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Preface

This thesis stems out of the research conducted on an emerging opti-
cal spectroscopy technique called as Surface enhanced Raman scattering (SERS).
One of the foremost advantages of SERS is the rich blend of high sensitivity and
chemical imaging capability, which vastly caters to the needs of ultra trace anal-
ysis of molecules. We have utilized this technique not only to probe the physical
properties of plasmonic core-shell nanoparticles, but also to detect and character-
ize some important biomolecules like p300, RNA of HIV-1, etc. By harnessing the
electromagnetic and chemical enhancement mechanisms of SERS, we have been
able to devise strategies to optimize the detection methodologies. Following is the
overview of the thesis:

Chapter 1 provides a substantive introduction to SERS phenomenon and
methodologies related to it. Chapter 2 accounts the details of the design and
construction of custom-built Raman microscopy system compatible for SERS mea-
surements. Chapter 3 is about harnessing the physical properties of core-shell
nanoparticles. In the first part of this chapter, the plasmonic property of Ag core-
Au shell nanoparticles have been studied with special emphasis on identifying and
utilizing SERS hot spots for molecular detection. The second part of the chapter
is about SERS properties of metal-coated magnetic nanoparticles. Formation of
hybrid plasmonic-magnetic films by employing an external magnetic field is also

detailed.

vii



Chapter 4 deals with Raman and SERS studies of two important drug molecules:
CTB and CTPB. A comprehensive vibrational mode analysis is the main theme
of this chapter. Ag-N modes at low wavenumbers have been identified in SERS
studies which shed light on metal-molecule interactions. Chapter 5 reports compre-
hensive study on SERS of human transcriptional coactivator p300, which is a 300
kDa protein. SERS has been utilized as an effective probe to understand protein-
molecule interactions. Small structural changes in p300 upon autoacetylation have
also been identified through SERS. Chapter 6 details one of the diagnostic appli-
cations of Surface enhanced Resonant Raman Scattering (SERRS). HIV-1 subtype
detection and discrimination using SERRS has been discussed in detail. The cost
effectiveness of the method has been highlighted. The thesis ends with an outlook,
in which some pros and cons of SERS and future prospects of the technique are

discussed.
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CHAPTER 1

INTRODUCTION

At the onset of twenty first century, molecular spectroscopy has been reju-
venated by the advances in various fields like optical instrumentation, nanoscience
and biotechnology. By employing various spectroscopic techniques, rapid progress
has been achieved in understanding molecules and unveiling their interactions.
Molecular detection and characterization techniques have evolved as one of the
most active research areas in science with a huge bandwidth of applications - from
biology to astronomy.

Depending upon the energy scales probed, molecular spectroscopy can be
mainly classified into three different categories: Electronic, vibrational and rota-
tional spectroscopy. The electronic spectroscopy investigates the electronic energy
states of a molecule, which can be probed by ultraviolet or visible radiation. The
vibrational energy states can be probed either by infrared radiation or Raman scat-
tering. The rotational energy states can be probed by microwave radiation. Lasers
have the ability to produce monochromatic photons with a high degree of spatial
and temporal coherence, and hence play a major role in the above mentioned spec-
troscopic techniques.

Of the various techniques used to probe molecules, vibrational spectroscopy
has emerged as an effective method to study structure and dynamics of molecules,
irrespective of the environment in which molecules are present. Every molecule

has a characteristic vibrational spectrum which can be used as their finger prints.
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This facilitates an advantage in molecular detection, sensing and characterization.
Though both Infra-red spectroscopy and Raman scattering probe the vibrational
states of a molecule, we employ the latter as a molecular probe, and is described

in detail.

1.1 Raman scattering

When photons are incident on molecules, there are various energy pathways
for the molecules to be excited. Due to this excitation, the electrons in the molecule
make transition from their ground state to an excited state. This excited state has a
finite life time, and hence the molecules relax back to their ground state by emitting
photons. This emitted photons can be a resultant of either an elastic or an inelastic
interaction between the photons and molecular vibration (vibrons/phonons). The
former is generally categorized as Rayleigh scattering, and the latter may be due
various interactions between photons and vibrational states of a molecule, where
exchange of energy between them is prevalent. One such interaction which is
essentially due to an inelastic scattering mechanism is called as Raman scattering.
In Raman scattering, the photons can either gain or lose energy upon interaction
with vibrational energy states of a molecule. The Raman scattered radiation is
classified either as Stokes or anti-Stokes radiation depending on whether the photon
has lost or gained energy, respectively. In 1928, Sir C. V. Raman and K. S. Krishnan
experimentally discovered the Raman Effect [1]. Sir C.V. Raman went on to win
the Nobel Prize in 1930 for this discovery.

When a molecule is placed in a static electric field E , the positively charged
nuclei and the negatively charged electrons are spatially distorted. The molecule

in now polarized and the separation of charges create an induced dipole moment,
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P. The induced dipole moment of a molecule depends upon the applied electric

field [2], and is given by the relation

P=a-E; (1.1)

where & is the polarizability of the molecule. In its general form, both P and E are
three dimensional vectors; so & can be expressed as a tensor, whose components

can be represented as elements of a matrix. The general form of Eq. 1.1 is given

by
P, Qgg Qg Oz | | By
P, Qyz Oy Q. | | By (1.2)
Pz Ay Ay Ay Ez

Now, consider molecules subjected to electromagnetic radiation of frequency v with

an oscillatory magnitude of electric field given by

E = Eysin2nvt (1.3)

This results in an oscillatory induced dipole moment whose magnitude is given by

P=a-FE = aE,sin2mut (1.4)

This oscillation in dipole moment leads to secondary radiation, which is termed
as Rayleigh scattering, and represents the elastic scattering component. Since the
molecules have internal degrees of freedom like vibration or rotation which modu-
late the polarizability periodically, the oscillating dipole will be a superposition of

varying electric field and polarizability. In such a case, the magnitude of polariz-



4 Chapter 1.

ability vector is given by

o = ag + [sin 2wvypt; (1.5)

where g is the equilibrium polarizability, § is the rate of change of polarizability
and v,; is the vibrational frequency of the molecule. In such a situation, the

induced dipole moment is given by
) 1
P = aFysin 2wt + §ﬁE0{COS 27(v — vyp) — cos2m(V + vyip) (1.6)

Equation 1.6 indicates that the oscillating dipole has three frequency components,
U, V— Uy and v+ 1vy,. The component v —v,;, and v+ v, are called as Stokes and
anti-Stokes line, respectively. They represent the inelastically scattered components
of the scattered radiation. It should be noted that if the vibration does not alter the
polarizability of a molecule, then = 0, and the dipole moment oscillates only with
frequency of incident radiation. Therefore, for a vibrational mode to be Raman

active, change in the component of molecular polarizability is a prerequisite.

1.1.1 Quantum picture of Raman scattering

Although classical theory of Raman scattering explains the origin of Stokes
and anti-Stokes lines, they do not account for their differences in intensity. Ac-
cording to the basic principles of quantum mechanics, the energy associated with
electronic, vibrational and rotational degrees of freedom of a molecule can assume
values only from a discrete set, namely the quantized energy levels corresponding to
the possible stationary states of the molecule. These states are characterized by a
specific set of quantum numbers describing the level of excitation of each quantized

degree of freedom, and by a corresponding wavefunction. In infrared absorption or
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Figure 1.1: Energy level diagram comparing Raman, resonant Raman scattering
and Fluorescence

emission, there is a direct transition between vibrational energy levels, most often
between the vibrational ground state and the first excited state. In contrast to
this, both Rayleigh and Raman scattering involve two, almost simultaneous tran-
sitions proceeding via virtual states in which one photon of the incident radiation
is absorbed and another photon, either of the same energy (Rayleigh scattering) or
of lower energy (Stokes Raman) or high energy (anti-Stokes Raman) is emitted.
Figure 1.1 shows a schematic of the energy levels involved in the process.
Here, the virtual state refers to a transition state which does not correspond to an
eigenstate of the molecule; so it is only an imaginary state, a practical convenience
by which the energy exchange between the radiation field and the molecule during
the scattering process can be split up into two one-photon transitions. To refine
the classical description of Raman scattering, we can use partial quantum mechan-
ical treatment in which molecule is treated quantum mechanically and radiation
classically. Then for the description of the interaction of light with matter, electro-

magnetic radiation is treated as a source of perturbation of the molecular system.
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Any direct transition between two energy levels is accompanied by emission or
absorption of radiation if the dipole moment of the transition (which is called as
the transition moment) is nonzero. The amplitude concerning a transition from an

initial state ¢ to a final state f induced by radiation of wavenumber 7, is given as:

(Wi = (brlals) - E; (1.7)

where 1)y and 1); are the wavefunctions of the initial and the final states respectively.
The intensity of Raman scattered radiation will be determined by the properties
of the transition polarizability tensor, whose components represent the matrix ele-
ments of transition from the state f to i. By neglecting electrical and mechanical
anharmonicity, and exploiting the properties of the harmonic oscillator wavefunc-
tions, we can realize that only those matrix elements differ from zero for which
one vibrational quantum number changes by unity and all the other vibrational
quantum numbers remain unchanged. Then for a typical matrix element of the
transition polarizability associated with Stokes Raman scattering at Raman shift

we obtain,

[zy] = 0BVV + 1 (1.8)

where v is the vibrational quantum number and b = h/(4mwcv), is the quantum
mechanical analog of the amplitude of a classical oscillator. It is clear from the
Eq. 1.7 that for such a transitions to be Raman active, it is also required that
at least one component of the derived polarizability tensor be non zero, just as in
classical theory. A very significant difference between the classical and quantum
mechanical treatments is that in the latter there is a dependence on the quantum
number, which has important consequences concerning the intensities of Raman

scattering. When we consider scattering from an assembly of N molecules, the
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initial distribution of molecules among the vibrational states at temperature T
must be taken into account to establish the fraction of molecules capable of a given
transition. This leads us to an important quantity which is the ratio of intensities

with respect to Stokes to anti-Stokes line given by,

[S k 7 V~k 4 hcv
tokes 0 —
IantifStokes <V~0 ﬁk) p( K1 ) ( )

In addition to correctly accounting for the observed intensity relationships, this

equation allows one to determine the sample temperature, provided the measured
Raman intensities are corrected for instrument response. Another important con-
cept in Raman scattering is the Raman cross section which represents the scattering
cross sectional area of a molecule interacting with the incident radiation [2]. The

general expression for Raman cross section is as follows:

4

4
S, : (1.10)

9hct

oli — f) =

Z(<Oéz‘j>éL<Oéjf>és N <Oéji>éL(04jf>és>

Wij — WL — 1YL Wi — WL — 1

J

where €7, and é, are unit vectors representing the polarization of the incident laser
beam and the scattered light. The sum extends over all molecular levels j with
homogeneous width ~, accessible by single-photon transitions from the initial state.
We see from Eq. 1.10 that the initial and final states are connected by two-photon
transitions, which implies that both states have the same parity. It is interest-
ing to note that the vibrational transitions in homo-nuclear diatomic molecules,
which are forbidden for single-photon infrared transitions, are accessible to Raman

transitions.
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1.1.2 Resonant Raman scattering

The scattering cross section of a molecule can be increased by a few orders of
magnitude when the Raman excitation frequency is in resonance with one of the
electronic transitions (see Fig. 1.1) of the molecule [2]. In such a situation, the
denominator of Eq. 1.10 reduces to a very small value, and several terms in the
sum give large contribution to the signal intensity of the scattered light. This ef-
fect is generally called as Resonant Raman scattering. Unlike the non-resonant
case, in resonance Raman scattering a larger number of Raman lines may appear
that are shifted against the excitation line by several vibrational quanta. They
correspond to Raman transitions terminating on higher vibrational levels of the
ground electronic state. This is quite similar to laser-excited fluorescence [3], and
opens the possibility to determine the anharmonicity constants of the molecular
potential curve or potential surface of the lower electronic state [4]. Resonance Ra-
man scattering is particularly advantageous for molecules with chromophores and
samples with small densities [4, 5], for example, gases at low pressures, where the
absorption of the incident radiation is not severe and where non-resonant Raman

spectroscopy might not be sufficiently sensitive.

1.2 Surface Enhanced Raman Scattering (SERS)

Up on adsorption of molecules on metallic nano-surfaces exhibiting nanoscale
scale roughness, the Raman signal intensity of the molecule is enhanced by many
orders of magnitude. This phenomenon is called as Surface enhanced Raman scat-
tering (SERS) [6, 7]. It was first observed by Fleischmann et al. [8] in 1974,

and later, correctly interpreted by couple of groups in 1977 [9, 10]. Earlier to the
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discovery of SERS, laser Raman scattering was not an ideal candidate to study vi-
bration spectroscopy of molecules at low concentrations because the Raman cross
section was too small when compared to other optical processes of a molecule. In
a situation where a fluorescent molecule is under Raman scattering study, there
is always a possibility that the Raman signal being masked due to the fluorescent
background. This is because the non-resonant Raman cross section of a molecule is
around 1072 cm? per molecule, where as the fluorescence cross section of molecule
is around 10717 cm? per molecule [11]. All these reasons had hampered the usage
of Raman scattering for ultra trace analysis of molecules. SERS has the ability
to circumvent this problem because the Raman cross section is no more the same
as that for the conventional Raman scattering, but would be drastically changed
to values comparable to Fluorescence [12]. Since its discovery, this enhanced Ra-
man cross section in SERS has been harnessed as a tool for ultra trace analysis of
molecules [13-20].

It is important to unveil the reason behind this increased cross section in
SERS, as it has a significant bearing on understanding of metal-molecule interac-
tion [21]. Since Raman intensities scale as the product of the incident field intensity
and polarizability derivative, there are two commonly considered mechanisms for
SERS, one of which involves enhancements in the field intensity as a result of plas-
mon resonance excitation [7], and the other is the enhancement in polarizability
due to chemical effects such as charge-transfer excited states and formation of reso-
nant intermediates [7]. These two important enhancement mechanisms underlying
the SERS phenomenon are called as Electromagnetic and Chemical enhancement

mechanisms.
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1.2.1 Electromagnetic enhancement mechanism

Surface plasmons are collective oscillations of free electrons on the surface of
a metal [6, 21-23]. At the near field of a metallic surface, the electric field is strong
due to the plasmon resonance. Any molecule residing in the vicinity of a metallic

surface is under the influence of this strong electric field [6, 21, 24].

Nanoparticle

Molecule

. d ®

Figure 1.2: Schematic for the electromagnetic enhancement effect in SERS

Fig. 1.2 shows a simplified schematic diagram to understand the concept of electro-
magnetic SERS enhancement. The metallic nanostructure is a small sphere with
the complex dielectric constant £(v) in a surrounding medium with a dielectric con-
stant £(0). The diameter of the sphere (2r) is small compared with the wavelength
of light (Rayleigh limit). A molecule in the vicinity of the sphere at a distance d
is exposed to a field Ej;, which is the superposition of the incoming field and the
a dipole field induced in the metal sphere. The field enhancement factor A(v) is
the ratio of the field at the position of the molecule and the incoming field. The

expression for this is as follows:

Ey(v) e—¢g r o\’
Alw) = E(v) T e+ 2 (r+d) (1.11)

The value of A(v) is large when the real part of € is equal to —2¢,. Additionally,

for a strong electromagnetic enhancement, the imaginary part of the dielectric
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constant should be small. These conditions describe the resonant excitation of
surface plasmons of the metal sphere. Metals like Ag, Au and Cu satisfy the above
conditions at visible wavelengths, and hence exhibit SERS properties. As in the
case of laser field, the Stokes or anti-Stokes field is enhanced if it is in resonance
with the surface plasmons of the metal spheres. Taking into effect the enhancement
due to laser field and the Stokes field, the electromagnetic enhancement factor for

the Stokes scattering is given by

e(vs) — €o
e(vs) + 2¢e9

e(vr) — €0 2
e(vr) + 2¢e9

Gnl1) = [ Ae)PAWs) = ()

Following are the important implications of the above equation.

e The enhancement scales as fourth power of the local field at the vicinity of
the metallic nanostructure and is particularly strong when the scattered and

the plasmon field are in resonance.

e The electromagnetic enhancement is a distance dependent mechanism. The
enhancement decays as (r/(r +d))'2. Interestingly, it is not necessary for the

molecule to be in contact with the metal surface to exhibit enhancement.

The contribution of electromagnetic mechanism towards Raman signal enhance-
ment is greater than any other mechanisms [6, 21]. It accounts for an enhancement

factor of at least 10* to 10% in normal conditions.

1.2.2 Chemical enhancement mechanism

This mechanism is also called as the first layer effect because to observe this
effect, molecule and metal surface need to be in contact with each other [7]. This

mechanism is mainly attributed to electronic coupling between molecule and metal,
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and leads to formation of an adsorbate-surface complex, resulting in an increased
Raman cross section of the adsorbed molecule in the complex compared with the
cross section of a free molecule in a normal Raman experiment.

Other possible electronic SERS mechanisms involve a resonance Raman effect,
which becomes operative due to shifted and broadened electronic levels in the
adsorbed molecule compared with the free one or due to a new (charge transfer)

electronic transition in the metal-molecule system. Figure 1.3 shows energy level
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Figure 1.3: Schematic for the chemical enhancement mechanism in SERS

diagram for a molecule-metal system, where the energies of the highest occupied
molecular orbital(HOMO) and the lowest unoccupied molecular orbital (LUMO)
are approximately symmetric relative to the Fermi level of the metal, together
with possible resonant Raman processes involving molecular states (path (a)) and
molecular and metallic states (paths (b), (c¢)). The figure also explains the change
of the resonance conditions for paths (b) and (c¢) when the Fermi level is shifted.
This accounts for the potential-dependent SERS enhancement, which is commonly

observed in case of metal electrodes [6, 23]. The dynamic charge transfer, which
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forms another basis of this mechanism, can be explained as follows:

The photon is absorbed by the metal which results in a hot electron state.

The hot electron gets transferred in to the LUMO of the molecule.

The hot electron is transferred from LUMO back to the metal.

Return of the electron to its initial state by emitting Stokes photons.

The chemical enhancement mechanism contributes to an enhancement factor of 10
to 100 in magnitude. Interestingly, to observe this effect, the metallic surface need
not be rough.

Apart from these two enhancement mechanisms, Surface enhanced Resonant
Raman scattering can also be used to further improve the enhancement factors.
The conventional resonant Raman scattering offers an advantage of enhancing the
Raman scattering intensity of a chromophore by at least 10 to 100 times when
compared to non-resonant Raman scattering. This enhancement can be utilized in
SERS, where fluorescent molecules are adsorbed on metallic nanoparticles and ex-
cited with resonant radiation to obtain Raman scattered spectrum. This technique
is generally called as Surface Enhanced Resonant Raman Scattering (SERRS). This
method facilitates large enhancements (107 to 10**) in the Raman signal, and can
be utilized to detect single molecule within a confined volume. In chapter 6 of
this thesis we show the optimization and usage of SERRS as an effective probe to
detect molecules at extremely low concentrations, which finds relevance in disease

diagnostic applications.
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1.2.3 Experimental calculation of SERS enhancement factor-G

One of the quantitative methods to evaluate the increase in Raman signal

intensity is to calculate the enhancement factors [6, 7, 21, 23]. Since the number
of molecules in the probed volume at an instant of time is different for solution
and solid phases, the enhancement factors would be different. Following is the
procedure to calculate the G for both phases.
Solution phase: First, Raman spectra of a molecule of known concentration
(CR) is recorded in solution phase. Next, the Raman integral intensity of one of
the strong bands (Ig) is calculated. This is followed by the recording of SERS
spectra of the same molecule at lower concentration (Cs) and calculation of the
SERS integral intensity (Ig) of the same band as considered for the Raman spectra.
G is calculated using the formula

Cr Ig
— x =

¢ = I

(1.13)

It is to be noted that the laser power, signal accumulation time, scattering geome-
try, optical instrumentation etc., have to be the same for both Raman and SERS
measurements. Generally, the sample quantity for these measurements should be at
least 1 pLi, and the molecule to nanoparticle ratio can be 1 : 9 by volume. The non
resonant enhancement factor calculated by this method for thiophenol adsorbed to
Ag and Au nanoparticles was of the order of 10° and 10°, respectively.

Solid phase: Many of the SERS substrates prepared by techniques like nanosphere
lithography [25, 26], e-beam lithography [27] etc., are in solid state. In order to
evaluate and compare the performance of these substrates, Raman signal enhance-
ment is used as a benchmark. Unlike the solution phase, the concentration of the

molecule cannot be directly considered to calculate the SERS enhancement factor.
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One has to have a priori knowledge of the number of molecules probed by the
laser within a confined volume. This information can be obtained by the method

proposed by Zhu et al [28]. The enhancement factor, G can be calculated as follows:

G=lsers  Ne (1.14)

I Nsgrs
where Isgrs is the measured SERS intensity for the probe molecules on the nanopar-
ticle surface, Iy is the measured intensity of normal Raman scattering from the bulk
sample, Ny is the number of the probe molecules under laser illumination in the
bulk sample, and Ngggrs is the number of the molecules probed on the nanoparticle
surface. To find Isgrs and I it is ideal to choose the integral intensity of the same

peak in Raman and SERS spectra. The Ngggrs is given by
NSERS :47T7’20AN; (115)

where r,C',A, and N are the average radius of nanoparticles, the surface density
of the molecule under study, the area of the focussed laser spot, and the surface
coverage of nanoparticles (from electron microscopy or AFM measurements), re-
spectively. The Npg is given by

_Alp

N 1.16
R m 3 ( )

where A, h, p, and m are the area of the laser spot, the penetration depth, the

density of the molecule and the molecular weight, respectively.
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1.2.4 Surface selection rules of SERS

When molecules adsorb to metal surfaces, they do so with a specific orientation
with respect to the normal of the surface. This orientation of the molecule is mainly
a consequence of the electrostatic interaction between the metal and the molecule.
Electrostatic image dipoles are one of the main theoretical models to explain this
interaction. When considered in the light of vibrational spectroscopy, especially
the Raman scattering, adsorption geometry has important consequences on the
intensities of the modes of vibration. One of the common features of SERS is that
few modes of vibrations are enhanced when compared to others; this is due to the
modified vibrational selection rules of a molecule which is in close proximity to a
metallic surface. These rules are generally called as surface selection rules, and
should not be considered in the view of the usual quantum mechanical selection
rules, but rather as rules that explain the reduction in intensities of Raman bands
of molecules interacting with metallic surfaces.

Consider a molecule placed at a distance d from a metallic surface. The
molecule can be illuminated by two beams (direct and reflected) which superimpose
coherently at the molecule. For simplicity, we can consider the molecule to be on the
surface, so that d is equal to zero (Note: the final result will be equally applicable
for molecules very close to the surface). The components of electric field are given

by

E:c == (rs“‘l)EOsv
E, = (r,—1)cos¢Ey, (1.17)

E. = (r,+1)sin¢Ey,;
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where 75 and r, are the Fresnel reflection coefficients at the ambient metal
interface for s-polarized (normal to the plane of incidence) and p-polarized (parallel
to the plane of incidence) light; Eys an Ey, are the magnitudes of the electric
field components for s and p polarized configuration. The angle of incidence is
represented by ¢.
Now, if the two incident beams scatter the light by Raman process, then the
scattered radiation, for a given angle of incidence, will be a superposition of two
coherent waves. The s and p components of electric fields for the scattered light is

given by

E; = (1+Tls)pwv

E, = (1—r,)pycos¢' + (1 +1,)p.sin¢; (1.18)

where the primes indicate the scattered beam, and 7 and 7, are their respective
Fresnel reflection coefficients but calculated for ¢, the angle of scattered light. Four
intensities components can be defined for the Raman experiments which refer to
different polarizations of incident and scattered beam. Labeling the quantities as
SS, PS, SP and PP, where the first and the second letters refer to the direction
of electric vectors in the incident and the scattered light, respectively. Here, the
scattered plane is defined as the plane containing both the direct and indirect
reflection beams from the metal surface [99]. The expressions of the intensity

components are given as:

SS o age(1+75)(1+70))7, (1.19)
PS o |ogy(=1+1,)(1+71)cosd + ap (1 +1,)(1+ 1)) sing|®,  (1.20)

SP o |ay(1+75)(1L—rl)cos ¢ + (1 +7)(1+ 7)) sing|? (1.21)
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and
PP o |a + b*; (1.22)
where
a = [oyy(1—=ry)cos¢+ ay.(1+1,)|sing](1 —1,) cos ¢,
b = [omy(—=141p)cos ¢+ a..(1+7p)sing](1+r),)sin¢’

In the limit of a good reflecting metal, the above equations reduces to

SS = 0, (1.23)
SP = 0, (1.24)
PS = 0, (1.25)
PP = |az.(1+r,) (147, sin’ ¢sin® ¢, (1.26)

It is interesting to observe that the S'S component, which is the strongest for the
normal Raman scattering vanishes to zero, where as the PP component which is
not measured in normal Raman scattering is the one which survives. One should
bear in mind, however, that even in instances when the metal is not highly re-
flective, certain intensity components may vanish due to symmetry reasons. The
experimental consequences of surface selection rules can be explained as follows. If
X, Y and Z are considered as Cartesian co-ordinates representing surface frame
of reference where Z is the surface normal, then vibrational modes transforming
as Z? should have most intense spectral features, ZX and ZY modes will appear
with lesser intensity, and X?, Y? and XY modes should be extremely weak and

commonly absent. The selection rules play an important role in understanding the
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adsorption behaviour of molecules over metal surfaces, as you would observe in

coming chapters.

1.3 Nanoparticles for SERS studies

Two of the main prerequisites to observe considerable enhancement in Ra-
man signal are intense surface plasmon resonance and nanoscale scale roughness
of the metallic surface used [6, 7, 21]. Both these parameters have an important
consequence on electromagnetic enhancement of SERS. Metallic nanoparticles are
ideal candidates possessing the above attributes. Since the surface to volume ratio
of a nanoparticle is high, most of their atoms reside on the surface. This fea-
ture not only facilitates plasmon oscillation on the surface, but also provides the
required surface roughness. The most commonly used nanoparticles for SERS ap-
plications are of Ag and Au. Other metals like Cu, Pd and Pt have also been used
[22, 23]. It is important to note that all the above mentioned metallic nanopar-
ticles have their surface plasmon resonances in visible region. The present study
mainly uses Ag and Au for SERS. Ag and Au are coinage metals with intense
surface plasmon resonance in visible wavelength, and their preparation is simple.
In SERS literature, there have been two methods of preparation of Ag and Au
nanoparticles, which has been extensively used. The first and the most popular
one is the citrate reduced method of Lee and Meisel [29], where citrate ions act as
the capping agent and provide stability. The other one is the sodium borohydride
method of Creighton et al. [30], where sodium borohydride is used to reduce sil-
ver nitrate. For the present study we have used the former method because of its
stability and performance. Figure 1.4 shows the TEM image of citrate reduce Ag

and Au nanoparticles and their surface plasmon resonance spectra in the visible
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Figure 1.4: TEM images and their corresponding plasmon resonance plots of citrate
reduced Ag and Au nanoparticles prepared by Lee-Meisel method.

region. This synthesis method leads to nanoparticles with an average diameter of
50 nm. Both Ag and Au nanoparticles prepared by this method were stable for
more than 6 months unlike the nanoparticles prepared by borohydride method.
The maximum SERS enhancement factor was observed for Ag nanoparticles. The
commonly observed enhancement factor is of the order of 10% to 107. Although
Ag nanoparticles facilitate high SERS enhancements, they have not been exten-
sively used for biomolecular detection, especially for in vivo experiments due to
their bio-incompatibility. In such a case, Au nanoparticles have been the better
candidates for studying biomolecules because of the inertness. However, the SERS
enhancement factor obtained with Au was of the order of 10° to 10°, which may

be insufficient for ultra trace analysis of molecules. To circumvent this problem
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and create a trade off between the properties of Ag and Au nanoparticles, we have
devised strategies to prepare core-shell nanoparticles, which constitute the theme

of chapter 3.

1.4 Applications of SERS in biodetection

Various research groups across the world have used SERS as an effective
tool for biomolecular detection and characterization . Direct detection of bio-
macromolecules like proteins were ventured as early as in 1980 by Cotton and
coworkers [31], where they had used SERS to study adsorption behaviour of cy-
tochrome C and myoglobin on silver electrodes. In recent years, Nabiev and cowork-
ers have developed new techniques which utilized SERS as a probe to study inter-
actions of biomolecules [19, 20]. In chapter 5 of this thesis, we too show that SERS
technique can also be harnessed to detect and characterize large biomolecules like
p300 in physiological environment at low concentrations. Another interesting strat-
egy is to use SERRS for biomolecular detection. Duncan Graham and coworkers
have pioneered methods in using SERRS as an efficient tool for DNA discrimi-
nation and analysis [13, 14]. Their strategy is to detect nucleic acids tagged to
dye molecules which are in resonance with the Raman excitation frequency. This
method has extremely high sensitivity, and has been extrapolated to detection of
various kinds of nucleic acids. SERS detection of antigen-antibody interactions
with multiplexing abilities were shown by Dou et al. in 1997 [32]. Their work,
which used Raman markers (molecules with a large Raman cross-section) for the
first time, has important applications in immunoassays and diagnostics. As an off-
shoot of their work, various research groups have come up with strategies to detect

relevant molecules related to diseases like HIV and Cancer. The sixth chapter of
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this thesis reveals some of the new strategies devised by us for HIV subtype detec-
tion and discrimination by SERRS. Apart from this, SERS has also been used for in
vivo studies, wherein gold nanoparticles are introduced into the cell, which further
help in enhancing the Raman signatures of different cellular components [33-36].
Van Duyne and coworkers have also used SERS as glucose sensor inside a mice at
physiological conditions [37, 38]. Some researchers have also used SERS to detect
molecules on the surface of bacteria and other organisms [39-41]. In 1997, Kneipp
et al [11] proved one of the most potent abilities of SERS: the single molecule sen-
sitivity. Further, Nie and Emory in 2000 [12] showed that SERS can be performed
on single nanoparticle, whose sensitivity was on par with fluorescence techniques.
Since then, the unique features of SERS like single molecule sensitivity concomi-
tant to chemical imaging capabilities have added new dimensions to biodetection
and sensing [42]. In recent years, these extraordinary abilities of SERS has been
harnessed for ultra-trace analysis of molecules of biological interest. Note that, in
physiological conditions, the concentrations of biomolecules are scarce, and hence

a very sensitive tool like SERS is of primary importance.

1.5 Role of atomic scale roughness in SERS

One of the most rigourously debated concept in SERS literature is the role of
atomic scale roughness (ASR) in Raman signal enhancement [134-138]. The phys-
ical picture is that if a uniform electric field is applied to a rough conductor, the
electric field near the surface is not uniform but is largest at the sharpest feature.
This is the familiar principle underlying the operation of lighting rod. In SERS
experiments, if the size of roughness feature is less than the wavelength of light,

apart from lighting rod effect, one has to treat the system using adatom model
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where ASR play an important role. In 1983, Otto came up with a comprehensive
theoretical treatment [135] with convincing experiments [135,138] on adatom model
which exemplified the importance of ASR. In this model, ASR sites are those sur-
face atoms for which the primitive translations within a (111), (100) or (110) lattice
plane do not lead to full number of possible nearest neighbor within this lattice
plane. In SERS, ASR are adsorption sites, where Raman enhancement is stronger
than its local environment. The interaction of photon with metal electron increase
at these sites compared to atomically smooth surface because local translational
symmetry parallel to the surface is broken at sites of ASR[135]. This would lead to
a greater charge transfer, and hence significantly influence the chemical enhance-
ment mechanism as discussed before. It is to be noted that roughness at atomic
scale have their bearing mainly on chemical enhancement mechanism, and would
have no effect on electromagnetic enhancement.

Having laid the foundations to understand SERS, the subsequent chap-
ters will unveil that indeed SERS can be harnessed as an effective tool to probe

different aspects of materials and molecules with a fair degree of success.
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CHAPTER 2

ADAPTING A FLUORESCENCE MICROSCOPE

TO PERFORM SURFACE ENHANCED RAMAN

SPECTROSCOPY

This chapter constitutes the following publication:

1. Adapting a fluorescence microscope to perform surface enhanced Raman spec-
troscopy
G.V. Pavan Kumar and Chandrabhas Narayana
Current Science 93, 778-781 (2007).

25
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2.1 Motivation

Ever since the Raman effect was discovered in 1928 [1], it has played a signifi-
cant role in elucidating structural properties of molecules and materials. Although
the Raman scattering acts as an effective tool to probe molecular structure, it has
some disadvantages like fluorescence overlap, small cross sections and low sensitiv-
ity. Of late, due to the emergence of nanotechnology and improvement in sensitivity
of optical instruments, SERS has played an important role in overcoming the above-
mentioned disadvantages [24, 42, 43]. Although commercial Raman microscopes
have played a key role in the success of SERS, most of them are very expensive,
sophisticated, and lack flexibility. There have been a few successful attempts to
build Raman microscopes previously [44—46], but most of them require specialized
knowledge to construct it. Therefore, it is important to design a SERS setup which
is not only inexpensive, but also versatile to perform multiple experiments. In this
chapter, we reveal the design and construction of a SERS spectrometer using a
simple viewing microscope with an epi-fluorescence attachment, which is routinely
used in biology laboratories for fluorescence studies. The salient features of this
setup are: it is inexpensive, easy to build, as efficient as a commercial setup and

retains the fluorescence imaging characteristics of the microscope.

2.2 Fabrication of SERS microscope

For the present work, we have selected a Nikon Eclipse 50i (Nikon, Japan)
microscope with an epi-fluorescent attachment as the main part of the collection
optics for the Raman spectrometer. It should be noted that any other fluorescence
microscope could be used for the same purpose. Figure 2.1 shows the schematic di-

agram of the micro-Raman system. The Raman excitation light (532 nm) provided
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Figure 2.1: Schematics of the micro-Raman system built with a simple viewing
microscope with an epi-fluorescent attachment. ST-stage; SA-sample; O - Objec-
tive lens; L-laser; BPF-Band pass filter; NDF- neutral density filter; SM -special
mirror; Bl and B2-beam splitters; M-mirror; BINO-binocular; EF-edge filter; FL-
focusing lens; F-optical fiber; SPEC-spectrometer; CCD - Charged Coupled Device;
COMP-computer; CAM-camera.

by a solid-state frequency doubled Nd-YAG laser (Model G-SLM-015, Suwtech Inc.,
China), which traversed a band pass filter, (LL01-532-12.5, Semrock, UK) was used
as the excitation source. The 632.8 nm laser source from a He-Ne Laser (Model
No. 30994, Newport, USA) with appropriate band pass filter (LL01-633-12.5, Sem-
rock, UK) was also used in some of the experiments. A special mirror was used in
order to reflect the laser beam by 45 degree on to the sample. The scattered light
passes through an edge filter (EF) (LP03-532RS-25, Semrock, UK) placed at the
output camera port of the trinocular. The scattered light was focused on to the
optical fiber using an objective lens (FL) with a NA of 0.4 to 0.5. The other end
of the optical fiber was f-number matched at the factory to a 0.55 m spectrograph
(Jobin-Yovn 550 Triax, Instruments SA, Inc., NJ, USA) attached with a liquid
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nitrogen cooled CCD detector. The f-number matching could also be achieved by
using a couple of achromatic doublet lens with appropriate focal lengths and clear
apertures.

The spectrograph itself had a computer controlled adjustable slit and a tur-
ret, which holds three gratings for a range of measurements. For the present Raman
studies, a 600 grooves mm~! grating was used along with the 200 pm spectrograph

! resolution. A digital camera

entrance slit setting, providing approximately 5 cm™
(Nikon coolpix 5400, Nikon, Japan) atop the microscope allowed for registration
of the focused laser spot and focusing the image of the laser spot on to the optical
fiber (by back illuminating the optical fiber). Typically, for Raman studies on lig-
uid samples, a 60x infinity corrected water immersion objectives (Nikon Fluor, NA
1.00, Nikon, Japan) was used. The laser power was around 8 mW at the sample.
The epi-fluorescent attachment, which is used for fluorescent imaging, contains the
bayonet mount for placing the white light source. The laser of desired wavelength
is launched through this mount. An aluminum disc with 1 mm hole in the cen-
ter, sitting snugly on the epi-fluorescent lamp attachment, was used to align the
laser beam along the axis of the microscope inlet. The adjustable field diaphragm
present in the microscope, which restricts the white light illumination on the area
of the specimen being viewed, is used as a second aperture to assist the alignment
of the laser beam along the optical axis. The diaphragm can be used to focus
the laser beam onto the sample under observation. The fluorescence microscopes
are provided with dichroic mirror-cube holders. For fluorescence measurements
a dichroic mirror is used, which is selected based on the excitation and emission
band of the chromophore. In the case of Raman spectroscopy this would effectively
block a large region of the Raman spectrum (< 200 cm™!) close to the Rayleigh

scattering. There is an added disadvantage of using the dichroic mirror as it could



2.3 Performance of the constructed microscope 29

also cut off the high frequency Raman spectra (> 3000 cm™!).

In order to overcome this, we have replaced the dichroic mirrors of the fluo-
rescence microscope with a special kind of mirror. This special mirror was designed
by us, and fabricated by Acexon Technologies, Singapore. The mirror has an Ag
coating of 2 mm diameter at the center of a 25.2 x 35.6(£0.2) mm fused silica
substrate of 1.1 mm thickness. The mirror had a reflection band between 400 to
900 nm, with reflectivity greater than 95 percent. The diameter of the laser beam
was 1 mm, which is completely reflected by the mirror of 2 mm diameter. The
microscope is equipped with an additional camera port, which is used for imaging
the field of view. We have mounted a digital camera on this port. A 200 pm multi-
mode, single core optical fiber with a band pass of 400 to 1000 nm was used to
collect the scattered light. The length of the optical fiber could be varied between
1.5 to 5 meters. In order to optimize the collection of the scattered light into the
fiber, a microscope objective was used at the camera port of the trinocular of the
microscope.

For SERS measurements we have used citrate reduced Ag nanoparticles prepared
by standard Lee and Meisel method [29]. The analyte of interest was mixed with
the Ag nanoparticles in the ratio of 5 : 95 by volume and deposited over a glass slide
before bringing the water immersion objective in contact with it for measurements.
The final concentration of the analyte was 1 uM. The spectral accumulation time

was typically 1 to 30 s for all the measurements.

2.3 Performance of the constructed microscope

In order to demonstrate that the micro-Raman instrument constructed by the

above method can serve to detect small traces of biologically important molecules,
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Figure 2.2: SERS spectra of Rhodamine 6G (R6G), adenosine triphosphate (ATP)
,imidazole (Imd), hemoglobin (Hb) and myoglobin (Mb). The concentration of all
the molecules used was 1M. Laser power was around 8 mW at the sample. Typical
accumulation times were 1 - 30 sec.

we have performed SERS on a variety of molecules like imidazole (a small or-
ganic molecule), rhodamine 6G (dye molecule), adenosine triphosphate and macro-
molecules such as haemoglobin and myoglobin at micro-molar concentrations. Fig-
ure 2.2 shows the SERS spectra of these molecules with a typical integration time
of 1 to 30s. All the spectra obtained were in good agreement with previous reported
results [47-51]. The typical volume of the nanoparticle - analyte system used for
such detection was 30 pl. It was found that 7 ul was the minimum volume of the

composite which produced a detectable Raman spectra. Also, one could increase
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the detection sensitivity by adding a small amount of NaCl solution, which acts
as an aggregating agent of nanoparticles. In order to quantify the SERS enhance-
ment, a neat solution of thiophenol was used for recording the Raman spectra, and

a 1 mM solution was used for SERS measurements. Figure 2.3 shows the Raman
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Figure 2.3: Raman (a) and SERS spectra (b) of thiophenol

and SERS spectra of thiophenol (TP). The Raman enhancement factor was cal-
culated for the 1080 cm ™! band of TP using the standard method as discussed in
the previous chapter, and was found to be of the order 10°. Other molecules, such
as nucleic acid bases, different dye molecules, proteins and small molecules were

detected at low concentrations using this instrument.

2.4 Role and usage of water immersion objective lens

in SERS

One of the most important aspects of the Raman instrumentation for SERS
studies on biomolecules is the ability to perform experiments in aqueous phase for

which one uses a water-immersion objective lens. In order to obtain high spatial



32 Chapter 2.

resolution, high throughput, and tight focusing of the incident beam in SERS
studies, it is necessary to use a high NA and a high magnification objective lens,
like the 1.2 NA and 60 x magnification lens used in the present experiment. This
has been a common approach for single-molecule SERS experiments as well as

confocal Raman imaging [11]. Therefore, it is important to optimize the usage of
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Figure 2.4: Schematic of the water-immersion objective lens focused at two different
spots on the glass slide with the analyte-nanoparticle composite solution used for
SERS measurements. Faint line on the figure to the left corresponds to the focus
of objective lens at the liquid-glass interface. The corresponding SERS spectra of
the R6Gnanoparticle composite are indicated by arrows.

these kind of lenses for SERS measurements.

Through a simple experiment, here we demonstrate the capability of water-
immersion objective lens to spatially resolve two regions inside the aqueous solution
along the focusing direction, which are separated by only a few micrometers. This
reveals two important aspects: ability to probe a very small volume, and a limited
confocal imaging ability. Figure 2.4 shows the schematic of the objective lens
focusing at two different heights inside the liquid, which formed a drop over the

glass slide. The SERS spectra recorded on these two spots are also shown alongside.
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R6G with Ag nanoparticles was used as a test sample as it exhibits a strong SERS
signal. The two spots selected were separated by about a few micrometers; one of
them was on the glass-liquid interface and the other was within the liquid just above
it. It was interesting to note that the intensity of the strongest mode of R6G (1373
cm™!) increases by a factor of 7.5 in the case of the glass-liquid interface compared
to the one within the liquid. The R6G-nanoparticle composite in the liquid is
under constant Brownian motion and therefore, the Raman signal collected for a
stipulated time is a resultant of a time-averaged signal of the composite residing in
the probed volume of the laser beam. At the glass-liquid interface, there would be
an aggregation of the R6G-nanoparticle composite due to sedimentation with time.
These stationary composite particles would hence provide a large Raman signal due
to increase in the Raman scattering probability. This behaviour was common to
all the molecules studied using SERS, and hence could be an important tip for
SERS experiments. A note about limited confocal ability is worth mentioning.
The optical fibre used to collect the scattered light acts as the aperture in this

case, and is responsible for the confocality of this system.

2.5 Conclusion

We have shown that a simple viewing microscope used for fluorescence imag-
ing can be modified to perform SERS experiments whose functionality is compa-
rable to a commercial Raman setup. The design and construction of such a setup
is not only inexpensive, but also technically flexible. One can modify the design
of the microscope depending upon the kind of experiment to be performed. It is
also noteworthy that our design is robust which is an added advantage in labs with

multiple microscope users.
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All the experiments discussed in the coming chapters were performed using
this instrument. Using the same setup without any modifications, we have been
able to detect several biologically relevant molecules at low concentrations [27, 52—
57)which reveals the significance of this instrument. By replacing the manually
controlled microscope stage with a motorized one, it is also possible to convert this

set-up into a Raman imaging system.
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3.1 Hot spots in Ag core - Au shell nanoparticles for

SERS applications

3.1.1 Motivation

Surface-enhanced Raman scattering (SERS) has emerged as one of the most
potent analytical tools to probe different aspects of biology because of its high
sensitivity and molecular detection capabilities [6, 11, 12, 14-21, 25]. In SERS, the
Raman signal intensity of a molecule gets enhanced by many orders of magnitude
when adsorbed to metallic nanostructures exhibiting nanoscale scale roughness.
The electromagnetic enhancement and the chemical enhancement are the two fun-
damental mechanisms for SERS. Most of the solution-phase experiments in SERS
are performed using either Ag or Au nanoparticles. With Ag nanoparticles, one
can obtain a very large enhancement in Raman intensities, but it is not preferred
for in vivo studies in biological systems. In contrast, Au nanoparticles are used
for in vivo studies of biological systems, but they provide moderate enhancement
in SERS experiments. It is useful to think of a strategy to use the advantages of
both Ag and Au nanoparticles to benefit the studies of biomolecules [58]. Hence,
we have carried out thorough investigations on the Ag core-Au shell (core-shell)
nanoparticles (NP) as a possible SERS candidate for biological systems. Another
important factor in core-shell NP is the possibility of a tunable surface plasmon
resonance, which makes it an ideal candidate for wavelength-dependent studies
[59].

Recently, there has been a growing interest in understanding of the nature
of SERS hot spots in various metallic nanostructures. The hot spots facilitate en-

hanced optical fields, which in turn contribute to the electromagnetic enhancement
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when a molecule is in the vicinity of these spots. There have been various attempts
to identify and design SERS hot spots. Some examples of these are (a) the Raman
hot spots fabricated using on-wire lithography by Qin et al. [60],(b) hot spots on Ag
nanowire bundles by Lee et al. [61], and (c¢) nanosphere arrays designed by Wang et
al [62]. It is important to understand the basic methodology to produce these kinds
of hot spots and tailor-make them for SERS applications. Core-shell nanoparticles
could be one such candidate, where varying coverage of the shell could introduce
hot spots by producing nanopinholes in the shell [58, 63, 64]. In this section, we
show that with proper manipulation of the Au shell in the core-shell NP we can
produce the SERS hot spots. We also show the difference in SERS properties of
core-shell NP with and without the hot spots, and further demonstrate that one
can use them to detect different kinds of biomolecules at nano-molar concentrations

without the use of conventional Raman markers [58, 64].

3.1.2 Experimental details

Instrumentation-Transmission electron microscopy (TEM) experiments were per-
formed using JEOL 3010 with an operating voltage of 300 keV. Field emission
scanning electron microscopy (FE-SEM) was performed using Nova 600 NanoSEM
(FEI, The Netherlands). The ratios of Au to Ag were determined using energy
dispersive X-ray analysis (EDXA) attached to the FE-SEM. UV-vis measurements
were performed using Perkin-Elmer Lambda 900 UV /vis/NIR spectrometer. SERS
measurements were performed using a custom-built Raman microscope as described
in Chapter 2. In the present experiment, both 632.8 nm and 532 nm wavelength
laser were used as the excitation source. The laser powers at the sample were

around 10 mW and the typical integration times were 10 s. All the SERS experi-
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ments were performed in aqueous conditions using a water immersion objective for
focusing the laser and collecting the Raman signals.

Chemicals- AgNQOj, trisodium citrate, NH,OH.HCI, and HAuCl,; were bought
from Merck, Germany. Rhodamine 6G (R6G), hemoglobin (Hb), myoglobin (Mb),
and imidazole (Imd) were bought from Sigma Aldrich, U.S.A.

Synthesis of Ag core Au shell nanoparticles - The Ag colloids were prepared
by the Lee and Meisel method [29]. 250 mL of a 5.29 x107*M AgNOj; aqueous
solution was brought to boiling with vigorous stirring, into which 5 mL of 1 %
trisodium citrate solution was added. The mixture was boiled for 1 h. The solu-
tion was cooled to room temperature with continuous stirring. Core-shell NP was
prepared by the seed growth method of Cui et al [58]. The core-shell NP with
varying molar fractions of Au was prepared by the following method. A 12.5 mL
Ag colloid solution was diluted with 10 mL of ultra-pure water, and z mL of 6.25 x
1073 M NH,OH:HCI and z mL of 4.65 10~* M HAuCl, were added drop-wise (ca.
2 mL/min) by two separate pipets while vigorously stirring the mixture, where z
is the concentration of Au desired in the final product. The stirring was continued
for 45 minutes. As a starting point of core-shell nanoparticle preparation, we have
used a single batch of citrate-reduced Ag nanoparticles as the seed. The concen-
tration of nanoparticles obtained by this method was around 10~% M. Throughout
the synthesis, to obtain different ratios of Au to Ag, the only parameter that was
varied was the concentration of HAuCl,, which would subsequently form the Au

shell on Ag core.
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3.1.3 Results and Discussion

Figure 3.1a-c shows the FE-SEM images of core-shell NP with Au to Ag ratio
of 0.1, 0.4, and 0.8, respectively. There is a broad distribution in particle size, which
is due to the size variation in Ag seeds prepared by the Lee and Meisel method. In
the case of the core-shell NP, which has Au to Ag ratio of 0.4, we observe pinholes
on the surface as shown by arrows in Figure 3.1b. These nanopinholes are formed
because of the incomplete filling of Au shells over Ag nanoparticles. These kinds
of pinholes are usually formed in large numbers only for a particular ratio of Au
to Ag (0.4, in our case), which is in agreement with the previous report by Cui et
al [58]. Figure 3.1d shows the TEM image of the core-shell NP (Au to Ag ratio
0.4). The average sizes of these nanoparticles are 50 nm (for Au to Ag ratio equal
to 0.4). The TEM image of Figure 3.1d shows a clear contrast between the core
and the shell in the nanoparticles. The origin of the contrast in TEM image has
been previously studied in detail and is due to the presence of micro-twining of
the [111] plane of the gold over silver [65]. The present method used by us for the
preparation of core-shell NP leads to a relatively uniform coating of the shell over
the core (see Figure 1d) for Ag to Au ratios greater than 0.4, when compared to
earlier methods [63, 64]. This could have an added advantage of functionalizing
the surface of the nanoparticles.

Figure 3.2 shows plasmon resonance data for the core-shell NP with varying
Au concentration. We observe a shift in the plasmon absorption of the core-shell
NP as a function of the Au concentration, which shifts toward the red region of
the electromagnetic spectrum. The UV /vis absorption spectra have a contribu-
tion from both Ag as well as Au plasmon absorptions, and the contribution shifts

from Ag to Au as Au concentration is increased. This behavior arises because of



40 Chapter 3.

Figure 3.1: FE-SEM images of core-shell NP with Au to Ag ratio (a) 0.1, ( b) 0.4
and (c) 0.8. (d) TEM image of core-shell NP shown in b)

the increase in the thickness as well as the coverage of the Au shell around Ag
nanoparticles as observed previously [63—-65]. It was also observed that the particle
size monotonically increased with increase in Au to Ag ratio. However, in some
cases, for Au to Ag ratio greater than 0.7, it was observed that the particle size
decreased (see Figure 3.1c¢). This might be because of the direct reduction of excess
HAuCly; by NH,OH.HCI to form pure Au nanoparticles along with the core-shell
NP, which is the reason for the appearance of the small nanoparticles in the 0.8
case.

We have performed SERS experiments on R6G adsorbed core-shell NP with
various ratios of Au to Ag. Figure 3.3 shows a double ordinate plot. Plasmon

absorption wavelengths (blue) and the intensity of 1367 cm™! band of R6G (red)
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Figure 3.2: UV-VIS absorption spectra of core-shell NP as a function of Au con-
centration.

are plotted as a function of increasing Au concentration. We observe that there
exists a maximum in SERS intensity of the R6G Raman modes for the core-shell
NP having a plasmon band peaking at 494 nm and Au to Ag ratio of 0.4. For all
the SERS experiments, the concentration of the nanoparticles were held constant
(i.e., as synthesized without any further dilutions). We have not used any external
aggregating agents like NaCl or KCl. To provide stronger evidence to show that
the above-mentioned SERS experiment does not depend on the molecule under
supervision or on the Raman excitation frequency used, we have performed the
following experiments. At first, the dependence of Raman signal intensity for dif-
ferent molecules (adenine, adenosine triphosphate, thiophenol, and hemoglobin) as
a function of Au to Ag ratio was measured and plotted as shown in Figure 3.4a. It
can be observed that the curve shows a maximum for Au to Ag ratio equal to 0.4
for a variety of molecules. This data indicates that the enhancement observed is

not specific to a particular molecule and suggests that the pinholes in nanoparticles
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Figure 3.3: Double ordinate plot of intensity of the strongest Raman band (1367
cm™ 1) of R6G (red) and the strongest plasmon absorption wavelength peak of (a)
(blue) as a function of increasing Au concentration.

contribute to enhancement in Raman signal. Next, we performed the same experi-
ment as mentioned above using a different excitation wavelength (532 nm). Figure
3.4b shows again a maximum for Au to Ag ratio equal to 0.4 for all the molecules.
This data indicates that the enhancement observed is not wavelength specific and
confirms that the contribution is mainly from the pinholes on nanoparticles. In the
case of Au to Ag ratio of 0.4, we observe that almost all the nanoparticles appear
with pinholes and that the Au shell coverage is nearly complete (see 3.1 1b and d).

From the above data we can infer that the pinholes are indeed acting as hot
spots. The enhancement due to hot spots has been explained by Hao et al. [63],
who have shown by discrete dipole approximation (DDA) calculations that there
would be a remarkable enhancement in the electric field at the vicinity of hot spots.
Discrete islands of Au shell on Ag core do not produce hot spots, as is the case
of Au to Ag ratio below 0.4. It is known that the density of the hot spots play

an important role [139]. If more than 10% of the surface area is covered with the
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Figure 3.4: a) SERS intensity as a function of Au to Ag ratio for adenine - Ad,
thiophenol - TP, imidazole Imd, adenosine triphosphate - ATP and hemoglobin
- Hb. Excitation wavelength used is 633 nm and accumulation time is 30 s. b)
SERS intensity as a function of Au to Ag ratio for the same molecules as mentioned

above. Excitation wavelength used is 532 nm and the typical accumulation time is
10 s.

hot spots, then the contribution of hot spots to SERS measurements could exceed
that of the rest of the surface [139]. In our case, the formation of the nano-pores
on the surface for Au to Ag ratio of 0.4 leads to the hot spots and in turn results
in enhanced Raman signal. The Raman enhancement factor for solution-phase ex-
periments without any aggregating agent (see section 1.2.3) was found to be 10%
to 10°.

Detection of Conventional Biomolecules Using Core-Shell NP with Hot
Spots: Having identified the core-shell NP with hot spots, which lead to maxi-
mum enhancement in Raman signal intensity, we have used them to perform SERS
on some of the conventional biomolecules like myoglobin, hemoglobin (both are
proteins), and adenosine triphosphate (ATP) along with R6G dye and imidazole,
which are used extensively in biology laboratories. Figure 3.5 shows the SERS
spectra of all the above-mentioned molecules, which is in good agreement with

the earlier reports [47-51]. We were able to perform these experiments at 1 nM
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Figure 3.5: SERS spectra of a) Rhodamine 6G, b) imidazole, ¢) adenosine triphos-
phate, d) hemoglobin and e) myoglobin recorded with core-shell NP with hot spots.
The concentration of the bio-molecules used for these experiments were 1 nM. Ex-
citation wavelength of 632.81 nm and a power of 8 mW at the sample was used
with a typical accumulation time of 10 s.

concentration of the biomolecules without the use of external aggregating agent
like NaCl or KCl. Normally, the aggregating agents are used to further enhance
the Raman signals. In the SERS experiments with biomolecules, especially with
the proteins in solution phase, the electromagnetic enhancement play a major role
in enhancing the Raman intensity. SERS experiments on protein are rich in the
information related to the ring-structured amino acids like phenylalanine, tyrosine,
tryptophan, and the polypeptide backbone chains of the protein, since they interact
strongly with metallic nanoparticles. The presence of hot spots in core-shell NP
would provide substantial enhancement to study the structure of the proteins in
solution at low concentrations and in cases where the X-ray crystallographic data

is absent.
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3.1.4 Conclusion

We have shown that core-shell NPs with pinholes act as hot spots that can
greatly enhance Raman intensities of molecules (biological or otherwise) adsorbed
onto it. The enhancement is mainly driven by the hot spot phenomenon described
by Hao et al [63]. We have compared the core-shell NP with and without hot spots
to suggest the importance of the hot spots in the enhancement of Raman signal.
Core-shell NP with hot spots have been successfully used to detect different kinds
of conventional biomolecules at nano-molar concentrations. Core-shell NPs with
hot spots have advantage over Ag nanoparticles since they are better suited for
in vivo experiments. By functionalizing the Au shells, one can use them in DNA
discrimination and analysis. Thus, we reveal that core-shell NP with hot spots

have tremendous potential in molecular detection and sensing.

3.2 SERS applications of metal coated magnetic nanopar-

ticles

3.2.1 Motivation

In recent years, plasmonic nanostructures exhibiting novel optical prop-
erties have derived enormous attention [66-69]. The optical properties of plas-
monic nanostructures can be varied and tuned by using different metals in various
geometrical configurations at the nano-scale [66]. New developments in plasmonic
nanostructures have a great impact on various analytical techniques like, surface en-
hanced Raman scattering (SERS), tip enhanced Raman scattering [70-72], metal-

enhanced fluorescence [73]; in which, metallic nano-surfaces play an important role.
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Especially in SERS, the nature of the metal, surface morphology and roughness, ge-
ometrical configuration, etc., has an important consequence on electromagnetic and
chemical enhancement mechanism, which are the two basic principles underlying
the phenomenon [6, 21]. Two of the most extensively used metallic nanoparticles
for SERS applications are prepared of silver and gold [22]. Another interesting
nano-architecture is the core-shell configuration, where either a dielectric or metal-
lic core (usually spherical) can be coated with metallic shells. There are various
interesting properties of core-shell nanoparticles, which are not observed in con-
ventional metallic nanoparticles, like tunable surface plasmon resonance [64] and
formation of SERS hot spots on a single nanoparticle [56]. Another variation
on the same stream of thought is the magnetic core-metallic shell nanoparticles,
which exhibits both, magnetic and plasmonic properties. This configuration has
opened new avenues in bio-sensing, where two different physical properties of same
nanoparticles can be harnessed for detection. Previously, different synthetic routes
have been devised to prepare the metal-coated magnetic nanoparticles for specific
applications [74, 75]. The present study shows that the magnetic core-metallic shell
nanoparticles can be used for SERS applications in aqueous solution using a simpler
method. We show that both Ag coated Fe;O3 nanoparticles (FeoO3@Ag) and Au
coated Fe,O3 nanoparticles (Fe;O3@Au) can be used to perform SERS at very low
concentrations of analyte. By performing SERS over a range of temperatures, we
also demonstrate the robustness of these metal-coated magnetic nanoparticles. In-
terestingly, a coating of 15 nm thick Ag or Au on Fe;O3 does not alter the magnetic

behaviour.
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3.2.2 Preparation of metal coated magnetic nanoparticles

All the chemicals were of spectroscopy grade and were bought either from
Merck, Germany or Sigma Aldrich, U.S.A. The synthesis of Fe;O3 nanoparticles was
done following the procedures described in the earlier work [76]. In this method, 10
mL of aqueous solution containing 0.4 M Fe**, 0.8 M Fe3* and 0.4 M HCl is added
drop wise to a moderately heated (50°C) 100 ml of aqueous 1.5 M NaOH solution
under vigorous stirring. A black precipitate of Fe3O, is formed immediately. After
15 minutes of stirring, the precipitate is allowed to settle down, followed by washing
with water and centrifuged at 6000 rpm. They were again washed with 0.1 M HNOj3
and centrifuged at 6000 rpm. The precipitate was then dissolved in 0.01 M HNOj;
and heated gently up to 90 to 100°C with constant stirring. During heating the
black Fe3O4 turns to reddish brown Fe,O3. After heating for 30 minutes the solution
was cooled to room temperature. The precipitate was subsequently centrifuged at
6000 rpm and then washed twice with water. The final precipitate was dried under
vacuum at room temperature for further treatment. Ag or Au were coated on Fe;O5
by employing iterative seeding growth method, with hydroxylamine hydrochloride
as reducing agent. 100 mg of Fe;O3 was dispersed in 50 mL of aqueous solution
containing 0.1 M TMAOH and 0.1 M trisodium citrate. A 200 L of 0.1 M AgNOg3
or 0.1 M HAuCl, was added to the solution followed by 200 uL of 0.1 M NH,OH.HCI
incrementally. Each increment was separated by a 15 min interval. After 4 to 5
increments the solution turned to yellowish green for Ag and reddish brown for the
Au case. The particles were washed with water, and centrifuged at 6000 rpm and
finally dried under vacuum at room temperature for further characterization.
Measurements: Uv-vis absorption measurements were done by using a Perkin-

Elmer Lambda 900 UV /VIS/NIR spectro-photometer. Field Emission Scanning
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Electron Microscopy (FE-SEM) was done by using a Nova 600 NanoSEM (FEI,
The Netherlands). The molar ratios of Fe to Ag and Au were determined by
using EDAX equipped to the FE-SEM. SERS measurements were done by using
a custom built Raman microscope as described before. The excitation source was
632.8 nm He-Ne laser with a laser power of 8 mW at the sample and the typical
integration time was 10 s. All the SERS experiments were done using long working
distance, high numerical aperture objective lens, which served the purpose of both
focusing the laser and collecting the Raman signals. In temperature dependent
measurements of SERS, a Linkam micro-cryostage TMS - 650 (U.K.) was used.
Magnetization measurements were performed using a VSM in PPMS (Physical

property measurement system) with magnetic fields upto 20 kOe at 298.15 K.

3.2.3 Sample preparation for SERS

For the solution phase experiments, a 20uL of nanoparticle solution was mixed
with 2 puL of analyte (1uM concentration). After 5 min, 10 uLi of the mixture was
drop coated over a microscope slide, and SERS measurements were performed using
a long working distance microscope objective lens. Nanoparticular film was formed
by room temperature drying of nanoparticles on a glass cover slip. After the solvent
evaporation, 2 pl. of analyte (1 uM concentration) was drop coated over the film,
and SERS measurements were performed on it. The concentration of the measured
Ag and Au coated Fe;O3 nanoparticles in solution were kept constant at 1.2 and

0.6 mM, respectively.



3.2 SERS applications of metal coated magnetic nanoparticles 49

Figure 3.6: TEM images of (a)FesO3@Ag and (b)FeO3@Au. The insets show
higher magnification images of the same.

3.2.4 Results and discussion

Figure 3.6(a and b) shows the TEM images of FeoO3@Ag and Fey,O3@Au,
respectively. The average diameter of the nanoparticles were measured to be 20
nm and 15 nm for Fe;O3@Ag and Fe,O3@Au, respectively. It can be observed
that the Ag coated nanoparticles are more aggregated and polydisperse than their
Au counterpart. This is a common observation as Ag coated nanoparticles have a
greater tendency to aggregate when compared to Au coated nanoparticles. Also,
because of its reactivity, it is difficult to control the Ag coating over the seed
nanoparticle. The elemental analysis by EDXA measurements revealed the ratios

Ag:Fe and Au:Fe to be 53.5% and 23.7%,respectively.

3.2.4.1 Surface plasmon resonance of metal-coated magnetic nanopar-

ticles

The surface plasmon resonance (SPR) absorption due to the collective os-
cillations of free electrons in metallic nanoparticle appear in the UV-visible re-
gion, and its position depends on the shape and size of the particles as well as on

the method of preparation, stabilizing agent and solvent dielectric constant [23].
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Figure 3.7a shows the UV-visible spectra of Fe,O3 nanoparticles, NaBH, reduced
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Figure 3.7: UV-vis absorption spectra of (a)Fe2O3@Ag and (b)FeoO3@Au. The
solid curves indicate the surface plasmon resonance of metal coated magnetic
nanoparticles. The dotted curves represent Ag and Au nanoparticle and dashed
curves represent Fe,O3 nanoparticles.

Ag nanoparticles, and Fe,O3@Ag. Plasmon resonance bands were observed at 390
and 389 nm for Ag nanoparticles, and FeoO3@QAg, respectively. A very weak band
at 350 nm was also observed for the FesO3 nanoparticles, which may be due to
the electronic excitation of oxygen lone pair. Figure 3.7b shows the UV-Visible
spectra of Fe;O3 nanoparticles, citrate reduced Au nanoparticles, and Fe,O3@Au.
Plasmon resonance bands were observed at 527 and 542 nm for Au nanoparticles
and Fe,O3@QAu, respectively. It is to be noted that both these nanoparticle show
strong plasmon bands which is an importation prerequisite for the electromagnetic

enhancement in SERS of molecules adsorbed to nanoparticles [6, 21].

3.2.4.2 Magnetic property of metal-coated magnetic nanoparticles

Superparamagnetic (SP) materials show paramagnetic behaviour below the
Curie temperatures, and occur in materials composed of very small crystallites,

1 - 10 nm . SP behaviour is observed in single domain, uncoupled ferromagnetic
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Figure 3.8: Plot of Magnetization versus applied magnetic field at 298.15 K for
Fe;03, Fe,O3@Ag and Fe,O3@QAwu.

particles that align their magnetic moments along the applied magnetic field direc-
tion, and switch back to a random situation once the field is removed. Generally,
hysteresis would be absent in the magnetization cycle, and the resulting behaviour
would be similar to paramagnetic one. The notable difference with respect to
usual paramagnetism, and the consequent attribute of 'super’ is due to the higher
magnetization that can be achieved by aligning magnetic particles compared to
individual atoms. As in the case of Fe;O3, both FesO3@Ag and Fe,O3@QAu are
super-paramagnetic at room temperature. Figure 3.8 shows the magnetization
plot for Fe;O3, FeaO3@Ag and FeaO3@Au measured at 298.15 K. The figures do
not reveal any detectable hysteresis at 298.15 K. It was interesting to observe that
the magnetization behaviour of all the three nanoparticles under study exhibited
similar saturation values when they were normalized for the values of mass.The
above data suggests that the magnetic characteristic of Fe;Ogs in the core shell

remain unchanged upon coating with Ag or Au.
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3.2.4.3 SERS properties of metal-coated magnetic nanoparticles

Although, metal coated magnetic NPs have been studied either with respect
to their plasmonic [75] or magnetic properties [74], they have not been harnessed for
SERS applications. Since Ag and Au coated magnetic nanoparticles show strong
plasmon bands in the visible wavelengths, one would expect them to exhibit SERS
properties like any other core-shell nanoparticles with surface plasmon resonance.

Figure 3.9 a and b shows the SERS spectra of molecules (naphthalenethiol (red),
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Figure 3.9: : SERS of Rhodamine B (blue) and 2-naphthalenethiol (red) on
(a)FeaO3@Au and (b)FepO3@Ag recorded at room temperature. The excitation
wavelength was, 631.8 nm and the integration time was 10 s.

rhodamine B (blue)) adsorbed on Fe;O3@Au and Fe,O3@QAg, respectively. The

recorded spectra were in good agreement with the existing literature [43, 44]. Tt is

interesting to note that unlike naphthalenethiol, the spectrum of rhodamine B has
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slight difference when recorded with the two core-shell nanoparticles. There is a
difference in the intensity of 754 cm™! band of rhodamine B adsorbed on Fe,O3@Au
and Fe,O3@Ag (compare the blue, upper spectra in Figure 3.9). This mode corre-
sponds to one of the substituted ring vibrations [77]. In accordance to the surface
selection rule (see section 1.2.4), the difference in band intensity implies that the
rhodamine B adsorbs to Au and Ag coated Fe,O3 nanoparticles differently. On the
other hand, naphthalenethiol adsorbs to the surface of Fe,O3@Au and Fe;,O3QAg
with a similar geometrical configuration, and hence the spectra were found to be
similar in both the cases. Also, the result in the case of rhodamine B highlights the
presence of chemical enhancement, wherein the metal-molecule interactions play
an important role in Raman signal enhancement. The Raman enhancement factor
in solution phase calculated for NT on Fe,O3@Ag and Fe,O3@Au were 1.4 x 10°
and 1.5 x 10°, respectively. These values are on par with the enhancement factors
of conventional Ag and Au nanoparticles. Moreover, we have not used any ag-
gregating agents like NaCl or KCI, which would further increase the enhancement
factor due to the chloride ion effect [47]. Since these nanoparticles are magnetic
in nature, the rate of aggregation was faster when compared to the conventional
non-magnetic metallic nanoparticles used in SERS. This provides an added ad-
vantage because the magnetic attraction between the nanoparticles results in an
enhanced localization of surface plasmons, which makes the usage of aggregating

agents redundant.

3.2.4.4 Temperature dependent SERS using Fe,O;QAg

Along with pressure, temperature is one of the most important thermody-
namic parameter to test the robustness of materials. Raman scattering has been

a well-established tool to study temperature and pressure dependant phenomenon
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2, 5]. Of late, due to advancement in optical and cryogenic instrumentation, tem-
perature dependant SERS has evolved as a new technique to test fundamental
aspects [78] and applications [27] of nanoparticular films. In order to test the
robustness of metal-coated magnetic nanoparticular film, we have performed tem-
perature dependent SERS on Fe;O3@QAg drop coated over a microscope cover slip.

Figure 3.10 shows the SERS of NT adsorbed to Fe,O3@Ag between the tempera-
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Figure 3.10: Temperature dependence of SERS of 2-naphthalenethiol on Fe,O3@QAg
in the range of 77 K to 473 K. The spectrum was vertically stacked for clarity.

tures 77 to 473 K. We observed the SERS spectra to be consistently same over a
wide range of temperature, which confirms the robustness of Fe;O3@Ag. It was in-
terestingly to note that the SERS intensity of NT at 473 K drastically changed due
to the thermal desorption of NT [79], which was in agreement with the fact that the

adsorption of analyte molecules on colloidal particles as one of the prerequisites for
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obtaining considerable enhancement in the Raman scattering signal. This shows
the sensitivity of the technique to detect the change in adsorption properties of
molecules, and proves the efficiency of the metal-coated magnetic nanoparticular

film as a SERS substrate.

3.2.5 Conclusion

Ag and Au coated magnetic nanoparticles were synthesized for SERS ap-
plications. These magnetic nanoparticles have been used for SERS detection of
molecules, and have found to be on par with the conventional Ag and Au nanopar-
ticles. Apart from exhibiting excellent surface plasmon resonance, these nanopar-
ticles are super-paramagnetic at room temperature, which opens new avenues for
detection methodologies. Since these nanoparticles can be dispersed in aqueous
solution, they are ideal for biological application without any further modification.
One could further functionalize these metal coated magnetic nanoparticles with
specific proteins that can be covalently linked to Raman markers. This compos-
ite can be further introduced into a living cell, and tracked by both SERS and

magnetic field.

3.3 Gold-coated Fe;O3 nanoparticular films

3.3.1 Motivation

The physical control, assembly and maneuverability of sub-micron matter
have various applications in different aspects of science and technology [80]. Nanopar-

ticles are one such paradigm of sub-micron matter with a variety of interesting



56 Chapter 3.

physical properties. The size and shape of nanoparticles can be harnessed to fab-
ricate materials for various applications. The surface enhanced Raman scattering
(SERS)and magnetism [81, 82] are two of the many attributes of nanoparticles
which have been extensively studied in recent years. Of late, there is a surge of
interest in hybrid nanoparticles with a rich blend of the above mentioned properties
[74, 75]. One such prototype is the gold-coated FesO3 nanoparticle (FeaO3@Au),
which is a hybrid material with both, plasmonic and magnetic property. These
kinds of nanoparticles have opened new avenues in molecular detection, where two
independent properties of a single nanoparticle can be harnessed to improve sensi-
tivity and fidelity of the detection scheme, and thus have gained importance [81, 82].
In recent years, electric and magnetic fields have been extensively used to assem-
ble and manipulate various kinds of nanomaterials. In this section, we show the
formation of magnetic field-assisted gold-coated Fe;O3 nanoparticular films which
are both magnetic and plasmonic in nature. These films exhibit complementary
properties with respect to magnetism and SERS, which can be further utilized as
special substrates for specific applications. Also, by performing simple experiments
with a bar magnet, we show the ability to magnetically control the aggregates of

metal-coated magnetic nanoparticles.

3.3.2 Experimental details

FeoO3@Au was prepared as described in previous section. This synthesis
method is advantageous because it does not use surfactant as capping agent for
the nanoparticles, and are water dispersive. They are ideally suited for SERS
applications as the molecules of interest could be adsorbed on to the surface which is

weakly capped by citrate molecules. After the synthesis, a 20 pL drop of FeoO3@Au
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was deposited on a glass coverslip and placed underneath a 10x objective lens of
the custom built Raman microscope. A 0.5 T bar magnet was laterally placed with

respect to the coverslip to induce the magnetic field on Fe,O3@Au.

3.3.3 Results and Discussion

3.3.3.1 Formation of Fe;O3@Au thin film in the presence of magnetic

field

Here we discuss the formation of a thin film of Fe;O3@Au on a glass cover
slip in presence of an applied magnetic field. A 20uL drop of Fe;O3@Au was placed
on a cleaned glass cover slip, which was about 2 cm away from a 0.5 T bar magnet.
The solution was left undisturbed for 2 hours. Upon evaporation of the solvent a

film of Fe,O3@Au was formed. Figure 3.11a shows optical image of the film formed,

Figure 3.11: Magnetic field assembled FeoO3@Au films. (a) Optical image captured
in transmission mode; (b) FE-SEM image of the cracked film; and (¢) FE-SEM
image of aligned nanoparticles.

illuminated with white light from the bottom. It is evident from the image that the
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film had two distinct regions: an opaque region with smooth surface with cracks in
between, and a translucent, aligned nanoparticle region. These regions were con-
tinuous along the plane of the cover slip with distinct color contrast. The interface
region between these regions had a color gradient, which varied from dark brown,
to red, and finally merged into the yellow background. We observed same kind of
assembly of Fe;O3@Au on a silicon surface, which was imaged using a FESEM as
shown in Figure 3.11(b and ¢). The cracked region (see Fig 3.11a) resembled cracks
formed on dry soil [83], and comprised of smooth, distinct, rectangular and square
shaped islands, whose boundaries were well defined. The main reason behind the
crack formation would be due to the drying-mediated aggregation of nanoparticles
[84] in the presence of a magnetic field, where heterogeneous limits of solvent evap-
oration dynamics and domain instabilities [85] play a major role. Figure 3.11(c)
shows an FESEM image of the filmstrip formed ~10 cm away from the magnet.
Long strips of Fe;O3@Au were observed, whose length varied from 100 nm to 10um.
A high resolution FESEM image revealed that these strips were aligned aggregates
of nanoparticles, with a rough surface morphology at the nano-scale. These kinds
of strip formation in the presence of magnetic field have been reported earlier for
various magnetic nanomaterials [81, 86]. It is to be noted that in the absence of
a magnetic field, when a Fe;O3@Au drop was evaporated neither the formation a

cracked film nor of strips were observed.

3.3.3.2 Magnetic and SERS property of Fe;O3@Au thin films

In order to examine the magnetic behavior of the two regions of the film,
magnetization measurement was performed using a Physical Property Measure-
ment System(PPMS). Figure 3.12(a) shows the magnetization curve recorded for

a cracked film, and a film containing the aligned strips of nanoparticles. The two
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Figure 3.12: (a) Magnetization plots of the cracked Fe203@Au film and aligned
FeoO3@Au film; (b) SERS spectra of naphthalenethiol adsorbed to cracked
FeoO3@Au film and aligned Fe;O3@Au film, Laser excitation- 632.81 nm; signal
accumulation time = 2 s.

regions of the continuous film were separated from each other and measurements
were performed individually. Although both these regions of nanoparticles exhib-
ited super-paramagnetic behavior, the normalized magnetic saturation value of the
cracked film was higher than the film with aligned magnetic nanoparticles. This is
because the cracked film is a compacted structure formed due to the field-induced
aggregation of nanoparticles, and hence the magnetic coupling would be stronger.
On the other hand, in the strips of nanoparticles, the magnetic coupling is weaker
for a given area than the cracked film, which results in a lower saturation of mag-
netization. Having observed a difference in the roughness of the two regions of a

FesO3@Au film, we tested them for their SERS behavior. An ethanolic solution
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of naphthalenethiol (2uL in volume; 1uM concentration) was drop-coated over the
film. SERS measurements were performed after solvent evaporation. A 632.8 nm
laser was used as Raman excitation source. The signal accumulation time was for
2 seconds. Figure 3.12(b) shows the SERS spectra of naphthalenethiol adsorbed
on the cracked film, and on the strips of nanoparticles. We observed a large Ra-
man signal enhancement ability of the nanoparticle strips when compared to the
cracked film. The difference in the enhancement factors(see Chapter 1) for the
1360 ecm~! band of NT adsorbed to the two regions was found to be of the order of
10%. This large difference in SERS behaviour is due to the difference in the surface
roughness of the two regions of the film upon aggregation. Since the morphology
of cracked film was observed to be smooth, one would expect the localized surface
plasmon to be absent. In the case of the rough strips of nanoparticles, there would
be localized surface plasmons [23] due to the formation of the 'SERS hot spots’,
which further facilitate huge electrical fields that couple to the polarizability of the
molecule. This leads to an enhanced Raman signal. Also, one would expect the
plasmonic properties of the two regions in the film to be different from each other,

which would account for the difference in the enhancement factor.

3.3.3.3 Magnetic field assisted alignment and rotation of Fe;O;@Au

aggregates in solution

Manipulating motion of nanoparticle aggregates is of significance in various
applications of nano and biotechnology, especially in micro and nano-fluidics. Here,
we discuss some simple experiments performed to control the motion of Feo,O3@Au
aggregates in solution. The basic methods discussed here are pilot-experiments
which can be further extrapolated to more complicated configurations in micro

and nano-fluidic environments.
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Towards one end of the deposited solution of nanoparticle, a bar magnet of
the strength 0.5 T was placed at a distance of 1 cm and locked into position. Care
was taken to avoid any contact between the magnet and the deposited solution.
Upon placing the magnet, the nanoparticles moved towards the magnet and mi-
croscopically visible aggregates (30um wide) were formed at the edge of the drop.
The rate of aggregation and the width of the aggregate depend on the strength of

the magnetic field. Figure 3.13 (a, b and c) shows the aligned aggregates for three

Figure 3.13: Magnetic field induced alignment of Fe,O3@QAu aggregates along three
different angles (a) 45 degree, (b) 0 degree and (c) -45 degree. The white arrows
indicate the direction of the magnetic field.

different directions: 45, 0 and -45 degrees of magnetic field, respectively. The white
arrows in Figure 3.13 represent the direction of the applied magnetic field. As seen
from the Figure 3.13, there is a gradation in the aggregation, which starts with
a thick aggregate at the edge of the drop and ends with fibrils into the solution.
These fibrils are elongated clusters of nanoparticles. The direction of the fibrils
show that aggregate tends to align along the magnetic flux lines. One can flip the
direction of aligned aggregate by changing the direction of the magnetic field, and
the response of the aggregates was instantaneous. The compacted fibrils, which

are isolated in the solution, tend to exhibit Brownian motion in the absence of the
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field. Upon application of external magnetic field they tend to move towards the
aggregate closest to them.

To understand this alignment behavior, we can consider the whole aggregate
to be consisting of numerous clusters of magnetic nanoparticles. The self-assembly
happens at both the ensemble level (the whole aggregate) and at the individual
particle level. At the ensemble level, the magnetization vector of each cluster in the
aggregate couples to an effective field, H.s¢, which is superposition of two compo-
nents. The first one would be the dominant, applied magnetic field, and the other
would be the weak, local field created by the cluster of neighboring nanoparticles.
If the elongated cluster in the aggregate can be approximated to an ellipsoidal
particle that has a shape induced uniaxial anisotropy, with the easy axis along its

length, then the magnetostatic energy E of the cluster is given by [86]

1 1
E = §M2VNL + §M2V(NS — Np)sin?@ — H.;s MV cos ¢ (3.1)

where V' is the volume of the aggregate, M is the magnitude of the magnetization
vector, N;, and Ng are demagnetization factors along long and short axes, respec-
tively, 6 is the angle between the long axes and magnetization vector, and ¢ is the
angle between the effective field and long axis. The magnetostatic energy would
be minimal when the last term in equation 3.1 has the greatest value. This can
be achieved when the direction of the effective field and the long axis are in the
same direction, that is, when ¢ = 0. This explains the tendency of the aggregate
to align along the field direction.

Having aligned the Fe,O3@Au, we ventured into the possibility of isolating
and rotating a micro-cluster of FeoO3@Au. Rigorous movement of the magnet in

the vicinity of an earlier formed aggregate achieved the isolation. Having achieved
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it, we slowly rotated the laterally placed magnet with a uniform angular velocity
of 0.25 rotations per second. In response to this motion, the isolated clusters in the

solution produced a similar rotation. Figure 3.14 shows snapshots of the motion

Figure 3.14: Snapshots of a single isolated cluster of Fe;O3@Au aggregate rotated
by a magnetic field, at different time intervals equal to (a) 0 s, (b) 1s, (c¢) 3s, and
(d) 4s. The rotational frequency of the magnet was 0.25 rotations per second. The
white arrow is shown as guide to the eye to follow the rotation.

of the cluster taken at an interval of 1 sec per frame. The white arrow indicates
the polarity of the cluster. We could vary the angular velocity of the magnet to
change the rotational velocity of the cluster. The physics behind the rotation [87]
can be qualitatively explained as follows. The aggregate with a magnetic moment
M, placed in a magnetic field H, experiences a torque proportional to M x H. In
a varying field, the clusters would experience a force F', which is proportional to
the field gradient. This force will try to restore the magnetic moment of the aggre-
gate along the direction of the magnetic field, by inducing a torque, which leads to
the rotation. This torque on the nanoparticle aggregate is directly proportional to
the rotational speed of the applied magnetic field. It is to be noted here that the

magnet was laterally placed along the plane of the liquid (not vertically above the
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liquid) and rotated in the same plane, which was advantageous in imaging.

3.3.4 Conclusion

By forming a two-phase film of Fe;O3@Au, we have shown that the hybrid
nature of the zero dimensional nanoparticles can be extrapolated to one dimen-
sional nanoparticle strip, and two-dimensional cracked surfaces. To further har-
ness these films for hybrid plasmonic circuits, they can be studied in light of their
surface plasmon resonance properties. We have shown that Fe,O3@QAu, a hybrid
plasmonic-magnetic nanomaterial, can be magnetically manipulated with a high
degree of control. Since FeoO3@Au contains gold on its surface, their chemistry
can be utilized to link different molecules for specific applications. By formation
of magnetic field grids, one can self-assemble and pattern these core-shell magnetic

particles to harness the SERS properties in microscopic scales.
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4.1 Motivation

In the present work, we use Raman and SERS studies to characterize N-
(4-chloro- 3-trifluoromethyl-phenyl)-2-ethoxy-benzamide(CTB) and N-(4-chloro-3-
trifluro-methyl-phenyl)-2-ethoxy-6 pentadecyl-benzamide(CTPB),which are synthe-

sized from salicylic acid and anacardic acid [54, 88]. Figure 4.1 shows the structure
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Figure 4.1: Schematic representation of the molecular structure of (A) CTB and
(B) CTPB.

of CTB and CTPB. These molecules were synthesized by Kundu and coworkers
[54, 88| to specifically activate histone acetyltransferase (HAT) activity of p300.
To date, these are the only known small molecule activators of any HAT. It has to
be noted that p300 is probably the most widely studied HATs. It has been impli-
cated in a number of diverse biological functions such as, proliferation, cell cycle

regulation, apoptosis, differentiation and DNA damage response [89, 90]. It is a
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potent transcriptional coactivator and possesses intrinsic HAT activity. Along with
this, several important cellular functions including DNA repair, cell cycle, differen-
tiation and establishment of retroviral pathogenesis are regulated by p300 mediated
protein (both histone and non-histone) acetylation. Due to its involvement in these
important cellular events, dysfunction of p300 may be the underlying causes of sev-
eral diseases including a few types of cancers, cardiac hypertrophy, asthma, and
diabetes [89, 90]. Therefore, the small molecule activators of p300 like CTB and
CTPB are therapeutically important lead molecules. Their structural characteri-
zation using vibrational spectroscopic technique like Raman scattering would be of
great importance.

Since CTB and CTPB are molecules that interact with enzymes, it is impor-
tant to compare their structure in free and adsorbed state. This motivated us to

perform Raman spectroscopy and SERS on CTB and CTPB.

4.2 Experimental details

A detailed procedure of the synthesis of CTB and CTPB can be found else
where [54, 88]. Ag nanoparticles were prepared by the standard Lee and Meisel
method [29]. The average size of the nanoparticle was measured to be 45 nm. It
had a plasmon band centered at 425 nm. Custom built Raman microscope was used
for all the measurements, whose details can be found in Chapter 2. All the spectra
reported here were recorded using frequency doubled Nd-YAG 532 nm laser. The
power at the sample was measured to be 15 mW. The typical signal accumula-
tion times for Raman and SERS measurements were 120s and 30s, respectively. A
100x objective lens with a numerical aperture of 0.95 was used in the 180 degree

scattering geometry. Powdered samples of CTB and CTPB were used for Raman
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Figure 4.2: SERS spectra of CTB and CTPB in solution phase. The spectrum
were devoid of molecular signatures.

measurements. It is to be noted that both these molecules are water insoluble and
hence recording the solution-phase SERS spectra with Ag sols was not possible
as shown in Figure 4.2. This is a common problem while performing SERS ex-
periments on water insoluble molecules [91, 92]. To overcome this disadvantage,
we have recorded the SERS spectra of these molecule adsorbed to concentrated Ag
nanoparticles in dry phase. For this, we centrifuged 100 mL of Ag colloids at 10,000
rpm for 4 minutes. The clear supernatant was discarded and the thick blackish gray
coloured concentrated nanoparticles were transferred to a separate container. 2uL
of concentrated Ag nanoparticles was deposited on a clean glass slide and left for
drying at room temperature. 1ul of 6uM solution of molecule (CTB or CTPB) in
methanol was drop coated over the deposited nanoparticle surface. As soon as the
solvent evaporated, SERS measurements were performed.

Raman spectra calculation details

All the calculations reported herein were performed with Gaussian 03 suite of pro-



4.3 Results and Discussion 69

grams [93]. Ground state structures are obtained by carrying out a full geometry
optimizations with 6-31G (d) (for CTB) and hf/6-31G(d) (for CTPB) basis set
using hybrid Becke’s 3 Parameter exchange functional and Lee, Yang and Parr
correlation functional for non-local corrections and VWN functional III for local
corrections (B3LYP). We have calculated Raman spectra at the same level of the-

ory.

4.3 Results and Discussion

CTB and CTPB are two molecules with structural similarities (see Figure
4.1) except for the presence of an additional pentadecyl chain in CTPB. Therefore,
the vibrational properties of these molecules are expected to be similar in nature.
Both these molecules are insoluble in water and hence, performing SERS in solu-
tion phase using Ag hydrosol was not possible by standard methods. In order to
overcome this, we have used centrifuged colloids to perform SERS, as explained
in the experimental section. Following are the detailed Raman and SERS spectral

analysis of these molecules.

4.3.1 Raman and SERS spectra of CTB

The theoretically calculated Raman spectrum and the experimentally ob-
served Raman and SERS spectra of CTB are shown in Figure 4.3 (a-c). The
modes of vibrations are assigned in Wilson’s notation as shown in Table 4.1. Since
the spectrum in Figure 4.3a was calculated in gas phase and spectrum in Figure
4.3b was recorded on the powdered sample, we have not multiplied the calculated
spectra with scaling factors to avoid any discrepancies. This leads to a blue shift

in calculated spectra when compared to the experimental counterpart. However,
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Figure 4.3: (a) Calculated Raman spectrum; experimental (b) Raman and (c)
SERS spectra of CTB. Experimental conditions: excitation wavelength 532 nm;
accumulation time- 60 s for Raman spectra and 30s for SERS.

we observe a one to one correspondence in the modes of vibrations between ex-
perimentally observed and theoretically calculated spectra. Some of the important

Raman and SERS modes of vibrations are discussed below.

4.3.1.1 Vibrations of N-H group

We observe the N-H stretching frequency at 3314 cm~! in Raman spectra of
CTB (Figure 4.3b). This is a characteristic vibration commonly associated with

secondary amide groups [94]. The intensity of this band is weak and broadened
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Calc.Raman FExpt.Raman SERS  Assignment

3560 3314m - »(N-H)
3236 3067s 3068w v(C-H)ring
3190 3024w 20755 vu(CHy)
3081 2937m 2929s vs(CHs)
3038 2885w 287dw  1,(CHy)
1755 1684m - amide |
1645 1615s 1621s  vg,(C=C)ring
1596 1567m 1567m  vg(C=C)ring
1496 1483w 1485vs  119,(C=C)ring
1459 1447m 1420m  v195(C=C)ring
1371 1356m  1356m  w(CH,)
1283 12555 1251m  B(N-H)
1257 1196w 1153m  1,s(CF3)
1170 1141w 1128m  1,(CFs)
1082 1056m 1049w p(CH,C)
1044 948w 936m B(CHs)
763 713w 7055 V(C-C1)
627 235w 237w ~7(C=0

)
- - 234vs v(Ag-N)

Table 4.1: Raman shift (em™') and assignment of major vibrational modes of CTB

due to the hydrogen bonding in crystalline phase. The SERS spectrum of CTB
(Figure4.3c) does not exhibit the N-H stretch because, the hydrogen is deproto-
nated and Ag-N bond is formed in the presence of Ag surface. In such a case, one
expects the Ag-N vibration to evolve in the SERS spectrum. We observe a very
strong band at 234 cm™! in SERS spectra associated with Ag-N stretching. This
clearly indicates the bond formation between the Ag and N. This is a characteris-
tic feature of SERS spectra when Ag interacts with molecules containing nitrogen
groups [95-97]. This also suggests that there is a short range enhancement com-
ponent in the SERS spectra, wherein the metal-molecule composite lead to Ag-N
bond formation, thereby enhancing the Raman spectra of adsorbed molecule [7].
Apart from this, we observed a strong N-H bending vibration at 1255 cm ™" in the

Raman spectra of CTB, which is weak in SERS. This supports the above argument.



72 Chapter 4.

4.3.1.2 Vibrations of methyl, methylene and C-H group

In the Raman spectra of CTB (see Fig.4.3b), we observed three important
stretching vibrations at the high frequency region (2800-3200 cm™!) associated with
methyl and methylene group. The 2929 cm™! Raman bands is associated with
symmetric stretching of CHs group. The weak bands at 3024 cm ™! and 2885 cm ™!
are assigned to antisymmetric and symmetric stretch of CHy group respectively.
The 3067 cm ™! mode is associated with ring C-H stretching vibration.

In SERS spectra of CTB (see Fig.4.3c), the intensity of the ring C-H group
reduces drastically. Whereas, we observe an enhancement in symmetric stretch of
CHj; and antisymmetric CHy vibration. As per the surface selection rules of SERS
6, 98, 99], this could mean that the enhanced modes have vibrations perpendicular
to the Ag surface.

We did not observe any significant differences in Raman and SERS modes of

the other vibrations like CHy wagging (1356 cm™!), C-CHj rocking (1056 cm™)
and CHj bending (948 cm™).

4.3.1.3 Vibrations of benzene ring C=C group

CTB has two substituted benzene rings (see Figure 4.1a). In Raman spectra
of CTB, we observe four non-degenerate ring modes at 1615cm ™!, 1567 cm ™!, 1483
cm~! and 1447 cm~!. These bands are associated with vs,, vsy, V19e and vyg, of
C=C ring stretching modes, respectively. It was interesting to observe that, all of
the above mentioned ring vibrations were enhanced in the SERS spectra of CTB,
of which, v19, mode (1483 cm™!) was enhanced to the maximum extent. It is well
know in SERS literature that the molecules containing substituted benzene rings

interact strongly with metallic surfaces, giving rise to enhanced Raman signatures
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[94-97]. Our data is in agreement with this observation.

4.3.1.4 Amide I vibration

Amide I vibrations mainly correspond to C=0 stretching with a small con-
tribution from N-H bending. The amide I vibrations was found to be at 1684 cm ™!
in Raman spectra of CTB. It has been previously observed in secondary amides
that the amide I modes are around 1660 to 1685 cm ™!, which is in agreement with
the molecular structure and Raman spectra of CTB. In SERS spectra of CTB, this
mode is very weak, which could imply that either the C=0 stretching vibration is
aligned parallel to the Ag surface or the deprotonation due to Ag-N bond formation

effects this mode [98, 99].

4.3.1.5 Vibrations of carbon-halogen bonds

We observe three weak Raman bands at 1196 cm™!, 1141 cm™! and 713
cm~!, which are assigned to asymmetric and symmetric stretching of CF3, and
C-Cl stretching, respectively. The asymmetric stretching mode of CF3 is doubly
degenerate; hence, a single mode was observed. All these modes of vibrations
are enhanced and slightly red shifted in SERS spectra of CTB. This observed
enhancement implies that the above mentioned carbon-halogen moieties may be
in close proximity to metallic surface where the electromagnetic enhancement is
prevalent. The red shift in these modes could be due to electrostatic interaction of

electronegative groups with the Ag™ ions on the nanoparticle surface.
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Figure 4.4: (a) Calculated Raman spectrum; experimental (b) Raman and ¢) SERS
spectra of CTPB. Experimental conditions: excitation wavelength - 532 nm; accu-
mulation time 60 s for Raman spectra and 30s for SERS.

4.3.2 Raman and SERS spectra of CTPB

Figures 4.4 (a, b and c) show the theoretically calculated Raman spectrum,
experimentally observed Raman and SERS spectra of CTPB, respectively. Due
to the large size of the molecule and computing limitations, we were not able to
calculate the theoretical spectra of CTPB using 6-31G-basis set. However, we have
attempted to calculate the Raman spectra of CTPB using a different basis, which
was feasible within our limitations. Even then, we observe a good correspondence

between the calculated and experimental spectrum of CTPB. Since the molecular
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structure of CTB and CTPB were similar, except for the presence of an alkyl chain
in CTPB (see Figure 4.1), we observe similarities in Raman spectra of CTB and
CTPB. This further helped us to assign the Raman and SERS vibrational modes

of CTPB, as shown in the Table 4.2. It is evident that most of the vibrations are

Table 4.2: Raman shift (cm™') and assignment of major vibrational modes of
CTPB

Calc.Raman FExpt.Raman SERS Assignment

3459 3262w - v(N-H)
3079 3064w 3062w v(C-H)ring
2924 2923m 29265 Vas(CHa,)
2002 2867vs 2874w 1,(CHy)

; 28315 . v,(CHy)
1727 1678s 1672w amide [
1636 1615s 1595m  vg,(C=C)ring
1549 1541w 15358 vg(C=C)ring

- 1486m 1483vs  119,(C=C)ring
1464 1462m 13875 1195(C=C)ring
1373 1349m  1337m  w(CH,)
1272 12755 1208w B(N-H)
1160 1154m  1124m  1,,(CFy)
1126 1101w 1095w v, (CF3)
1064 1083w 1062m p(CH3C)

; 963w 951w 5(CH,)
784 704m 701s v(C-Cl)
674 637w 620m alkyl chain
591 578m 568w 4(C=0)

- 355w 350w alkyl chain

- - 234vs v(Ag-N)

- 132m - alkyl chain

in common with CTB. The presence of an extra alkyl chain in CTPB results in
few additional bands in the Raman spectra of CTPB. We observed that the high
frequency modes, especially the Raman stretching modes pertaining to methyl and
methylene groups to be more intense in comparison to CTB (compare 2800-3200

cm ™! region of Figure 4.3b and Figure 4.4b). As in the case of CTB, the 234 cm™!
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band was the strongest mode in SERS spectra of CTPB. This again confirms the
de-protonation of hydrogen attached to the nitrogen, leading to the formation of
Ag-N bond. We also observe that the ring modes of CTPB to be enhanced as
in the case of CTB. One of the main differences in the SERS spectra of CTPB
when compared to CTB was the presence of amide band at 1672 cm ™!, which was
very weak in SERS spectra of CTB (compare Figure 4.3c with Figure 4.4c). This
observation indicates a subtle difference in the adsorption geometry of CTB and
CTPB. Apart from this, we observe small differences in the intensity of vg, and vg,
SERS modes of the two molecules, which confirms that the adsorption of CTPB on
Ag surface is different from that observed in CTB. These differences in adsorption
of CTPB to Ag surface may arise due to the steric hindrance offered by the alkyl
chain, which constraints the molecule to interact with a specific orientation on the

metal surface.

4.4 Conclusion

We have performed Raman and surface enhanced Raman spectroscopy on
CTB and CTPB, the two specific activator molecules of the HAT activity of the
p300, for the first time. A complete Raman and SERS band assignments have
been performed for both the molecules. The Raman mode assignments of both
the molecules have been confirmed by performing density functional theory calcu-
lations. Although both, CTB and CTPB have structural similarities, we have been
able to distinguish them using Raman and SERS spectroscopy. By performing
SERS, we have been able to specifically reveal the adsorption sites of the molecules
on Ag surface. A very intense 234 cm™! band observed in SERS spectra of both

CTB and CTPB indicate the Ag-N bond formed between the molecule and the
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metal. Since these molecules are potential anti-neoplastic drugs, our experiments

would help in tracking them in-vivo environment.
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5.1 Motivation

p300 is a 300 kDa protein present inside the human cell [100, 101]. It be-
longs to a protein family that participate in many physiological processing like
differentiation and apoptosis [90, 100, 102, 103]. They function as transcriptional
co-activators and are involved in multiple, signal dependent transcriptional events.
p300 is also bestowed with histone acetyltransferase (HAT) activity [104, 105],
which transfers an acetyl group to the e-amino group of a lysine residue in the
histone (a protein wound to DNA in the nucleus of a cell). p300 is a protein with
2414 amino acids and has several important functional domains present in them

as shown in the Figure 5.1. They are: (1) the bromodomain, which is frequently

Transactivation domain Acetyl-transferase Transactivation domain

| I | | | I

1 CH1KIX Br CH2 CH3 o414

[ NN TN T |

]
ADAZ2 homology

Figure 5.1: p300 domain structure

found in mammalian HATS; (2) three cysteine-histidine (CH)-rich domains (CH1,
CH2 and CH3); (3) a KIX domain; and (4) an ADA2-homology domain. The CH1,
CH3 and the KIX domains are likely to be important in mediating protein-protein
interactions, and a number of cellular and viral proteins bind to these regions.
The bromodomain recognizes acetylated residues. Given that an increasing num-
ber of cellular factors have been found to be acetylated by p300, bromodomains
could function in recognizing different acetylated motifs. Both the N- and the C-
terminal regions of p300 can activate transcription, and the HAT domain resides

in the central region of the protein. This modular organization may allow p300
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to provide a scaffold for assembly of multi-component transcription co-activator
complexes. p300 was originally identified using protein-interaction assays with the
adenoviral E1A oncoprotein [101]. It has been implicated in a number of diverse
biological functions including proliferation, cell cycle regulation, apoptosis, differ-
entiation, and DNA damage response [90, 100, 102, 103]. Primarily p300 functions
as transcriptional coactivator for a number of nuclear proteins. These include
known oncoproteins (e.g., myb, jun, fos), transforming viral proteins (e.g., E1A,
E6, and large T antigen), and tumor suppressor proteins (e.g., p53, E2F, Rb, and
BRCAT1) [106]. Apart from the histones, p300 also acetylates several nonhistone
proteins with functional consequences [107]. Recently, it has been shown that the
non-histone substrate of p300 also includes histone chaperone NPM 1, which ac-
tivates the chromatin mediated transcription in an acetylation-dependent manner
[108]. Due to its diverse functional importance any alteration of the function of
p300 leads to several diseases, which include cancer, diabetes, Rubinstein-Taybi
syndrome, etc [106, 107, 109]. Therefore, p300 is a novel target for therapeutics.
Although extensive work has been done to understand the functional mechanisms
of such an important transcriptional coactivator, the exact structure-function re-
lations of p300 are yet to be established. Raman spectroscopy has been used in
the past to get important structural information from various biological systems,
like proteins, nucleotides, peptides, etc. Large concentrations of these biological
systems are a must to perform routine Raman experiments. In the case of pro-
teins, polypeptides, and nucleotides which are available in low concentrations, it
is commonly observed that routine Raman spectroscopy is difficult to perform due
to intense fluorescence and small Raman cross sections. In the case of p300, as
discussed later, it is nearly impossible to get any normal Raman spectra due to its

scarcity. But, upon addition of some silver nanoparticles to the aqueous solution
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of the p300, a large enhancement in Raman intensities has been observed, which is
due to the SERS phenomenon.

In this chapter, we discuss the SERS experiments carried out on p300 and
present the complete vibration spectral analysis, which shed light into the full
length 300 kDa protein structure. In the SERS spectra, it was possible to identify
modes related to various functional groups of the protein, which would provide
a key to understand protein-drug interactions. In addition to this, we have also
studied the effect of chloride ion on the SERS of p300 protein. Chloride ion aggre-
gate silver nanoparticles around the molecule, resulting in large enhancement in
Raman signals. To make a comparative study of the effect of silver nanoparticles
on aqueous and dry samples of p300, we have performed SERS on p300 dried on a
glass substrate in the presence of silver nanoparticles. After this, we describe a new
method devised by us which harnesses SERS technique to probe protein-molecule
interaction. In particular, we describe the SERS method to probe the p300 interac-
tions with its activator and inhibitor molecules.The final part of this chapter would
constitute the SERS studies on p300 HAT domain, which is the isolated,functional
part of the p300. We show that SERS can also used to probe specific structural

changes in protein upon modifications like autoacetylation.

5.2 SERS of p300

5.2.1 Experimental details
5.2.1.1 Processing of p300 for SERS studies

The details of the expression and purification of full-Length recombinant

human p300 and purification of Human (HeLa) Core Histones can be found else-
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where [108]. The protein was dialyzed against BC100 (20 mM Tris-HCI (pH 7.9),
10% glycerol, 0.2 mM EDTA (pH 8.0), 100 mM NaCl, 0.5 mM PMSF, 0.01 M
2-mercaptoethonol, and 0.1% NP40) to remove the imidazole for performing the
SERS experiments. To deuterate the protein, p300 was incubated in DO before
performing the SERS experiments. The nanoparticles in DO solution were used
for the deuterated protein experiments. In order to check the activity of the pro-
tein, HAT assay was performed. The indicated amounts of highly purified human
core histones were incubated in HAT assay buffer containing 50 mM Tris-HCI, pH
8.0, 10% (v/v) glycerol, 1 mM dithiothreitol, 1 mM phenyl methyl sulfonyl fluo-
ride, 0.1 mM EDTA, pH 8.0, 10 mM sodium butyrate, and 1 L of 3.3 Ci/mmol
[3H]acetyl coenzyme A (acetyl-CoA) (Perkin-Elmer-NEN) at 30°C for 30 min. The
final reaction volume was 30 pL.. The reaction was stopped by incubating the mix-
ture on ice for 10 min before blotting onto P-81 (Whatman) filter papers. The
radioactive counts were recorded on a Wallac 1409 liquid scintillation counter. To
visualize the radiolabeled acetylated histones, the reaction mixtures were resolved
on 15% SDS-polyacrylamide gel and processed for fluorography as described in ref
88].

5.2.1.2 Sample preparation for SERS measurements

SERS of the Aqueous Sample- p300 solution (protein concentration approx-
imately 40 ng/ul) was mixed with Ag colloidal solution (prepared by Lee and
Meisel method [29]) in the ratio of 1:4 on a glass slide with a cavity in it. After
allowing the mixture to settle for 5 min, SERS measurements were performed using
the water immersion objective lens of the Raman microscope as described in Chap-
ter 2. To find out the effect of chloride ion in the SERS experiments, NaCl solution

was mixed with the above suspension in the ratio of 1:10 (NaCl/suspension). The
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final concentration of NaCl was found to be 0.3 mM in the solution mixture.
SERS of p300 on a Glass Substrate- Two methods were used to perform

SERS on p300 deposited over the glass substrate. Figure 5.2 shows the schematic

Laser
Protein
solution
Nanoparticles
Glass slide
Normal method Sandwich method

Figure 5.2: Schematic depicting the two configurations of SERS measurements.

of both the methods.

Normal Method: A 100 pL solution of Ag colloid was deposited on a flat glass
slide and dried overnight at room temperature. A brown-colored ring was observed
over which 20 pL of p300 solution (40 ng/uL protein in BC100 buffer) was dropped,
and the sample was dried at room temperature for 5 h. SERS measurements were
performed by focusing the objective onto the uppermost layers of the deposited
mixture as shown in the schematic diagram in Figure 5.2. Proper care was taken
to avoid any contact with the objective while focusing the laser.

Sandwich Method: A 50 uL solution of Ag colloid was deposited on a flat glass
slide and dried overnight at room temperature. On the ring formed by the colloidal
solution, 20 uL of p300 solution of the same concentration as mentioned above was
deposited followed by 50 uli of Ag colloidal solution as shown in Figure 5.2. The
sample was left to dry at room temperature for 5 h. The SERS measurements were

performed as discussed in the normal method.
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5.2.2 Results and Discussion

Although p300 is one of the most important multifunctional proteins in
humans, very little is known about the structural dynamics of it. However, the
structural and functional domain organization of p300 (Figure 5.1) indicates that
the protein presumably undergoes vibrational reorganization at the amino acid level
to achieve diverse functional ability. The functional domains of p300 include nuclear
hormone receptor (Nr) cysteine/histidine-rich zinc finger domains CH1 (347-413),
CH2 (1195-1451), and CH3 (1669-1807), the KIX domain, the bromo domain (Br),
the histone acetyltransferase (HAT) domain, and the minimal HAT domain (1284-
1669). The N and C-terminal domains can act as transactivation domains. For the
present study, the protein was dialyzed against BC100 buffer to remove imidazole.
The HAT activity of p300 was assayed by filter binding of radiolabeled acetylated
histones (Figure 5.3). SERS of p300 was carried out with the protein adsorbed on
silver nanoparticles. Therefore, it was essential to find out the effect of the silver
surface on the functional activity of p300. The HAT activity of p300 incubated
with silver nanoparticles was assayed by filter binding. As depicted in Figure 5.3,
the HAT activity of p300 adsorbed on the silver nanoparticle surface remained
almost the same as compared to that of the mock incubated enzyme (lane 2 vs
3). These data suggest that the SERS of p300 shown in this report represent the

structural dynamics of the functional enzyme.

5.2.2.1 SERS Spectra of p300 in the solution phase

The components of a solution phase SERS experiments on proteins generally
contain a buffer solution(BC100,in present case) and nanoparticles along with the

protein. Therefore, it is important to confirm that there are no interfering Raman
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Figure 5.3: Filter binding assay: HAT assay was performed by using highly purified
HeLa core histones (800 ng) in the absence (lane 1) and presence (lane 2) of enzyme
p300 (5 ng) and the enzyme (p300) incubated with Ag nanoparticles (lane 3).
The results represent the average values with error bars from three independent
experiments.

bands of the buffer and nanoparticles, which essentially act as noise in the spectra
of the protein. In order to confirm the authenticity of SERS spectra of p300 in
such a situation, we performed a series of control experiments whose results are
displayed in Figure 5.4. In order to reassert the peaks of p300, the SERS spectra
of the buffer, Raman spectra of neat protein and nanoparticles were recorded. It is
evident from the Figure 5.4 that the SERS spectra of p300 differs from the other
spectra displayed. One of the main motivation behind using SERS to detect this
protein is that Raman spectra of p300 is extremely weak, as shown in Figure 5.4.

This is not only because of the feeble concentration of the protein, but also due to
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Figure 5.4: Control experiments: Raman spectra of nanoparticles and p300, and
SERS spectra of buffer compared with SERS spectra of p300. The experimental
conditions were same for all measurements.

the low Raman cross section exhibited by the macromolecule.

Next, the SERS spectra of p300 is discussed. As described earlier, p300
is a 300 kDa protein with 2414 amino acids. Therefore, the vibrational modes
arising due to this protein would be a superposed contribution from various amino
acids, which complicates the analysis. However, in special cases like SERS, where
a macromolecules like p300 interact specifically with metallic nanoparticle, one
should expect only particular modes of vibrations to arise. Figure 5.5 shows the
SERS spectra of p300 protein recorded in HyO and D5O. The concentration of

p300 was around 40 ng per pul.. At such a concentration, it is nearly impossible
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Figure 5.5: SERS spectra of p300 in HyO and D;O at 40 ng per pul. concentra-
tion. The * mark in the lower spectrum indicates shifted amide modes. The inset
explicitly shows the shifting of amide I band upon deuteration.

to obtain normal Raman spectra, whereas, the SERS spectra is evidently strong
with high signal to noise ratio. Table 5.1 shows the observed frequencies of the
most important SERS bands and their proposed band assignments for the SERS
spectrum of p300 recorded in HyO. The band assignments have been carried out
in accordance with the existing literature pertaining to SERS spectra of amino
acids and proteins [15-17]. As expected, aromatic rings, amides, and carboxylic
group vibrations dominate the SERS spectrum of p300. We describe some of the

characteristic SERS vibrations observed in the spectrum.
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Table 5.1: Assignment of Raman bands in the SERS spectra of p300

Raman shift(cm™1) Band assignment
1623 amide |
1588 V4s(COO™), His, Trp, and/or Phe(rg,)
1540 Trp and/or amide-I1
1442 His and/or Trp
1389 v,(COO™)
1374 B(CH)
1296 amide-1III (o helix) and/or 6(CC,H)
1180 Tyr and/or Phe(ry,)
1114 Vas(CoCN)
1091 v(C,N)
912 v(C-COO™)
800 Tyr and/or v,s(C-S-C)
758 Trp or His
723 J(COO0™)
580 Trp

Polypeptide Backbone Vibrations- The SERS spectra of p300 in H,O
shows three Raman bands associated with the polypeptide backbone at around
1623, 1540, and 1296 cm™!. The 1623 cm™! is associated with vibrations of the
amide I band. This band generally appear in the protein spectra when the «a helix
of the protein is in close vicinity of the silver surface. It has been seen that most
of the common proteins adsorb to the silver surface through the « helix [16, 17].
The next band, viz., 1540 cm™!, is due to the amide II vibration. In normal Ra-
man spectra these modes of vibrations have low relative intensity. In the SERS
experiments there is a modification in the selection rules giving rise to this band
(98, 99]. This is due to the changes in the bond angles, which induce changes in
the polarizability of the vibrations in the presence of the nanoparticles. It is to be
noted that there are 12 tryptophan (Trp) residues in p300, which exhibits a SERS
band in this region. Therefore, the possibility of this mode overlapping with Trp

cannot be ruled out. The amide III vibration was observed at 1296 cm~!. The
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amide III band often overlaps with the §(CC,H) vibrations, and hence the Raman
band at 1296 cm™! could have contributions from both of these vibrations.

To confirm all the observed amide vibrations, we have performed SERS on
deuterated p300. In the deuterated p300, the hydrogens in the amide are replaced
by heavy deuteriums. Hence, the vibrational frequencies of the amide bands should
decrease in deuterated p300. The blue curve of Figure 5.5 shows the SERS spectra
of deuterated p300. Significantly, both curves of Figure 5.5 closely resemble each
other. Since the deuteration happens mainly at the amide group, this observation
is on the expected lines. Upon deuteration, we observe a decrease in the amide I
band frequency by 7 cm™! which is explicitly shown in the inset of Figure 5.5.
There is a clear shift from 1623 to 1616 cm~'. In blue curve of Figure 5.5, we
do observe distinct changes in the amide II and amide III regions around 1540
and 1296 cm™!, respectively. This supports our earlier statement that these peaks
are a superposition of the Raman bands of the amide groups and that of other
functional groups in the same region. We also observe a new mode around 950
cm ™! in the deuterated p300 spectra (marked * in Fig 5.5). It is known that upon
deuteration the amide IIT band shifts from 1296 to 950 cm™! ( 340 cm™' ) [110].
These observations confirm the amide band assignments.

It is interesting to note that we do not observe any amide bands pertaining
to ( sheet or random coil of p300 protein. The crystal structures of p300 and CBP
(functional twin partner of p300) are not known. The solution structure of the
active domains of p300 and CBP reveal that indeed in these domains there is no 3
sheet or random coil. However, on the basis of the primary structure, it could be
predicted that p300 may contain very short stretches of 3 as well as random coils.
Since none of the structural information available so far is from the full-length pro-

tein, our spectral analysis may reflect more realistic structural information about
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p300. However the complete structure-function correlation can only be achieved
by the high resolution full-length crystallographic study of p300.

Vibrations Associated with the Aromatic Side Chain- The SERS spectrum
of p300 is dominated by aromatic side chain vibration of tyrosine (Tyr), tryptophan
(Trp), and phenylalanine (Phe). Table 5.1 gives the detailed assignments of these
modes. It is necessary to point out here that p300 is quite rich in these aromatic
amino acids. There are 12 Trp, 46 Tyr, and 44 Phe present in the primary struc-
ture of p300. We do not observe the phenyl ring-breathing mode of Phe as well
as the indole ring mode of Trp. This could be due to the fact that these groups
may not be in close proximity to the silver surface. This kind of behavior has been
observed previously in the SERS spectra of lysozymes adsorbed to silver, where
the short-range component of SERS was predominant [111]. It could also be due

to the orientation of the molecules with respect to the silver surface.

Aliphatic Side Chain Vibrations The carboxylate group of the aspartic
acid (Asp), glutamine (Glu), and/or the C terminus group in protein interacts
with the silver surface to give strong enhancements of these Raman bands [112].
The bands at 1588 and 1389 cm ™! are assigned to the asymmetric and symmetric
stretching modes of the C-O-O group, respectively. In the SERS spectra a strong
Raman feature at 912 cm™! is seen, which is due to the C-COO stretching. One also
observes the Raman band at 723 cm™! due to §(COO™) vibrations. There are two
weak bands around 1091 and 1114 cm™?!, which are due to the stretching of C,N
and the asymmetric stretching of CC,N groups, respectively. This observation
suggests that the p300 adsorbs to the silver nanoparticles through the nitrogen
groups. This could also be one of the reasons for the presence of strong amide

bands in the SERS of p300.
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Figure 5.6: SERS spectra of p300 in the absence and presence of 0.3 mM NaCl.
The concentration of the p300 was same for both the cases.

Although the role of aggregating agents in SERS has been studied earlier
with respect to small molecules [113], proteins are yet to be investigated in this
regard. Upon addition of a small quantity of NaCl or KCI to the solution contain-
ing the analyte and nanoparticles, one observes a large enhancement in the SERS
signal. As it is known, the enhancement of Raman bands in SERS is governed by
both electromagnetic enhancement and the chemical enhancement [6, 21]. Upon
addition of small concentrations of chloride ions to the protein-nanoparticle com-
posite, there is a nanoparticle aggregate formed around the proteins. This will

cause a further enhancement in the above-mentioned mechanisms due to

e an enhanced plasmon coupling as a result of the aggregation of the nanopar-
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Table 5.2: Assignment of Raman Bands in the SERS Spectra of p300 + 0.3 mM
NaCl

Raman shift Band assignment
1624 amide [
1605 Trp, Tyr, and/or Phe(vg,)
1508 His
1454 d(CHs)
1433 His and/or Trp
1364 Trp
1345 d(CH) and/or Trp
1267 amide 11
1184 Tyr and Phe
1153 v(CN)
1008 Phe
913 v(C-COO™)
803 Tyr
761 Trp or His
728 J(COO7)
642 Tyr
584 Trp

ticles,

e an increased charge-transfer pathway between the metal-protein system, and
e the anion-induced reorientation of adsorbed protein [113].

These reasons will account not only for the enhanced Raman signal intensity, but
also for the appearance of new vibrational modes upon addition of chloride ions in
the solution.

Figure 5.6 shows the SERS spectrum of p300 in the presence of 0.3 mM NaCl.
Table 5.2 shows the frequencies of the most important SERS bands of p300 and
their proposed band assignments for the chloride ion case. We observe new modes
of vibrations arising upon the addition of chloride ions (see Figure 5.6). We can
clearly see new Raman bands around 1008, 1267, 1508 and 1605 cm ™!, which have

been assigned to the groups Phe, C=0 stretching of the « helix, histidine (His)/Trp,
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and Tyr and/or Phe, respectively. Note that p300 contains 68 His residues along
with several Trp, Tyr and Phe as mentioned earlier. Therefore, we expect these

aromatic amino acids to interact strongly with Ag nanoparticles.

5.2.2.3 SERS Spectra of p300 adsorbed to silver nanoparticles dried

over a glass substrate

The SERS spectra of p300 obtained by normal method (see Experimental
section) is shown as blue coloured spectra in Figure 5.7. Enhanced Raman signals
for the bands around 634, 721, 1013, and 1268 cm~! are observed. These bands
pertain to stretching vibrations of Phe and C=0 and are absent in SERS spectra of
p300 recorded in the aqueous solution (compare with Figure 5.5). It is important
to note the absence of the amide vibration in Figure 5.7. The absence of amide
bands could be due to the fact that these groups are not in the close proximity to
silver surface, since the silver collides are immobilized on the glass slides a priori.
This also could be due to screening of the amide groups by the aromatic groups on
the protein surface [110]. In the absence of a short-range component of the SERS
mechanism, the amide bands can disappear in the SERS spectra. SERS spectra
were also obtained by preparing the sample using another method which we call
the sandwich method(see the Experimental section). The red curve in Figure 5.7
shows the SERS spectra of p300 obtained by this method. Here, we observe a

weak amide I band around 1672 cm™!

along with many other modes, which were
absent in the SERS spectra obtained by normal method. It is interesting to observe
that the Raman spectrum of p300 prepared by the sandwich technique (red plot in
Figure 5.7) resembles the Raman spectrum of the p300 in aqueous solution in the

presence of chloride ion(red plot in Figure 5.6). In the sandwich method, we add

the nanoparticles along with the protein on top of a dried silver nanoparticle layer,
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Figure 5.7: SERS spectra of p300 in the nonaqueous form on substrates prepared
by (a) method I and (b) method II (the Experimental Details gives the details of
the substrate preparation). The concentration of the p300 was again 40 ng/uL.

which allows a better adsorption of the protein to the silver surface, and hence
facilitate an environment to retain minute amounts of water between the silver
nanoparticles. Although the enhancement of the Raman signal obtained by this
method is less when compared to that of the spectra obtained in aqueous form, this
technique may still provide a unique technique to perform temperature dependent

SERS studies.

5.2.3 Conclusions

For the first time, SERS was performed on p300 in aqueous and dry forms.
The SERS spectra suggest the presence of a helix, aromatic ring structures like Phe,
Tyr, Trp, His, and aliphatic structures such as Asp, Glu, and C-terminus groups in
p300. The presence of these Raman bands in the SERS of the protein provides an

important tool for studying drug-protein interactions. In the absence of full-length
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crystallographic data of proteins, SERS can act as a very useful technique to obtain
structural information. The presence of small concentrations of NaCl leads to ag-
gregation of nanoparticles leading to a better adsorption of silver nanoparticles to
the proteins. The chloride ion could increase the sensitivity of SERS experiments
due to larger enhancement in Raman signals more or less retaining the Raman
spectra of the proteins. A new method called the sandwich technique, which could
provide an alternate method for recording SERS spectra of proteins without the
aqueous medium was discussed. Using this method, we were able to record the Ra-
man spectra of p300, which resembled its spectra in aqueous medium. This method
could pave the way to perform SERS experiments in ultrahigh vacuum conditions.
Furthermore, SERS analysis can be used to study protein-ligand interactions, like

p300-HAT modulator interaction, which is the theme of the next section.

5.3 Interaction of p300 with small molecules: Probed

by SERS

Proteins are important macromolecules which exhibit highly specific structure-
function correlation. As described earlier, p300 is one such macromolecule present
in human cells, which act as Histone acetyltransferase(HAT) enzymes. It has im-
portant implications in functioning of cells, and acts as transcriptional coactivator.
Mutation in the HAT active site of p300 abolishes transactivation capability of
p300. Dysfunction of p300 is often associated with manifestation of several diseases
including cancer, cardiac hypertrophy, asthma, and diabetes. It is important with
respect to therapeutics that HAT activation and inhibition of p300 is not only well

understood, but also controlled at will. This has motivated biochemists to design
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molecules which specifically activate or inhibit the functioning of HAT. However,
very few small molecule modulators of histone acetyltransferases are known so far.
Availability of recombinant HATs has made it possible to synthesize and isolate
HAT inhibitors, of late. These include the p300 specific synthetic and natural in-
hibitor Lysyl CoA [114] and Curcumin [115], respectively. Recently, Kundu and
coworkers isolated the first naturally occurring HAT inhibitor anacardic acid from
cashew nut shell-liquid and garcinol from garcinia indica, which are nonspecific
inhibitors of p300, CBP, and PCAF (p300/CBP associated factor) [88, 116]. By
using anacardic acid as syntony, they have synthesized amide derivative (N-(4-
chloro-3-trifluoromethyl-phenyl)-2-ethoxy-6- pentadecyl-benzamide) (CTPB) and
N-(4-chloro- 3-trifluoromethyl-phenyl)-2-ethoxy-benzamide (CTB) , which are the
only known small molecule activator of any histone acetyltransferase, in this case,
p300. Significantly, CTB and CTPB are specific to p300 HAT activity, and hence
important for therapeutics. In this section we show that SERS can be harnessed
to track the specific interaction between a protein (p300) and an activator or in-
hibitor molecule. The activator molecules used in this study are CTPB and their
derivatives, and inhibitor molecules used are garcinol and their derivatives. Figure
5.8 shows the schematic of the SERS method used to probe the protein-molecule
interaction. The strategy was to obtain the SERS spectra of the protein adsorbed
to nanoparticles in the absence of any small molecules. Later, the protein was al-
lowed to interact with the small molecules in the absence of any nanoparticle. After
sufficient duration, the complex of protein-molecule was adsorbed to nanoparticles
in solution phase, and SERS spectrum was recorded. By comparing the SERS
spectra of p300 in molecule-free state and in molecule-bound state, insights can be
obtained to understand the protein-molecule interactions. In the present case, both

activating and inhibiting molecules were water insoluble, and hence did not exhibit
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Figure 5.8: Schematic of protein-molecule interaction probed by SERS

any SERS spectra of their own in solution phase, which would have interfered as
noise in SERS spectra of p300. This was an important advantage, and specific to

cases where small molecules do not interact with nanoparticles in solution phase.

5.3.1 Experimental Details

The Raman experiments were carried out using the 632.8 nm laser source
using the experimental setup described in Chapter 2. The laser power used at
the sample was 6 mW. To perform SERS, we have prepared the citrate-reduced
silver colloidal solution following the standard method of Lee and Meisel [29]. We
dissolved 50 pL silver colloid to 20 pL of p300 solution or a mixture of 2 pl of
activator or inhibitor molecule and 20 uL of p300 solution on a cavity slide under the
microscope. The typical accumulation times were 3-5 min. The preincubation time

for p300 and compound to interact was same as used in biochemical experiments

53, 54].
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5.3.2 Results and Discussion
5.3.2.1 Interaction of p300 with activator molecules

Interactions between p300 and derivatives of CTB

Figure 5.9 shows the three derivatives of CTB and their respective HAT ac-
tivity on p300. Note that control and DMSO (solvent) activities are also displayed.
It is important to note that these three molecules are similar to each other in struc-

ture, except for the positions of a Cl atom, and a CF3 group. Interestingly, it can

|\o o c
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CF,

N-[4-chloro-2-(trifluoromethyl)pheny]-2-ethoxybenzamide ’g 12000 CTBI1
£410000 -
CTB2 @/u\ © »:: 8000 _ CTB3
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N-{5-chloro-2-(trfluoromethyl)phenyl]-2-ethoxybenzamide ‘g 4000 Control
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CTB3 ©)L Q/ 5

N-[2-chloro-4-(trifluoromethyl)phenyl]-2-ethoxybenzamide

Figure 5.9: Molecular formulae of CTB derivatives and their respective HAT ac-
tivity on p300.

be observed that the influence of these molecules on the HAT activity of p300 dif-
fers significantly from each other despite their structure being similar [54]. CTB1
activates p300 to maximum extent followed by CTB3. Whereas, the activation
of CTB2 was observed to be minimal. In order to reveal the interaction of these

derivatives with p300, and hence correlate them to small structural changes in
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p300, we have used a unique approach to monitor the structural change of the en-
zyme upon binding of the compounds by using SERS. Whenever a molecule binds
to the protein, the binding sites are distanced from the noble metal surface and
would affect the Raman modes such that there is a reduction in intensity or disap-
pearance. The change in orientation of these groups in the protein with respect to
the nanoparticle surface could also lead to the disappearance of the Raman mode.
SERS is sensitive not only to the distance between the molecule and metal surface,
but also to the orientation of the molecule with respect to the metal surface, as
discussed in Chapter 1. Therefore, upon binding of a molecule to the surface of

the protein, we expect the SERS of the protein to change. Figure 5.10 shows the
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Figure 5.10: SERS spectrum of molecule-free p300 compared with SERS spectrum
of p300+CTB1,p300+CTB1 and p300+CTB3
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SERS spectra of molecule-free p300 compared with molecule-bound p300. All the
Raman modes of vibrations discussed in this section refers to the band assignment
shown in Tabel 5.1. We observe that the SERS spectra of p300 bound to CTB1
shows a significant change in the intensity and band position when compared to
SERS spectra of molecule-free p300. Whereas, SERS spectra of p300 interacting
with CTB3(which shows the least HAT activation) is very similar to SERS spec-
trum of molecule-free p300. Both CTB1 and CTB2 have electronegative groups,
namely, Cl and CF3 groups at the para position of the phenyl group of the CTB.
The SERS spectra indeed show an increase in the random coils at the expense of
a helix (compare intensities of 1623, 1295, and 1654 cm ™) as well as large changes
to ring-structured amino acids like Trp, Tyr, His, and Phe in the structure of the
p300 upon addition of these compounds(compare Figure 5.10 a, b, and d). The
HAT activity induced by CTB3 is relatively low as compared to CTB1 but is much
larger than CTB2. Therefore, we infer that the presence of the CFj3 group at
the meta position also plays an important role in the activation. It also implies
that substitution at the meta and para positions in the phenyl group of CTB with
strong electronegative group, such as F, may lead to stronger activation of p300
HAT activity. So, in general, the activators of p300 mainly induce changes to the
a helix and the ring-structured amino acids of the active domain of the protein.
p300 interaction with CTB and CTPB: a comparison

The kinetic analysis of the activation of p300 activity by CTPB and CTB
suggests that in the presence of compounds, activation barrier is reduced thereby
enhancing the enzyme activity [54] (CTB and CTPB are the same molecules which
were discussed in chapter 4, for their structure, please see Figure 4.1). Presum-
ably, binding of the compounds to the enzyme leads to causal change in the enzyme

structure to enhance the acetylation activity. Figure 5.11 shows the SERS spectra
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Figure 5.11: SERS spectra of a)p300; b)p300 bound to CTPB; ¢)p300 bound to
CTB. Note that CTB induces greater change to SERS spectra of p300 than CTPB.

of (a) p300, (b) p300 with CTPB, and (c¢) p300 with CTB. We observe spectral
changes in SERS of p300 in the presence of CTPB and CTB (Figure 5.11, compare
a vs b and ¢). In the case of CTPB (Figure 5.11b), the SERS spectrum of p300
does not show large-scale changes. The appearance or increase in intensity of the
Raman modes 1654, 1335, and 960 cm~! suggests that the binding of CTPB is
predominant to the amide groups of the o helix and (3 sheets. In the case of CTB
(Figure 5.11c), we observe a comparatively larger change in the SERS spectra of
p300. CTB also binds to the amide groups of the « helix and 3 sheets like CTPB,
but the binding sight might be different compared to CTPB as we observe disap-

pearance of both 1623 cm™! and 1654 cm~! Raman modes. Along with this, the
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CTB has a strong effect on the binding sites as shown by the large shifts in the
peaks in the region 1150-1550 cm ™!, which are related to the amide II and aro-
matic amino acids (tryptophans (Trp), tyrosines (Tyr), phenylanalines (Phe), and
histidines (His)). The shifts in the Raman peaks are between 10 to 35 cm™!. This
is a substantial effect and can be caused either by a strong hydrogen bonding of
the molecule to the protein or a hydrophobic interaction between the molecule and
the nanoparticle. The strong interaction of C'TB with amide group is also reflected
in the appearance of a new mode around 1010 cm™! and 1102 cm™! (symmetric

1

and asymmetric vibrations of C-C-N) and disappearance of the 802 cm™" mode

(Tyr). The appearance of a mode near 670 cm™!

signifies the interaction of C'TB
to the carboxyl groups of aliphatic amino acids. All these observations suggest
that although both CTPB and CTB bind to p300, affecting the structure of the

enzyme, CTB has a greater effect on localized structural alteration.

5.3.2.2 Interaction of p300 with inhibitor molecules

As described before, because of its involvement in many important cellular
events, dysfunction of p300 may be the underlying causes of several diseases, includ-
ing a few types of cancers, cardiac hypertrophy, asthma, and diabetes. HAT activity
of p300 therefore is being considered as a target for the new generation therapeutics.
Unlike histone deacetylase inhibitors, the number of HAT modulators (activator
and inhibitors) discovered so far is scanty. Recently, isothiazolones-based modula-
tors have been designed that inhibits both p300 and PCAF [117]. The search for
specific natural small-molecule modulators of HATs succeeded when anacardic acid
from cashew nut-shell liquid was found as a potent inhibitor of p300 and PCAF.
Unfortunately, these compounds were found to have poor cellmembrane- perme-

ability potential [88]. The lead development in the field was initiated when another
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natural small-molecule inhibitor of HAT's, garcinol, a polyisoprenylated benzophe-

none derivative from Garcinia indica fruit rind was discovered [116]. Garcinol was

Compound Specificity IC50 Cell Compound Specificity 1C50 Cell
Toxicity Toxicity
Non p300- Highly Specific to Non
specific 7 uM toxic p300 57 uM toxic
PCAF-
SpuM
Non p300- Highly
specific 7 M toxic Inactive - Not
PCAF- tested
5puM
Specific to Non Not
p300 5-7 uM toxic Inactive - tested
Not Non
Inactive - tested specific to 5-7 uM toxic
p300
LTK-13A

Figure 5.12: Structure and specificity of inhibition of garcinol, isogarcinol and their
derivatives

found to be a nonspecific HAT inhibitor (HATi) but highly permeable to cultured
cells and a potent inhibitor of histone acetylation in vivo. The nonspecific nature
of garcinol made it highly cytotoxic. Therefore, the potential use of garcinol to
target p300 for understanding the physiological role of HATs or to develop a ther-
apeutic molecule is less likely. These limitations of garcinol inspired biochemists
to synthesize several derivatives of this potent inhibitor to find out specific and
less toxic HAT inhibitors. Among nearly 50 derivatives synthesized from garci-
nol, three were found to be highly specific for HAT activity of p300, the details

of which are shown in Figure 5.12. LTK-13, 14 and 19 were found to be specific
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inhibitor of p300. In order to elucidate this specific interactions between p300 and
their various inhibitors, we have used SERS. Figure 5.13 shows the SERS spectra
of p300 in comparison with inhibitor-bound p300. The SERS spectra of p300 in
the presence of dimetyl sulfoxide (DMSO)-which is the solvent for inhibitors- was

also recorded as a control. The p300 spectrum, as discussed earlier, is dominated
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Figure 5.13: SERS spectra of a) p300; b) p300 + DMSO; ¢) p300 + Garcinol; d)
p300 + Isogarcinol; e) p300 + LTK-13; f) p300 + LTK-14; g) p300 + LTK-19; h)
p300 + LTK-15. Laser excitation - 632.81 nm; laser power at the sample - 8 mW;
accumulation time - 180 sec.

with the Raman features associated with ring-structured amino acids tryptophan
(Trp), tyrosine (Tyr), phenylalanine (Phe), and histidine (His). p300 is known
to contain several units of Trp, Tyr, Phe, and His in it. The spectrum of p300
also exhibits prominent amide I band around 1624 cm~! and 1656 cm™! associ-
ated with the a helix and [ sheet structure, respectively. The spectrum of p300
with and without DMSO were found to be quite similar (Figures 5.13a and b),

suggesting that there is no contribution from the DMSO to the SERS spectrum of
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p300. The aromatic ligands, such as garcinol and IG, would form hydrogen bonds
and/or have hydrophobic interactions with the protein resulting in the change of
the structure of the protein. Since Raman spectrum has a correspondence to the
secondary structure of protein, we expect the changes in Raman modes due to the
interaction between the inhibitor and the protein. It is interesting to note that
there is a small difference in the chemical structures of garcinol and IG molecules,
namely, the presence of a hydroxyl group in the garcinol instead of the oxygen
bridging in IG as shown in Figure 5.12. SERS spectra of p300 in the presence of
these molecules are shown in Figures 5.13 ¢ and d. The SERS spectrum of p300
bound with garcinol shows changes mostly to the amide bands of the a helix, like
1624 cm~! and 1296 cm !, carboxylic group vibrations of the aliphatic amino acids
(985 cm™! and 684 cm™!), and certain Tyr modes, like 803 cm™!. On the other
hand, IG causes a large-scale change to the p300 spectra. Along with the modes
affected in the case of garcinol, the binding of IG also affects all the modes related
to Tyr, Trp, Phe, and His. Next, we looked at the derivatives of 1G, namely LTK-
13, -14, -15, and -19. The Figure 5.13 shows the SERS spectra of p300 complexes
with LTK-13 (Figure 5.13e), LTK-14 (Figure 5.13f), LTK-19(Figure 5.13g), and
LTK-15(Figure 5.13h). It is important to note that upon addition of LTK-15, the
inactive IG derivative, there is no change to the SERS spectra of p300 (Figure
2h). In the case of LTK-13, the change in the p300 spectra is limited to the amide
bands of the « helix (1656 cm™! and 1517 cm™!) and certain carboxylic groups
of the alphatic amino acids (737 cm™! and 617 cm™!). On the other hand, both
LTK-14 and LTK-19 causes large-scale changes in the p300 spectra. Like in the
case of IG, binding of both LTK-14 and -19 (specific inhibitors) affects not only the
amide modes but also all the modes related to Trp, Tyr, Phe, and His. However,

unlike in the case of IG, LTK-14 and -19 binds to p300, the carboxylic side group
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of the aliphatic amino acid represented by 621 cm™! is unaffected (compare Figure
5.13d with 5.13f and 5.13g). Taken together, these data suggest that the specific
and nonspecific inhibitors of p300 bind to the amide groups of « helix, and thereby
differentially alter the enzyme structure. This mechanism can be further used as a

qualitative tool to probe protein-inhibitor interaction.

5.3.3 Conclusion

The interaction of p300 with its activators and inhibitors were probed using
SERS technique. This method offers a unique way to probe protein-molecule inter-
actions in special cases where the amount of protein is scarce. The role of distance-
dependent electromagnetic enhancement plays an important role in this method.
By comparing the SERS spectral changes in molecule-free p300 and molecule-bound
p300, we could elucidate small yet subtle changes in the secondary structure in the
protein. These structural changes corroborate the biochemical assays which re-
veal activity modulation of the protein when bound to the molecules. In the light
of therapeutics, one could further harness this method to find specific structural
changes and reorientation of protein in the presence of an external activator or

inhibitor.
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5.4 Structural changes in p300 HAT domain:probed

by SERS

The acetylation and deacetylation of histone and non-histone proteins play a
key role in the regulation of gene expression, cell growth, and differentiation and
in maintaining cellular homeostasis in the eukaryotic cells [103, 118]. A balance
between acetylation and deacetylation of the proteins are brought about by two
important classes of histone modifying enzymes, histone acetyltransferases (HAT's)
and histone deacetylases (HDACs) [118]. Among the HAT family, the p300/CBP
group of HATs are most widely studied and have been identified as major en-
zymes that acetylate protein with a range of biological functions. The intrinsic
histone acetyltransferase (HAT) activity of p300 plays important roles in the tran-
scriptional coactivation of p53, p73, steroid hormone response [103, 119].The HAT
activity of p300 is regulated by several mechanisms, which include methylation
and autoacetylation [120, 121]. p300 HAT domain (p300HD) gets extensively au-
toacetylated, which is a highly cooperative process and is intermolecular in nature.
The autoacetylation of p300 dramatically enhances its activity and thereby in-
creases the HAT activity dependent signal via the acetylation of histone and non-
histone proteins. During autoacelylation mechanism, there is a conformational
change induced in the secondary structure of p300 HAT domain. Although au-
toacetylation mediated structural alteration of p300 has been realized as one of the
key mechanisms of action, the direct evidence for the conformational changes was
yet to be demonstrated. We have utilized SERS as an effective probe to determine
the subtle structural change in p300 HAT domain. The strategy was to perform
SERS on p300 HAT domain before and after the autoaceylation, and analyze the

SERS modes of them. Any differences in the vibrational modes of the protein can
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reveal insights into the secondary structural changes induced by autoacetylation.

5.4.1 Experimental details

To perform SERS of p300HD, it was adsorbed on the silver nanoparticles
prepared by Lee and Meisel method [29]. As in the case of p300, it has been
reported that the adsorption of silver nanoparticles does not alter the function of
p300 HAT domain [122]. All the measurements were performed using the water
immersion objective of custom built Raman microscope whose details can be found
in Chapter 2. For the present study, 532 nm frequency doubled Nd-YAG laser was
used. The accumulation time was 30 seconds. For the SERS measurements, p300
HAT domain solution(or its autoacetylated counterpart) was mixed with silver
nanoparticles in the ratio 1 : 4, and deposited on a glass slide with single cavity.
The deuterated SERS spectrum was obtain by the same method as explained for

p300 in the section 5.2.1.1, without any modifications.

5.4.2 Results and Discussion

SERS can be utilized as an effective probe to detect and characterize biomolecules
available at low concentrations as revealed in previous section. The p300 HAT do-
main(p300HD) also belongs to the category of biomolecules which are available at
scarce quantity. Figure 5.14 shows the SERS spectra of p300 HAT domain. In or-
der to confirm the amide vibrations, the SERS spectra of p300HD was recorded in
D50. Figure 5.15 compares the SERS spectrum of p300HD in H,O and D,O. The
BC100 buffer used for these experiments were same as that used for p300 studies,
and control spectrum of the buffer is shown in Figure 5.15. Upon deuteration of

proteins, most of the hydrogen in the amide groups will be replaced by the heavier
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Figure 5.14: SERS spectra of p300 HAT domain

deuterium. This will increase the reduced mass of the vibrating unit (oscillator),
which is inversely proportional to the vibrational frequency. Therefore, one should
expect a decrease (red-shift) in the amide vibrations. As expected, we observed a
red-shift in amide bands. The shifts in the frequency for the amide I and II bands
of p300HD were found to be 7 and 5 cm™!, respectively.

Table 5.3 shows the SERS band assignments of the HAT domain. Modes
have been assigned in comparison to the SERS spectra of the parent protein p300
and using the standard amino acids and proteins band assignments. It is evident
that the spectrum is dominated by SERS modes of ring-structure amino acids:
tryptophan (Trp), tyrosine (Tyr), and phenylalanine (Phe), which are characteris-
tic of SERS of any protein. The report on experiments using mass spectrometry

has revealed that the active sites of p300HD being modified due to autoacetyla-
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Figure 5.15: SERS of a) p300 HAT domain; b) deuterated p300 HAT domain; c)
buffer

Table 5.3: SERS band assignments of p300 HAT domain

Raman shift Band assignment
1660 amide I (« helix)
1632 amide I (random coil)
1596 Trp,Tyr, and/or Phe
1583 V4s(COO™), His, Trp
1545 Trp, Tyr, and/or Phe
1518 amide IT and/or Trp
1449 §(CH,)

1369 Vas(COO™)

1303 w(CHs)

1294 amide III (o helix)
1184 Phe

1132 Vas(CaCN)

917 v(C-COO™)

806 Tyr and/or v,s(C-S-C)
782 5(COO7)

623 Trp

579 Phe

505 v(S-9)
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Figure 5.16: SERS of (I) HAT domain compared with (II) autoacetylated HAT
domain. The red arrows indicate the softening of some modes. The spectrum has
been vertically shifted for clarity.

tion [57]. In order to corroborate these observations , we have performed SERS
of fully autoacetylated p300HD and compared it with normal, partially acetylated
HAT domain as shown in Figure 5.16. There is a marked change in the modes
pertaining to symmetric stretching of COO™ (1369 cm™1!), amide IIT (1294 cm™'),
Phe (1184 cm™!), and asymmetric stretching of C,CN (1132 cm™!). We observe
not only a change in intensity of these modes but also softening of some modes
(Figure 5.16b). Softening of the modes implies decrease in the Raman shift. This
observed softening of modes ( 10 cm™!), in fact, signifies bond weakening due to the
interaction between various groups upon autoacetylation. Also, it was interesting
to observe that some of the modes like 1449 and 1094 cm ™" that pertain to §(CHy)
and proline (Pro) do not show any significant shifts after the autoacetylation. The
possible reason for such an observation is that upon autoacetylation, there could

be structural changes at specific sites of p300HD, which leads to subtle changes in
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SERS spectrum. Hence, these spectral changes indicate structural reorganization
of the HAT domain after the complete autoacetylation.

It is to be noted that, unlike conventional Raman spectroscopy, SERS probes
vibrational modes of groups that are in close proximity to the metal surface. This
would be reflected as intensity changes due to the distance dependent electro-
magnetic enhancement and the surface selection rules, where the orientation of
the molecule on the metal surface determines the enhancement of the vibrational
modes. Therefore, all these conditions suffice to make SERS sensitive to probe the
structural modifications of macromolecules near the surface of nanoparticles, as in
the present case. Furthermore, these data also suggest that SERS could be used
to monitor the structural changes in the other self-modifying proteins like kinases,

methyltransferases.

5.4.3 Conclusion

Autoacetylation induced specific structural changes in p300 HAT domain was
probed through SERS. This technique may be further evolved to study site specific
structural changes in protein, especially at the surface. It is important to note
that all the above mentioned experiments were performed in solution phase at low
concentrations of protein. This provides a significant advantage to study subtle
secondary structural changes of protein under physiological conditions, which is
not viable to probes like x-ray crystallography. Although the in vitro studies like
these show promising results, the final aim should be to perform experiments in

vivo. Many research laboratories around the world are aiming to achieve the same.



CHAPTER 6

DIAGNOSTIC APPLICATION OF SERRS:

DETECTION AND DISCRIMINATION OF HIV-1

SUBTYPES

This chapter constitutes the following patent:

1. A high sensitivity assay for molecular typing of biological samples using Sur-
face enhanced Raman scattering

Indian Patent applied (2007).
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6.1 Motivation

Acquired Immune Deficiency Syndrome (AIDS) has been one of the
deadliest diseases in the history of mankind, whose complete cure is yet to be
achieved. The virus which causes this disease is called as Human Immuno-deficiency
Virus(HIV), whose detection and characterization is of paramount interest to present
day AIDS pathologist and scientists. The classification of HIV is as shown in Fig-

ure 6.1. HIV-1 and HIV-2 are the two strain prevalent, of which there are various

HIV STRAINS
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Figure 6.1: Classification of HIV

subtypes. Based on the genetic homology, HIV-1 is classified into 9 distinct and
primary genetic subtypes designated A through J [123]. Distribution of the viral
subtypes across the globe is non-uniform as shown in Figure 6.2. Additionally,
epidemic outbreaks due to recombinant forms of the viruses are also becoming a
serious problem in several geographical regions [124]. Depending on the epidemio-
logic incidence, recombinant viruses are of two types. First, circulating recombinant
forms (CRF) are strains that have established successful infection in a geograph-
ical region or population and been characterized at the molecular level. Second,
the unique recombinant forms (URF), viruses that have been isolated from lim-
ited number of subjects and not adequately characterized at the molecular level.

The total numbers of molecularly characterized CRF's has increased to 34 presently
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Figure 6.2: Non uniform global distribution of HIV subtypes.

from 8 during the past 2-3 years. On the other hand, a large number of URF's are
being identified on a regular basis.

Generation and expansion of the recombinant viruses may throw serious chal-
lenges at disease intervention strategies like vaccine development and drug therapy
[125, 126]. It is therefore important to develop simple and inexpensive diagnos-
tic strategies to detect recombinant viruses on a priority basis. A wide range
of techniques presently used for the subtype determination of the viral strains
and recombinant viruses have limited application in molecular typing of the vi-
ral strains as they are too cumbersome, fail to target diverse viral subtypes, lead
to contamination problem and/or expensive. The novel detection strategies must
be technically simpler and inexpensive without sacrificing sensitivity and speci-
ficity. Especially for resource-limited countries like India, it is highly critical to
develop molecular detection strategies that do not require template amplification
strategy. Template amplification by Polymerase Chain Reaction (PCR) requires

sophisticated diagnostic laboratories especially given the enormous potential for
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contamination. PCR-dependent amplification is also expensive especially when
TaqMan probe-based detection strategy is used. Keeping these practical limita-
tions in view, we developed a novel strategy for the molecular characterization of
HIV-1 subtypes and recombinant strains using Surface Enhanced Resonant Raman
Scattering (SERRS) approach. The approach blends standard molecular biologi-
cal techniques with the most powerful SERS detection strategy. Intact viral RNA
molecules form biological samples are directly captured with oligonucleotides that
are viral subtype- and window-specific and are covalently cross linked to chemically
activated glass surface in a geographically addressable manner (in a microarray
fashion). The captured viral RNA molecules are then detected with a different
but single oligonucleotide probe that targets a sequence within the RNA that is
highly conserved among diverse viral subtypes. The detector probe chemically con-
jugated to a Raman reporter and in conjunction with gold or silver nanoparticles
permits high level molecular detection of the captured viral RNA molecule. Proof-
of-the-concept experiments confirmed the practical viability of the novel strategy
to detect viral RNA molecules in the absence of the template amplification. Our
group is presently in the process of optimizing the novel detection strategy for ef-
ficient and simple molecular characterization of HIV-1 subtype and recombinants.
Once optimized, the new SERS detection strategy can have wide application in
the molecular detection of several pathogenic organisms and human physiological

disorders.

6.2 Experimental details

We identified a novel and innovative strategy that can satisfy the above re-

quirements and molecularly characterize a viral subtype, whose schematic is shown
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in Figure 6.3. Our strategy is based on capturing the viral RNA using a capture
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Figure 6.3: Schematic representation of genetic characterization of HIV-1 subtypes
using SERRS. (1) Glass slide is silanized; (2) Subtype specific capture probe is
attached ; (3) Specific RNA template from the sample adjoins the capture probe;
(4) A Raman marker-tagged detector probe which is specific to subtype is captured
by the template RNA and the rest is washed off by gentle flow of buffer solution.
(5) Ag nanoparticles are introduced to bind the Raman marker and the SERRS
spectra is recorded thereafter.

probe and detecting the latter with a reporter probe. An array of oligo-nucleotides
that are subtype- and window-specific are amino-modified at the 5’ end and are
spotted in an array fashion on the surface of a silane-modified glass slide [127, 128].
The capture probes are designed to target 5-10 individual windows spanning the
entire length of the virus each window consisting of 1000 base pairs. The viral
RNA extracted from a biological sample is directly captured in a series of the win-
dows of the microarray depending on the molecular nature of the viral subtype.

The captured viral RNA is detected using one or a pool of two or three detector



120 Chapter 6.

probes that are tagged with a reporter molecule, a radio-isotope, fluorescent dye or
a Raman marker(RM). The detector probes are highly conserved and detect all the
diverse viral subtypes regardless of the subtype identity. The assay is character-
ized by moderate sensitivity when isotope- or fluorophore-labeled detector probe is
used. However, the assay can attain high sensitivity when the detector probes are
tagged to a Raman marker(rhodamine 6G in this case) as the latter can exploit
the phenomenon of surface-enhanced resonance Raman scattering (SERRS). The
high sensitivity of RM-tagged reporter probe can functionally compensate for the
lack of template amplification in our strategy.

Amino-silane modification: A standard procedure was followed in this case
[128]. Glass slides are cleaned for 30 min in a solution consisting of one-third
hydrogen peroxide (30%) and two-thirds sulfuric acid (18 M), rinsed in distilled
water, left for 10 min in boiling distilled water. Pre-cleaned microscope slides
are immersed in 1% 3-aminopropyltrimethoxysilane solution in 95% acetone/water
for 2min. The slides are washed ten times with acetone, 5 min per wash, dried
for 45 min at 110°C, treated for 2 h with a solution of 0.2% 1,4 phenylene di-
isothiocyanate (PDC) solution in 10% pyridine/dimethyl formamide and washed
with methanol and acetone. The activated glass may be stored indefinitely at 4°C
in vacuum desiccators.

Fixation of aminated DNA to modified glass: Required quantity of amino
modified capture probe is dissolved in solution of 1M NaCl and 10 mM sodium
phosphate buffer and 2 pL of this solution is placed on the glass slide as modified
above followed by incubation at 37°C for 2 h [129]. The slide is washed with water
twice for 2 min, blocked with 1% Bovine serum albumin with a gentle shaking at
45°C for 30 min and rinsed with distilled water twice for 2 min each time. The

slide is ready for template capture.
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Capture of the template nucleic acid: Desired quantity of the template nucleic
acid (RNA or single-strand DNA) is dissolved in 5x SSPE and dispensed over the
array. A glass cover-slip is over laid on the glass slide carefully. The slide assembly
is incubated for 3 h at 60 C, followed by 0.3M PBS wash for two times. This is
followed by incubation with the detector probe. Detector probe (R6G) in 5x SSPE
is added to the slide followed by the overlay of the cover slip and the assembly is
incubated at 65 C for 6 h. The array is washed with the following buffers in that
order. One wash with each buffer: 2x SSC and 0.1 SDS at 65°C for 5 min, 0.2x
SSC and 0.05x SSC at room temperature. The slide is spun to remove excess fluids,
allowed to air dry and stored in dark until SERRS experiments were performed.
All the SERRS measurements were performed using costum built Raman mi-
croscope whose details can be found in Chapter 2. The absorption wavelenght of
R6G is around 520 nm, therefore we have employed 532 nm laser for SERRS mea-
surements. The silver nanoparticles were prepared by the standard Lee and Meisel

method [29].

6.3 Results and Discussion

The results of the two proof-of-concept experiments on detection and dis-
crimination of subtype of HIV-1 will discussed in this section. First, we tested
the capabilities of the concept by experimenting on single-stranded DNA of the
viruses (not the real viral RNA). HIV-1 subtype-C capture probe N 730c and three
different viruses (A, B and C) were used in the experiment. Figure 6.4 shows the
multi-grooved glass slides with different loading of single stranded DNA used for
the experiment. The SERRS results accompany the photograph in Figure 6.4. A

10-fold dilution series of each of the viruses was captured on the arrays and interro-
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Figure 6.4: Photograph of multi-grooved glass slide used for SERRS assay to deter-
mine and distinguish HIV-1 subtypes A,B and C . The respective SERRS graphs
are shown in the bottom half. SERRS signal are observed only for the first row
(subtype C) highlighting the specificity of the assay.

gated using a single detector probe. Subtype-specific SERRS signals were detected
only when the probe and subtype matched (top row) but not with subtypes A and
B thus proving specificity of the assay. Sensitivity of the assay was approximately
10® molecules with a 1 second acquisition time.

Next, we performed the experiment to test the sensitivity on real HIV B type
virus. For this Subtype-B and -C viruses were pelleted from 500 ul of culture su-
pernatant of HEL293 cells transiently transfected with the molecular clones. Viral
pellet was dissolved in appropriate buffer with detergents to release the viral RNA

and directly used in the experiment. Subtype-B capture probe (N729B) was cova-
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Figure 6.5: SERRS spectrum reveals that the B capture probe detects subtype B
viral RNA, but not subtype C viral RNA from culture supernatant.

lently linked on the slides. The resulting SERRS spectrum obtained from specific
B capture-probe assay is shown in Figure 6.5. To test the reproducibility, we have
performed the experiments on two copies of the same sample, whose data are rep-
resented by the two columns in Figure 6.5. It is clearly evident that the SERRS
signal arises only when the capture probe and the subtypes are precisely matched
(virus B in the present case). We obtain a flat, noisy signal for the case of virus C,
which highlights the specificity of the assay.

The data from figures 6.4 and 6.5 collectively provide proof that our novel
strategy can detect the viral RNA without amplification. This is probably the first

attempt to develop a viral diagnostic technique that employs molecular diagnostics
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coupled to SERRS.
When compared to conventional molecular biology techniques, our SERRS

method has the following advantages:

e Does not require template amplification. False positive results are avoided.

Economically inexpensive.

e Broader range. A large number of capture probes can target several windows
within the virus and essentially every viral subtype can be included in the

detection strategy.

e Highly sensitive detection. The reporter probe is conjugated to a Raman
reporter hence exploiting the phenomenon of SERS or SERRS there by a
single molecule detection should be possible theoretically. Also, the problem

of photo-bleaching has least interference in SERRS measurements.

Application of Raman reporters also offer the advantage of employing low output
gas lasers and/or diode lasers that are less expensive as opposed to more expen-
sive high quality lasers employed in the fluorescent technology. Technically, a less

complicated and less expensive equipment could be designed.

6.4 Conclusions

We have developed a new strategy for HIV-1 subtype detection by harnessing
the SERRS phenomena. Our strategy of microarray capture of the nucleic acid
template blended with SERRS-mediated detection can have wider global applica-
tion where HIV-1 infections are common. The diverse viral subtypes of HIV-1,
presently known recombinant viruses and recombinant strains that may arise in

future can be efficiently detected by this method. Determination of the HIV-1
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molecular nature will be important in the following areas and can have significant

impact on treatment decisions, and intervention strategies.

e Basic research where determination of the subtype and/or recombinant na-

ture of viruses is required.
e Drug therapy, where drug resistant mutants should be quickly identified.

e Vaccine studies, where a knowledge of the viral strains in a given population

or geographical region is essential.

Importantly, the strategy we have developed can have a universal application where
genetic diversity is a serious problem with other infectious organisms including
HIV-2, Influenza, Polio, HBV, HCV, Dengue, Tuberculosis, malaria and others.
Our strategy is technically less complicated, and can find broader application in

resource poor conditions.






CHAPTER 7

OUTLOOK

The emerging field of optical spectroscopy has redefined the bench-
mark for molecular detection capabilities. Techniques like SERS, Fluorescence
Resonances Energy Transfer(FRET) and Surface Plasmon Resonance (SPR) have
emerged as effective probes of single molecules in confined volumes. New limits of
resolution have been set and renewed due to the advances in microscopy. Method-
ologies like coupling the scanning probe microscopy or atomic force microscopy
with optical schemes have resulted in techniques like Tip enhanced Raman Scat-
tering, Scanning near-field Fluorescence microscopy and many more. All these
advancements have resulted in better understanding of nanosystems, both biolog-
ical and otherwise. The avenues for using modern optical techniques are plenty.
Due to the sub-wavelength imaging capabilities, open problems like understanding
the dynamics of macromolecules at cellular level, optical properties of nanosystems
etc., can be addressed with greater accuracy. Especially in techniques like SERS,
which have a unique blend of single molecule sensitivity with chemical imaging
capabilities can be harnessed to address interesting problems which are not viable

to other techniques.

127
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7.1 Fundamental issues

Although SERS and SERRS have been effectively employed in various ana-
lytical applications, the fundamental physics of SERS as an optical process is yet
to be understood completely. An active debate on this phenomenon was topic
of a recent Faraday Discussion [130, 131]. Various groups around the world are
trying build effective microscopic models to understand the electromagnetic and
chemical enhancement mechanisms. The mechanism of vibrational pumping is one
such attempt which has effectively explained some peculiar observations in SERS.
Attempts have been made to precisely define the Raman cross section of molecules
exhibiting SERS. This is important because the insight into the process of SERS
lies in the enhanced interaction between molecule and metal, and one way to un-
derstand this is to precisely define the cross section of the scattering molecule. An-
other important issue in SERS is the calculation of absolute enhancement factors.
Etchegoin and coworkers have performed an in-depth study of SERS enhancement
factors (EFs) and cross-sections [132], including several issues often overlooked.
Accurate experimental determination of single molecule enhancement factors using
bi-analyte SERS and temperature dependent SERS vibrational pumping have been
performed by them, which is a significant advancement in the field. It has been
demonstrated that EFs as low as 107, as opposed to the figure of 10'* often claimed
in the literature, are sufficient for the observation of single molecule SERS signals,
with maximum single molecule EFs typically of the order 10 [132]. At the same
time, Ozaki and coworkers have experimentally shown [133] second enhancement
in surface-enhanced resonance Raman scattering by an analysis of anti-Stokes and
Stokes Raman spectra. They show evidences of twofold electromagnetic (EM) en-

hancement in SERRS that exhibits an enhancement factor of up to 10'* which
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has been analyzed by comparing SERRS spectra and plasmon resonance Rayleigh
scattering spectra. They identify that SERRS spectral variations are induced by
selective enhancement of SERRS bands whose maxima are close to plasmon res-
onance maxima. The correlation between the selective enhancement of SERRS
and the plasmon energy demonstrated that the variations in SERRS spectra are
induced by second EM enhancement in SERRS as a result of coupling between
scattering photons and plasmons [133]. All these explanation has added a new
dimension to the understanding of SERS phenomenon at the fundamental level,
but by no means a comprehensive one [134-139]. Further research on these lines
find great importance in understanding the physics behind SERS.

With an application point of view, there are various issues in SERS which have
to be addressed in future. The rational design and fabrication of SERS hot-spot,
effective coupling of magnetic properties of nanoparticle to their surface plasmon
resonances, micro-fluidic instrumentation for SERS applications, Raman imaging
of sub-cellular components are few of the examples which have direct or indirect im-
plications in various analytical applications. Fabricating SERS substrates by both
top-down and bottom-up approaches are needed to be addressed with greater con-
cern. With the help of developing technology and better understanding of physical
and chemical processes at nanoscale, all the above mentioned ideas can be con-
ceived and materialized in future.

Thus, I conclude this thesis on an optimistic note that SERS has enor-
mous potential to probe various aspects of materials and molecules alike, and 1
hope that new scientific avenues will be ventured in the coming future using effec-

tive optical probes like SERS.
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