity are observed. For example, Mie scattering theory is
often applied to characterize scattering in biological systems [61]. However, Mie
scattering should only be applied to systems of spherical symmetry. Even then, the
angular distribution of scattering intensity makes it difficult to extract physical
insight, particularly when the size distribution is polydispersed.

1.2 Fractal Structures and Scattering

The definition of fractals was first introduced in 1975 by Mandelbrot’s in his work
[46] Les Objets Fractals: forme, hazard et dimension [50] to describe objects that
are self-similar or scale-invariant [49, 50]. Regardless of the magnification of an
object relative to a given variable, such as length, mass, area, volume, or radius of
gyration, the structure of a fractal remains statistically unchanged [48]. Fractal
structures and fractal events manifest themselves in many aspects of nature, such as
in the distribution of celestial bodies, structure of snowflakes, organization of tree
branches, and in the structure of proteins. Fractal events are often identified in phase
transition, growth, and diffusion phenomena [48].

Because scattered waves from individual primary particles interfere with one
another [62], “classical” light-scattering theories fail to describe the ADLS pattern
from an aggregate of noncoalescing particles (Fig. 2.2). New theories have been
developed that characterize scattering from these aggregates as a function of the
fractal dimension [3, 9, 41, 46, 56, 63-76]. As will be shown below, under certain
conditions, the ADLS signal /(0) is related to the fractal dimension (D)) of an
aggregate through [38, 46, 56, 63] .

1(6)<q(6)"" (2.18)

Thus a simple data-processing step can be used to quantify this important physi-
cal parameter of the scattering system. In the biological systems in focus here, this
parameter can be related to the chemistry that forms the particle and is thus of ana-
Iytical value.

Scattering models based on RGD theory are often used to describe the scattering
signal from fractal aggregates [3, 46, 56, 67, 77, 78]. The assumption implicit in this
use is that multiple scattering is negligible, and that the individual scatterers are
small enough to behave like Rayleigh scatterers. Although the assumption that the
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Fig. 2.2 Representation of parallel scattering patterns for (a) Rayleigh, (b) Mie, and (¢) RGD-FA
particles

individual particles scatter independently is not always accurate, RGD theory
provides a reliable approximation when the following conditions exist [3, 46]:

2ma
Im—-1]<1 and T|m—1| <1, (2.19)

where, a is now the radius of the primary particles and m is the relative refractive
index of the primary particles. Farias and coworkers [3] have shown that, within
10% accuracy, RGD theory can predict the scattering signal with more relaxed
constraints:

Im—1/<1 and 2Tm|m—l|SO.6. (2.20)

This method is referred to as the RGD approximation for the optical cross-
section of fractal aggregates, RGD-FA.

In addition to the fractal dimension, another important parameter often used to
characterize morphology of fractal aggregates is the Radius of Gyration, R, which
describes how mass is distributed around an arbitrary rotation axis. In mechanics, it
is the square root of the moment of inertia divided by mass. Thus, R is functionally
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Fig. 2.3 Fractal dimension
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a root mean square radius for the aggregate. Further, it is related to the number of
primary particles in the aggregate and the fractal dimension through

R Df
N, =k, (—gJ . 221

a

In practical terms, the inverse of ¢ (which has units of length) is the size resolu-
tion limit of the scattering measurement. A scattering measurement is only sensitive
to the structures of size greater than ¢'; thus, a scattering measurement is “blind” to
structures smaller than ¢~'. The scattering from a fractal aggregate can be separated
into three regimes as a function of ¢: the fractal regime, the Guinier Regime and the
Porod regime, as illustrated in Fig. 2.3. The scattering signal dependence as a func-
tion of ¢ in the Guinier regime results from the overall size of the aggregate, where
the size of the aggregates is smaller than the inverse of the wave vector (g < I/R).In
the drop-off region at high values of g, ¢~' is larger than the size of the individual
particles (or g> 1/a). In this regime, referred to as the Porod regime, the scattering
is attributed to dispersed particles. The intermediate regime is the fractal regime.
Here, the scattering intensity is sensitive to the morphology and overall structure of
the scattering aggregate, where ¢~' is smaller than the R, of the aggregate but larger
than size of the individual particles making up the aggregate [56].
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In most experiments, polydispersity and heterogeneity (for both the primary
particle size distribution and that of the aggregates) always exist and the transition
regions from one regime to the next are generally broader and less well defined than
the conditions defined above [75, 76, 79]. Even so, the qualitative behavior predicted
for light-scattering intensity as a function of angle (through g) is often observed. For
example, Fig. 2.3 shows the scattering signal from gold-protein aggregates (see
below), where the Guinier, fractal, and Porod regions are clearly evident.

To summarize, fractal aggregate-scattering theory predicts several diagnostic
regimes in which the light scattering shows different dependencies on fundamental
physical characteristics of the aggregate, notably the radius of gyration and the frac-
tal dimension. Further, manipulation of the angular distribution data can be used to
readily extract these quantities. In the Guinier regime, the scattering signal can be
rewritten as

10 lqu 2 (2.22)

) 3~ °¢
Therefore a plot of 1(0)/I(g) vs. g°, should yield a linear curve with slope of %Rgz.
In the fractal regime, scattering signal is related to the fractal dimension through

Iq)<q(6)"" (2.23)

Here the slope of a log—log plot of 1(g) vs. g gives the fractal dimension.

2 Experimental Considerations

Traditionally, light-scattering measurements have been performed either by collect-
ing light at a single angle [80-84] or by placing a detector on a rotating stage and
collecting the light as the stage rotates across different angles [27, 41, 74, 85]. Both
detection schemes have limitations. The first offers fast detection, but, generally,
single angle detection cannot be used to differentiate between multiple particle sizes
without being coupled to a particle separation technique, such as gel filtration or
chromatography [86-89]. The second scheme can provide good angle resolution
and it can be used to differentiate between particles of various sizes without the
need of a separation technique; however, this scheme is time-consuming because it
is limited by the speed of the rotating stage and the detector integration time.

In our work, two apparatuses have been constructed. In the first, a rotating detection
optics rail was used to resolve the angular intensity distribution. This can detect scat-
tering angles ranging from 20° to 155° with angular resolution of approximately 6°.
The second apparatus used a more elegant design, where an ellipsoidal mirror coupled
to a CCD detector was used to detect and resolve the full scattering angle range in a
single frame [90]. This apparatus provides fast detection, superior angular resolution,
and wider scattering angle detection range compared to traditional light scattering
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Fig. 2.4 Experimental arrangement used for collecting angle-resolved light scattering using a
rotation detection optics arm

detection [54]. We found that the CCD-based apparatus could detect scattering signal
in the range of 15-160° in a fraction of a second with angular resolution as low as 0.2°.
Further details on these systems are provided below.

2.1 Rotation Stage Apparatus

The general schematic of the optical setup for the rotation stage apparatus is shown
in Fig. 2.4. The light source was a 4 mW Fabry—Perot diode laser (equipped with a
3-Element Glass Lens, Edmund) with an output wavelength of 660 nm. The inci-
dent beam is modulated by a mechanical chopper (running at 1 KHz) that triggered
a lock-in amplifier for phase-sensitive detection. The polarization of light can be
selected by placing a polarizer before the 10-cm focal point focusing lens. The
beam was focused into the center of a 1-cm diameter quartz-scattering cell. All light
collection components are mounted on a manual rotation stage. The scattered light
passes through a second polarizer that isolates the polarization of the scattered light,
and then it is focused onto a silicon photodiode detector. An iris positioned in front
of the detector provided approximately 6° angular resolution.

The scattering signal was collected as the detector arm rotated stepwise across
the desired angles defined by the rotation stage and imaging iris. The photodiode
signal is fed into a current amplifier with 1x 10° gain. The amplified signal was sent
to the lock-in amplifier for first harmonic detection. Custom LabView software on a
Windows-based personal computer controlled the data collection and data analysis.

An inherent challenge for all light-scattering measurements is to reduce the back-
ground generated by stray light from reflection, diffraction, and scattering from opti-
cal components [91] and particulate matter. Stray light can result from imperfections
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Fig. 2.5 Experimental arrangement used for collecting angle-resolved light scattering using the
ellipsoidal mirror/CCD apparatus

in the glass wall of the scattering cell and from changes in the refractive index at the
cell air/glass and glass/liquid interfaces as the laser beam enters/exits the scattering
cell. In this apparatus, forward-scattered light from the walls of the cuvette compro-
mised the measurements for scattering angles less than 20°. In order to minimize the
impact of stray light, background subtraction in a suitable “blank™ system can be
used. In our measurements, we used either buffer solutions or pure water as a back-
ground that could be subtracted from the sample signal.

2.2 CCD-Based Apparatus

Figure 2.5 is a schematic diagram of the ellipsoidal mirror and CCD apparatus. The
laser consists of either a 5 mW, 532-nm laser (a diode laser-pumped Nd:YVO,
crystal coupled with KTP as a frequency doubler) or a 632 nm, 10 mW power
Fabry—Perot laser. The laser used in a given experiment could be selected using a
flip mirror. Either beam first goes through a polarizer and then it is focused into the
center of a custom scattering cell through a 100 mm focal length lens. The scattering
cell sits on a translation stage located approximately at one of the two focal points
of an ellipsoidal mirror [90]. The ellipsoidal mirror is tilted approximately 35°
downward relative to the scattering plane that minimized scattered light from reach-
ing the detector.

The scattered light passed through a polarizer, which isolates the scattered light
with the same polarization as the incident light, and then through an iris. Finally, a
1" aspherical lens (with a focal length of 21 mm) focuses the scattered light onto
the CCD array detector. The camera used had a 19.4 mmx 19.4 mm cooled CCD
chip (1,024x1,024 pixels, EG&G PARC CCD detector model 1530-P-1024I).
A mechanical shutter controls the light exposure of the CCD detector.
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Fig. 2.6 CCD image
illustrating angular
distribution of scattering

The resulting CCD image is an arch, as shown in Fig. 2.6, from which a plot of
scattered light intensity as a function of scattering angle can be extracted. In prin-
ciple, the angular resolution is defined by the width of the of the CCD pixels (here,
19 x 19 um?/pixel). In contrast to the rotation stage apparatus, this optical configura-
tion can detect a full scattering angle profile in a single shutter shot with an angle
resolution of approximately 0.2° per pixel. Binning of adjacent pixels reduces
this resolution but can increase experimental throughput and lower noise.

A computer controls data storage and data analysis. The HIDRIS image software
provided with the CCD detector controls scattering data collection. Image files are
further analyzed using custom software that converts the image files into a two-
dimensional array, subtracts a background image of scattering, and extracts and
plots the angular scattering intensity.

To calibrate the angular distribution of scattering intensity, a mixture of a fluo-
rescent dye and 100 nm Au nanoparticles was placed in the sample holder. This
solution provides an isotropic scattering signal. The fluorescent dye is Cy3, which
emits at 558 nm with 530 nm excitation [92]. A slit mounted on a rotation stage
could be used to mask a portion of the scattered intensity onto the detector. The two
dimensional location of the resulting spot on the CCD image was then correlated
to angle.

As already noted, an inherent challenge for all light scattering measurements is to
reduce the background generated by changes in the refractive index as light travels
through different media [91]. In this apparatus, the scattering cell used a outer jacket
of toluene as an index matching medium between the two reservoirs [90] (Toluene’s
refractive index is 1.43 which is approximately the same as glass, 1.40 [55]).
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2.3 Au Nanoparticles

The most common technique for the synthesis of Au nanoparticles is reduction of Au
salts, often using sodium citrate as the reducing agent [93-98]. This method consists
of dissolving auchloric acid trihydrated in high purity boiling water, and then reduc-
ing the Au salt with specific amounts of trisodium citrate. The concentration of Au
salt relative to the concentration of sodium citrate determines the rate of nucleation,
which, consequently, determines the final size of the Au nanoparticles. The reduction
of Au ions by citrate is accompanied by change in color from the pale yellow of Au
salt to dark red of metallic Au colloids. The high purity water is necessary to avoid
unwanted Au nucleation induced by impurities. The width of the size distribution of
the Au colloids prepared with this method is approximately 10% relative to the mean
particle size. These nanoparticles are usually purified by centrifugation or dialyzes,
depending on the size of the nanoparticle being synthesized.

3 Studies of DNA-Au Nanoparticle Aggregates

In this section, we will discuss an application of the angle resolve fractal aggregate
scattering technique to DNA detection. In summary, thiol-modified oligonucleotides
are covalently attached to gold nanoparticles (Au—DNA probe) which hybridize to a
target single-strand oligonucleotide of complementary sequence (oligo-target) in a
liquid sample, forming an aggregate network of DNA and Au nanoparticles.
Conceptually, we anticipate that a greater concentration of the targets in solution will
lead to more compact fractal aggregate structure as cross linking occurs (Fig. 2.7).

3.1 Chemistry and Chemical Methods

The Au-DNA probes consisted of 100 nm gold nanoparticles separately modified
with either 3’ end or with 5’ end hexanethiol functionalized oligonucleotide. The
concentration of the particles was determined by absorbance measurements at
564 nm using an extinction coefficient of 1.62x 10! M~!cm™' [82]. The probes were
prepared by mixing 9.0 pM of citrate stabilized 100 nm of gold nanoparticles with
5 nM of either 5’ or 3’ end hexanethiol modified oligonucleotide (respectively)
without any salt added and by incubating this solution for 24 h at 4°C. The oligo-
nucleotides sequences used were:

5" end: HS(CH,) ,~CCC-GCG-CCC-3'
3" end: 5'-CCC-GCG-CCC~(CH,) SH

The hybridization temperature (melting temperature) for these olgonucleotides
was approximately 36°C. Au-DNA probes were purified by centrifugation
(14,000x g for 15 min), where the supernatant was discarded and the precipitate,
Au-DNA probes, were resuspended in hybridization buffer.
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Fig. 2.7 Cartoon illustrating formation of Au—-DNA fractal aggregate

The covalent linkage between the Au nanoparticle and the thiol-modified oligo-
nucleotides was done through the thiol moiety and the Au nanoparticle. Although
the chemistry of formation of self-assembled monolayers (SAM) of alkanethiols on
Au surfaces and colloids has been studied extensively [99-102], there are still ques-
tions about the exact mechanism of attachment [103]. In one mechanism, which has
been supported by experimental data and theoretical calculations [103—-109], thio-
late (RS™) adsorbs on Au:

R-S—H+Au >R-SAu’Au) + I/ H,

The thiolate—Au bond to gold surfaces is relatively strong, with a bond strength of
approximately 40 kcal/mol [103, 104].

It has also been suggested by Whitesides and coworkers that the chemisorption
process can occur with direct formation of a gold—sulfur bond, without the forma-
tion of thiolate [99].

R-S—H+Au) — (Au nanoparticle)-S—R + %Hz

Whitesides also suggested that Au® and Au*! sites coexist, where Au*! are occupied
by citrate ions and thiols adsorb on Au® sites. The adsorbed citrate ions result
from the original synthesis of Au nanoparticle. There is also experimental evidence
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[103, 109], that at low coverage, both species, thiolates (R—S~) and intact thiols
(R—SH), coexist adsorbed on the Au surface.

Although there are different opinions on the exact mechanism of thiol chemisorp-
tion on gold, there is a consensus that chemisorption mechanism, of either
intact thiols or thiolates, results in the formation of molecular hydrogen (H,). The
formation of H, is energetically necessary to justify the high stability of thiol SAM
formation on gold surfaces [99, 100, 103, 104, 110]. The theoretical coverage of
these monolayers on Au is approximately 0.77 nmol/cm? [99]. However, the extent
of HS-DNA primer bound to the Au nanoparticle will be dependent on solution
conditions, such as salt concentration and presence of organic solvents [111-115].

3.1.1 Hybridization Procedure

The oligo-targets consisted of synthesized oligonucleotides of either 21 or 30 bases
in length where the 9-base sequence on the 3" and 5’ ends are complementary to the
sequences of the Au—DNA probes. The oligonucleotide sequences are:

21 bases: 5'-GGG-CGC-GGG-ATA-GGG-CGC-GGG-3'
30 bases: 5'-GGG-CGC-GGG-AAA-TAA-AAT-AAA-GGG-CGC-GGG-3’

Samples consisted of 0.1 pM of Au—DNA probe and oligo-target concentrations
ranging from O to 2,500 nM. The hybridization procedure consisted of three heat
and cool cycles where the Au—-DNA samples were denatured at 70°C in a water bath
for 10 min and then annealed in an ice bath for another 10 min. After the third cycle,
the samples were incubated for 24 h at 4°C. Each sample was removed from 4°C
just before ADLS measurement; 100 pL extracted and then mixed with 900 uL of
hybridization buffer.

All experiments were done using 50% by volume, 50 mM borate buffer at pH
8.6, and 50% 10 mM TE (10 mM Tris + 1 mM EDTA) TE buffer pH 8.0. Modified
and bare gold nanoparticles have shown greater stability in sodium borate buffer
than in the presence of other salts, such as sodium phosphate and sodium chloride.
TE buffer was chosen because it is routinely used by molecular biologists when
manipulating DNA.

4 Results and Discussion

Figure 2.8 shows the scattering signals for 30°<0<150° for the Au—DNA hybrid-
ization with different concentrations of oligo-target. As the scattering intensity inte-
grated across all angles increases with target concentrations, these results are
consistent with literature results [116], where UV-vis measurements have shown
that extinction increases as a function of target concentration.

Figure 2.9 further illustrates the sensitivity of the ADLS signal to the formation
of Au—DNA aggregates using dissymmetry ratio analysis. Dissymmetry ratio analysis
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evaluates the ratio between the intensity of forward scattering at 30° and back
scattering at 140°. Although this method does not provide quantitative information
about the structure of Au—-DNA aggregates, it can provide sensitivity to the concen-
tration of the target DNA utilizing a simple instrumental configuration. The increase
in the dissymmetry ratio as a function of target concentration results from the increase
in volume of the Au—DNA aggregates. The lack of sensitivity at low concentrations
of target DNA shown in these results suggests that the low target concentration mea-
surements are near the detection limit of this approach.

Fractal dimension and Guinier analyses can provide quantitative structural infor-
mation about the Au—-DNA aggregates and can do so with greater sensitivity than
the dissymmetry ratio analysis. Both Fractal Dimension Analysis (2.23) and Guinier
Analysis (2.22) of the raw-scattering data shown in Fig. 2.8 is shown in Fig. 2.10.
Numerical results for theses analyses are shown in Table 2.2. These results show
that both the radius of gyration and the fractal dimension are found to be sensitive
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Fig. 2.10 Fractal and Guinier analyses for raw data of Fig. 2.8: 2,500 nM (diamond), 62.5 nM
(circle), 1.56 nM (triangle), and 0.04 nM (square)

Table.s 22 R .and Df as a Target concentration (nM) R (nm) Df
1.56 245 1.6
62.5 251 1.9
2,500 260 2.5

to target concentration. However, the latter shows a much greater sensitivity. As
hypothesized, the increase in aggregate density (as shown by the increase in Df with
oligo-target concentration) is likely the outcome of increased intraparticle cross-
linking at higher oligo-target concentration.

The data of Fig. 2.10 suggest that the morphology of the aggregates can be mea-
surably altered by target concentration. Figure 2.11 shows that the fractal dimension
is also dependent on the length of the oligo-target, effectively increasing the spacing
between the primary particles. To demonstrate this sensitivity, we compared the
fractal dimension values for two systems with different oligo-target lengths: one in
which the Au—DNA probe hybridizes to a 21-base long oligo-target, and the other
in which the Au—DNA probe hybridizes to a 30-base long oligo-target. Each con-
centration of target showed lower Df values for the system containing the 30-base
long oligo-target, in comparison to the one containing 21-base long oligo-target,
indicative of more swollen and better solvated aggregates for the former. Further,
the increase in fractal dimension with concentration for both lengths of oligo-target
further suggests a transition from string-like aggregates (when Df is near unity) to
denser, more compact structures at higher fractal dimension. This exponential
dependence of the signal intensity on Df (2.2) makes this method very sensitive and
therefore ideal for detecting an oligo-target DNA fragment using Au—DNA probes.
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Fig. 2.11 Df as a function of concentration of 21 base- and 30 base-long target oligonucleotides

More quantitative information about the lengths of the targets can be extracted
from the ratio between the slopes of the curves shown in Fig. 2.11. This can be
accomplished by rewriting (2.21) as:

_log(N)-log(kg) _ log(N) log(kg) _ log(C) log(kg)

R R R R R
log[gj log[gJ log(gJ log(gJ log[g]
a a a a a

where C is the target concentration, where we assume that N and C are equivalent
for this analysis. Then the slope of the curves in Fig. 2.11 is

o
Y
log [g J
a
Since a is the same for both systems, and if we assume that the two systems (21 bases
and 30 bases) have the same number of particles forming an aggregate at each con-
centration and that the only difference between the two aggregates is the length
between the targets, the ratio between the radii of gyrations should reflect the ratio
between the length of the two linkers. This latter quantity can be estimated using
molecular modeling software as 7.1 nm (21 bases) and 10.2 nm (30 bases). This

ratio in lengths of 1.43 is slightly higher than the value extracted from the slopes,
1.26, but is within the uncertainty of the slope determinations.

. (224)

Slope = (2.25)
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5 Studies of Protein—Cofactor and Protein—Protein
Interactions

In this section, we briefly describe several initial studies that demonstrate how the
ADLS can be applied toward the detection and characterization of protein—cofactor
and protein—protein interaction through the assembly of nanoparticle aggregates.
The general approach for this methodology is to modify gold nanoparticles with a
ligand moiety, a cofactor or a protein, that specifically interacts with a target protein,
where the interaction induces the assembly of the Au—protein aggregate.

5.1 The Streptavidin—Biotin Complex

An example of a ligand protein system is the streptavidin—biotin complex.
Streptavidin is a four-unit 50 kDa recombinant protein [117] that has four binding
sites. Biotin (vitamin H) tightly binds to streptavidin with a dissociation constant of
107> M. The streptavidin—biotin complex has been extensively described in the lit-
erature [117-122]. Both biotin and streptavidin can be chemically modified with
sulfide (or disulfide) containing linkers and/or other cross-linkers. Finally, the size,
shape, and position of binding sites in the protein can be varied by means of a sim-
ple one-step conjugation chemistry using a homobifunctional cross-linker (glutaral-
dehyde) [123, 124] that allows streptavidin to be cross-linked to itself, forming
dimers, trimers, and larger protein complexes.

The strong binding between the protein and cofactor occurs through noncovalent
interactions consisting of hydrogen bonding between biotin and the serine (Ser) and
aspartate (Asp) residues in the streptavidin binding site, and hydrophobic interaction
between the biotin tail and the streptavidin side chains along the binding site [118,
119, 125]. Our anticipation was that the interaction through the four available binding
sites would allow streptavidin to be used as a cross-linker between biotin-modified
gold nanoparticles forming a fractal assembly, as illustrated in Fig. 2.12.

5.1.1 Thiol-Biotin Conjugation

The approach taken to functionalize the Au nanoparticles was to use disulfide moi-
ety to anchor biotin to the surface of the Au nanoparticles. The first step was to
chemically modify biotin with L-cystine (cystine), a disulfide-containing molecule.
Cystine is an amino acid derived from two cysteine bridged through a disulfide
bond. The choice of using the disulfide form instead of plain cysteine or another
amine-thiol containing molecule, such as meracaptoethalamine, was because it has
been reported that gold SAM originated from di-n-alkyl disulfides (RSSR) are more
stable than those from alkanethiols (RSH) [99, 103, 104, 109, 110].
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Fig. 2.12 Tllustration of cofactor modified biotin (Au-ligand probe) interacting with a target protein
to form an Au—protein aggregate

The coupling chemistry used NHS ester modified biotin to generate the disulfide
modified biotin. NHS ester cross-linkers are routinely used for modifying proteins
and protein cofactors, such as biotin. The NHS ester group reacts with the deproto-
nated form of the primary amine by nucleophilic attack, which forms a stable amide
linkage and N-hydroxysuccinimide is released as the by-product of the reaction
[124, 126]. Hydrolysis of the NHS ester is a major competing reaction in aqueous
solution, and the rate of hydrolysis increases with increasing pH.

5.1.2 Gold-Biotin Coupling

The covalent linkage between the Au nanoparticle and the disulfide-modified biotin
(L-cystine-biotin or cyss-biotin) was done through the disulfide bond of the cystine
and the Au nanoparticle. The preferred mechanism, which has been supported by
experimental data and theoretical calculations [103-109], is the one where the dis-
ulfide bond is broken close to the surface with the generation of two thiolates (RS")
which then adsorbs onto Au [110]:

R-S—-S—-R+Au) -»R-S Au"-Au)

Existing literature shows that the rates of adsorption of n-alkyl-disulfides is
indistinguishable from alkanethiols, but the rate of replacement for thiols is much
faster than for disulfides [103, 110, 127]. It also has been suggested that the esti-
mated adsoption energy for dialkyl disulfides is twice as favorable as the adsorption
energy for thiols [110, 128]. Determining the exact mechanism of adsorption of
thiols and disulfides on gold nanoparticles is not an easy task [103], which explains
different opinions on the exact mechanism of thiol and disulfide chemisorption on
gold [99, 100, 104, 110]. The theoretical coverage of a SAM on Au is approxi-
mately 0.77 nmol/cm? [99].
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Usually, Au nanoparticles carry an overall negative charge resulting from either
citrate groups present on its surfaces resulting from the citrate reduction process dur-
ing its synthesis, or from hydroxy and chloride groups present in solution which
weakly adsorb onto Au nanoparticles [99]. When a thiol or disulfide-containing mol-
ecule adsorbs onto the surface of an Au nanoparticle, the overall surface charge of the
Au nanoparticle changes. This charge displacement can induce an aggregation of the
Au nanopartilcles which can be detected by monitoring the red shift in the plasmon
resonance absorption wavelength when aggregation takes place [99, 100, 116].

We determined that cystine concentrations higher than 1.56 mM induce aggrega-
tion of 40 nm Au, but that concentrations as high as 12.5 mM cystine do not induce
aggregation of 100 nm Au nanoparticles. We also tested the behavior of unmodified
particles in the presence of cystine-modified biotin (cys-biotin). In contrast to the
cystine experiment, the highest concentration of cyss-biotin available in our stock
solution was 0.450 mM, which is approximately three times lower than the cystine
concentration that induced aggregation. Both sizes of Au nanoparticles showed
negligible aggregation. Unbound cys-biotin was removed through four sequential
centrifugation steps (at 14,000 rpm for 15 min), where the supernatant was removed
and the sedimented Au is resuspended with nanopure water.

5.1.3 Scattering Signal as a Function of Streptavidin-Complex
Concentration

Figure 2.13 shows the angle-resolved scattering signal as a function of streptavidin-
complex (target) concentration. The sensitivity of the scattering signal to the con-
centration of the streptavidin-complex is especially pronounced at forward-scattering
angles. Also shown is a control experiment in which unmodified biotin was added
to the streptavidn mixture before adding the Au-Biotin probes. The fractal dimen-
sion and Guinier analysis for these same experiments are shown in Fig. 2.14. These
results indicate that both the radius of gyration and the fractal dimension are sensi-
tive to target streptavidin-complex concentration. However, the latter shows a
greater sensitivity. These results also show that the control sample (streptavidin
saturated with unmodified biotin) remains nearly unchanged for the various concen-
trations of protein.

5.1.4 Fractal Dimension Comparison of Streptavidin Monomer
and Complex as Target Protein

In this study, we compared the difference in fractal dimensions in aggregates assem-
bled with either streptavidin-complexes or with streptavidin monomers as the pro-
tein target. Both 532 and 632 nm excitation light were used, with very similar
results. The results of the Guinier and Fractal Dimension Analyses for this system,
shown in Fig. 2.14, suggest that the morphology of the aggregates is a function of
protein concentration, but also the structure of the target protein. The mixture of
larger protein targets, which make up the streptavidin-complex, assembles the Au
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Fig. 2.13 (a) Angle-resolved scattering signal for 40 nm Au-biotin probes incubated with various
concentrations of streptavidin complexes: 50 nM (purple), 25 nM (brown), 12.5 nM (pink), 6.25 nM
(red), 3.12 nM (green), and no streptavidin (yellow; control). (b) Control where the streptavidin-
complex binding sites from (a) were blocked with free biotin (100 uM) prior to mixing with
Au-biotin probes. Higher complex concentration showed increase scattering signal (arrow)

0 20 40 60 0 20 40 60
Streptaviding Complex (nM) Streptaviding Complex (nM)

Fig. 2.14 Df of 40 nm Au-biotin as a function of streptavidin complex aggregate (square); and R,
of 40 nm Au-biotin as a function of streptavidin complex aggregate (square). Control (triangle)
consists of streptavidin complexes saturated with unmodified biotin prior to introducing
Au-biotin
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Fig. 2.15 Illustration of antigen-induced aggregation of antibody modified Au nanoparticles
(Au-antibody)

nanoparticles into less dense (but probably better solvated) aggregates. However,
both systems show an increase in fractal dimension with added protein concentra-
tions, analogous to the behavior observed using the Au—DNA probes.

5.2 Antigen Detection Using Antibody-Modified
Au Nanoparticles

To demonstrate an application in an even more complex system, a protein—protein
binding event, we applied ADLS and fractal dimension to detect the reaction
of 40-nm Au nanoparticles modified with goat antibodies toward a target antigen.
The Au nanoparticles were modified with either goat anti-mouse immunoglobulin
(Gt anti-Ms IgG) or goat anti-human immunoglobulin (Gt anti-Hu IgG); the target
antigen was mouse immunoglobulin G protein (Mouse IgG), which should be reac-
tive mainly with Gt anti-Ms IgG on gold nanoparitcle, as illustrated in Fig. 2.15.
Since an IgG has two binding sites available to interact with an antigen, we
anticipated that the presence of a target antigen would trigger the aggregation of the
antibody-modified Au nanoparticles, forming an aggregate of nanoparitcle, anti-
body, and antigen. The results were in agreement with these predictions. Figure 2.16
shows the forward-scattering signal for the two antibody systems and a control.
Table 2.3 shows fractal dimensions for the three systems. A system consisting of
nanoparticles carrying the Gt anti-Ms IgG antibody showed the highest reactivity
toward the target mouse IgG antigen as reflected in the greater forward scattering
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Fig. 2.16 ADLS measurements using 532 nm (leftf) and 660 nm (right) incident laser light.
Au-anti-Ms IgG (triangle), Au-anti-Hu IgG (square), and control (Au-anti-Ms IgG; circle)

Table 2.3 Df of Au-antibody—antigen aggregates

Df Df

A.,=532nm A =660nm
Au-Gt anti-Ms IgG 2.86+0.05 2.95+0.20
Au-Gt anti-Hu IgG 2.40+0.05 2.32+0.07

Control, Au-Gt anti-Ms IgG 1.65+0.10 1.87+0.03

and the greatest fractal dimension. However, the system in which Au nanoparticles
were modified with Gt anti-Hu also showed an increased forward-scattering signal,
which indicates cross reactivity between the Gt anti-Hu IgG antibody toward mouse
IgG. This is not a surprising result because the Gt anit-Hu bound to the Au nanopar-
ticles are not “mouse serum adsorbed” grade, which means that the Gt anti-Hu IgG
which cross react with mouse IgG were not removed during the affinity purification
process. Further, because of the common mammalian denomination of humans and
mouse, Gt anti-Hu antibodies still show cross reactivity to mouse IgG, as our results
suggest.

The use of Au nanoparticles and fractal dimension analysis could be further
adapted toward the determination of antibody titer toward a specific antigen.
Because antibodies are being routinely developed to be used in drug discovery as
drug delivery and diagnostic agents, the determination of the reactivity with target
antigen must be accompanied by measurement of its cross reactivity with other
proteins. This experiment is a good example, where the Au nanoparticles modified
with Gt anti-Hu showed cross reactivity toward the mouse IgG.
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6 Future Trends and Possibilities

This chapter presents an innovative approach where ADLS-FA can be used to probe
biomolecular assembly processes. Probing these events in a protein’s or nucleic
acid’s native environment is an important step toward the eventual use of biopoly-
mer modified nanoparticles as building blocks for nanostructure assembly. The
method provides the flexibility for defining different biosensor formats, by using
either the assembly of Au-biopolymer aggregates or the disassembly of these aggre-
gates as the signal transducers. For example (and in contrast to the aggregate assem-
bly demonstrated here), one could take advantage of aggregate disassembly by
creating nanoparticle-biopolymer aggregates, where the protein or nucleic acid
bridging the nanoparticles undergoes translocation upon contact with a specific pro-
tein or molecule. As a result of this translocation or cleaving, the disassembly and/
or change in fractal dimension of these aggregates takes place. Many enzymatic-
mediated processes are accompanied by translocation, such as, proteolytic digestion
of protein by proteases, DNA and RNA cleavage by restriction enzymes and many
phosphorylation-mediated processes.

Another direction we are pursuing is the combination of ADLS/FD with inelastic
scattering, specially surface-enhanced Raman scattering (SERS), to attempt to
extract not only structural information about the Au-biopolymers through ADLS/
FD, but also to obtain information about chemical interaction between the biopoly-
mer and Au-probe at the interface between particle and solution. This could be
particularly useful for studying peptide—protein interactions, where Au nanoparti-
cles are modified with peptides. There is also considerable interest in understanding
the process of SERS, and increased attention has been paid in the relationship
between the large surface enhancements and fractal dimension characteristics of
metal surfaces and metal nanoparticle assemblies.
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