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Abstract

Raman spectroscopy has the capability of providing detailed information about
molecular structure, but the extremely small cross section of Raman scatter-
ing prevents this technique from applications requiring high sensitivity. Sur-
face enhanced Raman scattering (SERS) on the other hand provides strongly
increased Raman signal from molecules attached to metallic nanostructures.
SERS is thus a promising technique for high sensitivity analytical applica-
tions. One particular area of interest is the application of such techniques for
the analysis of the composition of biological cells. However, there are issues
which have to be addressed in order to make SERS a reliable technique such
as the optimization of conditions for any given analyte, understanding the ki-
netic processes of binding of the target molecules to the nanostructures and
understanding the evolution and coagulation of the nanostructures, in the case
of colloidal solutions. The latter processes introduce a delay time for the ob-
servation of maximum enhancement factors which must be taken into account
for any given implementation of SERS.

In the present thesis the goal was to develop very sensitive SERS techniques
for the measurement of biomolecules of interest for analysis of the contents of
cells. The techniques explored could be eventually be applicable to microfluidic
systems with the ultimate goal of analyzing the molecular constituents of single
cells. SERS study of different amino acids and organic dyes were performed
during the course of this thesis. A high sensitivity detection system based on
SERS has been developed and spectrum from tryptophan (Trp) amino acid

at very low concentration (107® M) has been detected. The concentration at



which good quality SERS spectra could be detected from Trp is 4 orders of
magnitude smaller than that previously reported in literature. It has shown
that at such low concentrations the SERS spectra of Trp are qualitatively
distinct from the spectra commonly reported in literature. These distinctions
are attributed to the unique binding geometry of Trp molecules to the small
silver nanoclusters at these low concentrations.

Background electrolytes in the solution can have a significant role in SERS
experiment as it helps in the binding of molecules to the metallic structures and
stabilizes the colloid in some cases We performed a study of effects of different
electrolytes and an optimization of electrolytes has been carried out, which
leads to the high enhancement reported in this thesis. The SERS detection
has also been performed in microfluidic and flow cell geometries which enable
a combination of high sensitivity of the SERS with the low volume require-
ments of microfluidic devices. A Teflon AF capillary was used for performing
liquid core waveguide (LCW) SERS measurements. With this geometry the
enhancement obtained was about a factor of 10 compared to that from cuvette
so the detection limit could be further decreased by a factor of 10 in LCW
reaching 107 - 107!°M for Trp amino acid. The enhanced sensitivity and
better understanding of the optimum conditions for SERS developed in the
thesis are important since they now could allow the possibility of assays of the

chemical constituents of single cells in future microfluidic systems.
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Chapter 1

Introduction

1.1 Motivation

When light is scattered from an atom or a molecule, most photons are elas-
tically scattered such that the scattered photons have the same energy and
wavelength as the incident photons. However, a small fraction of the scattered
photons have a frequency (energy) different from, and usually lower than, the
frequency of the incident photons. This phenomenon of inelastic scattering of
light was first postulated by A. Smekal in 1923 [7] and first observed experi-
mentally in 1928 by C. V Raman and K.S Krishnan [8]. In 1930, Sir C. Venkata
Raman received the Nobel Prize for this observation and Raman spectroscopy
soon became an important source of information on molecular structure and
dynamics. The advent of laser light sources with monochromatic photons at
high flux densities resulted in dramatically improved scattering signals and
Raman Spectroscopy became a more powerful technique [9]. Availability of
lasers with a wide range of frequencies from near ultraviolet to near infrared
region, allows the selection of optimum excitation conditions for each sample of
interest. Measuring a Raman spectrum does not require special sample prepa-

ration techniques in contrast with infrared absorption spectroscopy. The main



advantage of Raman spectroscopy is its capability to provide rich information
about the molecular structure of the sample.

Despite all these favorable aspects, Raman spectroscopy is not considered
as a powerful tool for ultra-sensitive detection, because of the extremely small
cross section of Raman scattering, typically 1072'-10~% ¢m? /molecule [2]. Sur-
face enhanced Raman scattering (SERS) is a phenomenon of strongly increased
Raman signal from molecules attached to metallic nano structures. SERS was
observed about 50 years after the discovery of the Raman effect by Fleischman
et al. [10]. The basic motivation for SERS is its potential to overcome the low
sensitivity problems inherent in Raman spectroscopy [11]. SERS combines
laser spectroscopy with the optical properties of metallic nano structures re-
sulting in strongly increased Raman signals when molecules are attached to
nanometer sized metal substrates. SERS overcomes the low sensitivity prob-
lems in Raman spectroscopy and has become an intense area of research by
providing a high sensitivity equivalent of fluorescence and the structural in-
formation of Raman spectroscopy. SERS soon became a promising analytical
technique and now SERS has applications in various disciplines. With en-
hanced Raman signals, SERS offers increased sensitivity and detection limits,
this improves the existing Raman applications and even can apply to systems

which can not be analyzed with conventional Raman spectroscopy.

Recently there has been considerable interest in studying biologically im-
portant molecules like amino acids and peptides using SERS [12-17]. These
studies are important as amino acids and peptides are the basic building
blocks of proteins and a fundamental knowledge of their interactions with

metal nanoparticles can help in the understanding of the SERS effect of more



complicated biological molecules which would be useful for the development
of bio sensors. Therefore it is important to carry out SERS studies of these

amino acids and peptides and establish sensitive detection limits.

The SERS technique has also been used in microfluidic and flow cell ge-
ometries which enable a combination of high sensitivity SERS with the low
volume requirement of microfluidic devices [18-20]. Lab on a chip technology
has recently been developed to perform a variety of biological analyses [21,22].
This technology has several advantages compared with conventional bench-top
techniques like minimal sample requirement, reduced reaction time etc. The
optimization of detection systems is a key issue in determining the applica-
bility of a microfluidic system. Because of the extremely small volume in a
microfluidic channel, a highly sensitive system is required for the detection of
analytes. Fluorescence spectroscopy has been the most widely used detection
technique because of its high sensitivity and low detection limits for biologi-
cally relevant species [23]. However many biological/ chemical species do not
fluoresce and therefore need to be treated with fluorescence tags to allow on-
chip detection. Furthermore the broad fluorescence spectrum can cause the
overlapping of peaks in multiplexed biological detection. SERS is a promising
technique for lab on a chip detection with its enhanced sensitivity also its ca-
pability to simultaneously detect multiplexed analytes because of its narrower

spectral features [24].

In the present thesis the goal was to develop very sensitive SERS techniques
for the measurement of biomolecules of interest for analysis of the contents of

cells. In particular, techniques were explored which could eventually be appli-



cable to microfluidic systems with the ultimate goal of analysing the molecular
constituents of single cells. In order to do this, in the present thesis different
amino acids have been studied with SERS and conditions for observing re-
producible SERS spectra have been obtained. The lowest concentration at
which we detected tryptophan (trp) amino acid is 3 to 4 orders of magnitude
smaller than that previously reported in the literature [1,25,26] and the Ra-
man enhancement observed is about 10%, which is several orders of magnitude
stronger than reported before [1]. We have also studied amino acid Trp in a
microfluidic chip geometry to explore this capability. Laser micro machining
has been employed to increase the scattering length in a standard microfluidic
chip to enhance the signals obtained. SERS detection in a Teflon AF capillary
was also performed. This liquid core waveguide geometry provides longer ex-
citation and collection lengths and requires much smaller volumes of samples
compared to the case of a standard cuvette [27-29]. The detected SERS signal
from a Teflon AF waveguide was increased by a factor of 10 compared to that
from a cuvette. To our knowledge this is the first observation of SERS in a

Teflon AF capillary [30].

The observed enhanced spectra in SERS is due to contributions from dif-
ferent factors. The factors can be case specific and it is almost impossible
to separate them into well defined components. Therefore it is important to
closely analyze the variables involved in observation of SERS spectra. Back-
ground electrolytes in the solution can have a significant role in the observation
of SERS signal from molecules and so the selection of electrolyte is important.
The electrolytes help with the binding of molecules to the substrate and helps

in colloid aggregation. We performed a study of effects of different electrolytes



and made comparison of the enhancement factors we observed using different
electrolytes. A composite electrolyte has been developed which gives repro-
ducible SERS spectra with high enhancement for tryptophan amino acid and

also for some of the other samples studied.

1.2 Outline

The background of Raman scattering and SERS are outlined in chapter 2.
Raman scattering mechanism and surface enhanced Raman scattering are ex-
plained along with the details of SERS enhancement mechanisms and SERS
active substrates. Application of SERS in different areas is also discussed in
this chapter.

Chapter 3 describes the experimental methodologies, including the exper-
imental set up and its calibration. A schematic diagram of the experimental
setup is given here. Absorption spectrum measurements and the silver colloid
preparation method also are described.

Detection of different amino acids and peptides is described in chapter 4.
The conditions for obtaining SERS spectrum from, tryptophan (Trp), pheny-
lalanine (Phe), glycine (Gly), Trp-Trp and Gly-Gly-Gly are described and
the SERS spectrum from these are explained, also the enhancement factors
observed for different samples are given.

Chapter 5 describes the SERS detection in a microfluidic system and in a
liquid core waveguide. The experimental layout is described. A comparison
is made between the the SERS spectrum observed in these systems to that
observed in cuvette.

A sensitive detection technique for low concentration measurement of Trp

amino acid is described in chapter 6. The high enhancement factor observed



and the concentration range studied are described.

Chapter 7 gives the details of the various electrolytes we tested and used
for SERS measurements. The conditions for observing SERS spectra with each
electrolyte is explained. A comparison of the enhancement factors observed
using different electrolytes is also made .

A numerical simulation based on Monte-Carlo method has developed to
better understand the process of colloid aggregation and the time of evolution
of SERS signals. The details of this are given in chapter 8.

Chapter 9 is the summary of the thesis. This chapter also discusses further

issues that might be interesting for future investigation.



Chapter 2

Theory and Background of
Surface Enhanced Raman
Scattering

2.1 Introduction

The first observation of SERS was reported in 1974 by Fleischmann et al. [10]
for pyridine adsorbed on an electrochemically roughened silver electrode and
it was proposed that the the enhanced signal is due to the increased surface
area. The idea of increased surface area was appealing because of its simplicity
and seemed to be the natural explanation for observed signal enhancements.
However many questions could not be answered by this hypothesis. In some
cases the signals would actually weaken when the roughness of the surface was
increased. Two independent and simultaneous works by Jeanmaire and Van
Duyne [11] and Albrecht and Creighton [31] recognized that the large inten-
sities observed could not be accounted for simply by the increase in number
of scatterers and proposed that the enhancement must be caused by a true
enhancement in the Raman scattering efficiency itself. Jeanmaire and Van
Duyne tentatively proposed an electric field enhancement mechanism and Al-

brecht and Creighton proposed that resonance Raman scattering from molec-



ular electronic states broadened by their interaction with metal surface might
be responsible. Soon after that strongly enhanced Raman signals were verified
for many molecules attached to metallic nano structures which have sizes on
the order of tens of nanometers and these nano structures are called SERS
active substrates [32]. The metallic nano structures used were rough metal
surfaces or colloidal nanoparticles. These experiments showed that SERS is

not so much a surface effect as it is a nano structure effect.

SERS was an active research field in the 1980’s and most of the theoretical
aspects of SERS developed in this early stage. The initial SERS studies have
been well summarized by Moskovits in 1985 [33]. The research activities in
SERS appear to have faded in the following decade. The ongoing improve-
ments in Raman instrumentation made this technique available to researchers
in various fields of science and engineering and with the development of ad-
vanced nano science and nano technology techniques SERS again became an
active field of research in the last decade; the demonstration of single molecule
detection with SERS also has stimulated this technique. Raman enhancement
factors on the order of 10%- 10° have been reported in the first reports on
SERS. Later, enhancement factors in the range of 108-10' have been claimed
for many molecules [34-36] and for single molecule detection the enhancement
factors reported were 10'4-10'® [37,38]. Recently it has been reported that
enhancement in the order of 10° to 108 is sufficient for single molecule detec-
tion [39,40]. Work is still going on in the fundamental understanding of SERS
but most of the research is on its applications. The multi-disciplinary nature
and the high specificity of Raman technique together with improved sensitivity

of SERS made this an attractive and a promising technique. Today SERS is



an active area of research. SERS provides a unique fingerprint of molecules
and its signatures can be easily distinguished from the background signals.
Also it allows the possibility to simultaneously monitor many samples. SERS
can be directly applied to any molecule unlike fluorescence spectroscopy, which
requires the presence of a fluorophore and it can work at any excitation wave-
length with proper substrates. Infrared excitation has important applications
in living tissues, which are not possible with fluorescence spectroscopy which

is limited to the visible wavelength range.

2.2 Raman Scattering

The Raman effect, a scattering process between a photon and a molecule is an
important spectroscopic technique for studying the vibrational, rotational and
other low frequency modes in a system. Incident photons of energy hvy are
inelastically scattered from a molecule and shifted in frequency by the energy
of characteristic molecular vibrations hr,;. The scattered photons can occur
at lower and higher energies relative to the incoming photons, depending on
whether they interacted with a molecule in the vibrational ground state or
an excited vibrational state. When interacting with vibrational ground state,
photons lose energy by exciting a vibration and the scattered light appears at
a lower frequency vg, called Stokes scattering. By interacting with a molecule
in an excited vibrational state, the photons gain energy from the molecular
vibrations and the scattered signal appears at higher frequency v,s called
anti-Stokes scattering. Raman scattering is illustrated schematically in Fig.
2.1

The energy difference between the initial and final vibrational levels or
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Figure 2.1: Schematic diagram of Raman scattering.

Raman shift in wavenumber (cm™') is calculated as,
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Where \;,,. and A, are the wavelengths (in cm) of the incident and Raman
scattered photons respectively.
Raman scattering can be explained using classical theory as follows [41].

The electric field strength of an electromagnetic wave is given by,

E = Eycos2rit, (2.2)

Where Ej is the amplitude and v is the frequency of the incident electromag-
netic wave. If a diatomic molecule is irradiated by this wave, an electric dipole

moment P is induced,

P = aF = aFycos2nugt, (2.3)

Where «, the proportionality constant is called polarizability. If the molecule
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is vibrating with a frequency v,,, the nuclear displacement is,
q = qocoS2mumt, (2.4)

Where qq is the vibrational amplitude. For a small amplitude of vibration,

« is a linear function of q. Thus,

156"
= — 2.
[0 Oé()—f‘ (&])Oq—i- ( 5)

where «q is the polarizability at the equilibrium position and <g—3) is the
0
rate of change of a with respect to the change in ¢ evaluated at the equilibrium

position. Combining Eqgs. 2.3, 2.4 and 2.5

P = aFEycos2myt
19e"
= apFycos2mygt + 8_q qFEycos2mugt
0

19e"
= apFycos2myyt + (8_(]) qoEocos2mvgtcos2my,,t
0

1 /0
= agEycos2mvt + 5 (8_&) qoEolcos2m(vy + V)t + cos2m(vy — vim)t].(2.6)
q4/0

The first term represents an oscillating dipole that radiates light of frequency
vy, called Rayleigh scattering, the second term corresponds to Raman scat-
tering of frequency vy+v,, called anti-stokes and the third represents Raman
scattering at frequency vg-v,, called Stokes scattering. If <g—3>0 is zero , the
vibration is not Raman active. Because the change in polarizability with nu-

clear displacement is small the effective cross section for Raman scattering is
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small which is the major disadvantage of Raman scattering as an analytical
technique. Typical Raman cross sections are between 1073! and 1072 cm?
per molecule [2], which is many orders of magnitude smaller than that of the
fluorescent cross section (107'% cm? per molecule). This small scattering cross
section of Raman scattering spectroscopy is a major issue and this prevents
this spectroscopic technique from high sensitivity applications in spite of its
advantages. The enhancement of Raman intensity obtained in SERS increases
the detection limit or sensitivity therefore the SERS technique combines the

specificity of Raman with high sensitivity and is a promising technique for

analytical applications.

2.3 Swurface Enhanced Raman scattering

Surface enhanced Raman scattering is a phenomenon of enhanced Raman sig-
nals, when the molecules are close to some metallic nano structures. SERS
combines modern laser spectroscopy with the optical properties of metallic
nano structures, resulting in strongly increased Raman signals. SERS is rela-
tively new technique which has been used successfully to enhance the Raman
signals.

In normal Raman scattering , the total Stokes Raman signal is proportional
to the Raman cross section o free, the excitation laser intensity I(v;,) and the

number of molecules N in the probe volume [42].

Ingrs(vs) = NI(vp)of.. (2.7)

In SERS the molecules are attached to metallic nano structures, the sur-

face enhanced Stokes Raman signal [ggrs is proportional to the Raman cross
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section of adsorbed molecules 0%, the excitation laser intensity I(r) and

the number of molecules involved in the SERS process Nggprs [42].

Isprs(vi) = Nsprsl(vi) | A(vp) |P] A(vs) P ol (2.8)

where A(vy) and A(vg) are the field enhancement factors at the incident
and scattered frequency, respectively. The enhancement mechanisms and the

substrates used in SERS are discussed in the following sections.

2.3.1 Enhancement mechanisms in SERS

Many mechanisms were proposed for SERS in its early days and some of them
turned out to be wrong. There are mainly two mechanisms which contribute
to the enhancement, the first one is the electromagnetic mechanism which con-
tributes to a major part of the enhancement in SERS and the second is the
chemical mechanism. As their name indicates the electromagnetic mechanism
focuses on the enhanced electric fields supported on the metallic nano surfaces
and the chemical mechanism deals with the changes in the electronic structure
of the molecules which occur due to their adsorption on the metal surfaces.
Most studies show that the chemical enhancement is much lower than electri-

cal enhancement [2,43].

The electromagnetic mechanism(EM) explains that the enhancement is pri-
marily due to localized surface plasmon resonance. Surface plasmons (SP) are
light waves trapped on the surface of a conductor because of their interaction
with the free electrons of the conductor. While interacting, the free electrons
oscillate collectively in resonance with the light wave. The resonant interac-

tion between the surface charge oscillation and electromagnetic field of light
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constitutes SPs [44]. Surface plasmon resonance causes the formation of high
electric field at the surface of the metal particle and this field decays rapidly
away from the surface. For analyte molecules adsorbed on the surface of metal-
lic nano structures or in the close proximity to the metallic nano structures the
incident field is enhanced due to surface plasmon resonance. In the same way
the scattered field also will be enhanced if it is in resonance with the surface
plasmons of the metallic surface [2]. A schematic diagram for understanding

the concept of electromagnetic enhancement is shown in Fig. 2.2.

Raman active molecule

Ew=E,+ ESp

Metal
nanoparticle

€

Figure 2.2: Schematic diagram for understanding the concept of electromag-
netic SERS enhancement. Adapted from Kneipp et al. [2].

The EM mechanism can be explained as described by Kneipp el al [2].
In the schematic digram shown for understanding EM mechanism, the SERS
substrate is a small metal sphere with complex dielectric constant e(v)= e,
+ ¢;, where v is the frequency and e, , ¢; are the real and imaginary part of
the dielectric constant of metal. The dielectric constant of the surrounding
medium is €;. The diameter of the sphere 2r is assumed to be much smaller
than the wavelength of light A (Rayleigh limit). A Raman active molecule is
placed at a distance d from the metal nano particle and is irradiated with an

incident electromagnetic filed Ey. The incident field induces a dipole moment
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in the metal nano particle with a field Egp. The field experienced by the
molecule E,; is then the superposition of incident field and the field of the

dipole induced in the metal particle, given by:
Ey = Ey+ Egp (2.9)

3 € — € 1
r 0
€+2€0 (T+d>3

Esp = (2.10)

The enhancement experienced by the molecule is represented as the field
enhancement factor A(r) and is the ratio of the field at the position of molecule

in the presence of metal nanoparticle and the incident field.

_Ey(v) e—e 1P
B E()(l/) €+ 260 (’I" + d)3

A(v) (2.11)

Eq.2.11 shows that the enhancement factor A(v) is strong when the real
part of dielectric constant, €(v) is equal to -2¢;. In addition the imaginary part
of dielectric constant needs to be small for strong electromagnetic enhance-
ment. These conditions describe the resonant excitation of surface plasmons
of the metal sphere. In addition to the incident laser field the scattered Stokes
or anti stokes field also will be enhanced if it is in resonance with the surface
plasmons of the metal sphere. The SERS enhancement factor is defined as the
ratio of the Raman scattered intensity in the presence of the metal particle to
its value in the absence of the metal particle [45]. Taking into account these
enhancement effects of the laser field and the Stokes field, the total electro-

magnetic enhancement factor G, (vs) can be written as
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where | A(vz)[* and | A(vg) |* are the enhancements factors for the inci-
dent laser field at frequency v(L) and the Raman scattered field at frequency
v(S) respectively. The enhancement scales as fourth power of the local field
of the metallic nano particle and is strong when the excitation and scattered
fields are in resonance with the surface plasmons. The electromagnetic en-
hancement does not require direct contact between molecule and metal, but is
strongly dependent on the distance between them as shown in Eq.2.12. The
enhancement decreases with growing distance as (1/d)'? for d>r. Maximum
values of electromagnetic enhancement for single silver colloidal particles and
gold spheroids which have been reported are on the order of 10° - 107 [2,46,47].
Stronger enhancements have been predicted for sharp features and large cur-
vatures on metal surfaces [35]. An enhancement of the order of 10'! has been
reported for closely spaced interacting particles [35,36]. This strong increase
in the enhancement for dimers is due to the coupling of plasmon resonance
and also due to the presence of two interfaces which localize the potential drop
to a confined region which localize the enhanced field to the confined region

between the two nanoparticles forming the dimer [35].

Different models have been used for the investigation of electromagnetic
fields induced by optical excitation of localized surface plasmon resonance of
metallic nanoparticles [48-52]. These models have studied the shape, size and
arrangement of particles which leads to the increased local field enhancements.

Recently the details of electric field enhancement caused by nano particle ag-
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gregates has been investigated by a few groups [3,53,54]. Mock et al. studied
the effect of gold nano particle clusters on SERS intensity. They studied both
spherical and cylindrical nanoparticles. According to their experimental and
theoretical results; for spherical particles when the cluster size increases from
2 to 5 the SERS enhancement remained approximately the same, on the or-
der of 4x10* for a probe wavelength of 632nm. For cylindrical particles they
experimentally observed higher enhancement than spherical particles and the
enhancement increase with cluster size [3]. The calculated fields for a single
gold particle and nano clusters of varying number and geometry reproduced

from [3] are given in Fig. 2.3.

3004
8 8
250|
6 6
200 5 la
150} 2 150 2
o
100] 0
-2 -2
-4 4
50 100 150 200 250 300 50 100 150 200 250 300
300,
8 8
250 £
6 5
20 4
2 150|
i 100]
-2 -
50|
-4 -4
50 100 150 200 250 300 50 100 150 200 250 300

Figure 2.3: Calculated E field intensity for a single gold particle and gold
nanoparticle aggregates with 2 nm spacing for linearly polarized incident light.
Reproduced from Mock et al [3](Reproduced by permission of Springer).
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Xu et al. [51] reported calculation of EM enhancement factors of spherical

and nano crystal shaped particles composed of silver and gold. They predicted
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a maximum electromagnetic enhancement on the order of 10 for dimer con-
figurations of silver particles with inter particle separation of Inm and sharp
protrusions in nano structures. They observed lower enhancement for gold
nanoparticles than for silver. Single spherical and nano crystal shaped parti-
cles produce comparatively weak EM enhancement effects. The enhancement
shown in Fig. 2.3 for the case of gold nanoparticles separated by 2 nm spacing
is lower than estimated in [51]. This can be due to the difference in inter
particle separation and particle sizes in both cases. The use of discrete dipole
approximation to study the electromagnetic field induced by silver nanopar-
ticles is described by Hao et al. [52]. They calculated the electromagnetic
enhancement factor for isolated silver nanoparticles and pairs of nanoparti-
cles separated by a few nanometers. Spherical and triangular particles were
considered. According to their findings for individual particles the electro-
magnetic enhancement factor is always less than 10%. For dimer particles
the enhancement factor is close to 100 for structures with particle separation
of 2 nm and the enhancement factor is a strong function of separation dis-
tance. They state that the largest enhancement occurs for separations that
are very small. They also found that other structural properties of dimers
such as local curvature, play a less important role in determining the E-field
enhancements. A two dimensional electromagnetic model described by Brown
et al. [55] for Raman enhancement around two silver nanoparticles shows that
there is strong dependence of Raman enhancement on the separation between
particles. The smaller the distance between the nanoparticles the larger the
observed enhancement. The difference in predicted Raman enhancement for
two nanoparticles 1 nm apart and 25nm apart can be as much as six orders of

magnitude. The predicted maximum enhancement is in the order of ~10° and
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they state that the predicted enhancement agrees within an order of magnitude
of that has been observed experimentally in literature. The authors also state
that clusters of more than two particles modeled did not produce significantly
large enhancements. This result suggests that the hot spots have more to do
with extremely close location of two nanoparticles of optimum geometry rather
than clusters of large number of particles. Brown et al. [56] also reported a 2
dimensional electromagnetic model to study the relative performance of four
generic SERS substrates. In their study two nanoparticles, structured surfaces
with hemispherical features, structured surfaces with cuboid features and tip
surfaces were considered. A review on EM mechanism of surface enhanced

spectroscopy has written by Schatz et al. [57].

Experimental findings confirm the presence of strong electromagnetic en-
hancement in SERS, however there is evidence to conclude that SERS is not
exclusively an electromagnetic mechanism. If it were only an electromag-
netic mechanism strong enhancement would be expected for any Raman active
molecule in close proximity to a silver or gold metallic nano structure, but that
is not the case. Methanol does not show any SERS enhancement though it
has a strong Raman signature [2]. Another experimental observation of Ra-
man scattering from CO, and Ny molecules adsorbed on a particular surface
differ by a factor of 200 in their SERS intensities under the same experimental
conditions [4]. This result is hard to explain by electromagnetic enhancement.
Also the best electromagnetic enhancement factors leave a gap of two orders
magnitude to the best experimentally observed SERS enhancement factors on
the order of 10, suggesting the existence of additional enhancement mech-

anisms accounting for the missing factors [58]. These experimental findings
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predict a strong dependence of SERS effect on molecular selectivity and the
chemical nature of molecule and these indicate the presence of an additional

chemical enhancement mechanism in SERS.

While the EM enhancement applies to all analytes the chemical enhance-
ments are analyte dependent and require some kind of bonding to the metal
substrate. Different mechanisms were proposed for explaining the chemical
enhancement mechanism in SERS. The chemical mechanism is also known
as a first layer effect as it requires direct contact between the molecule and
metal [4] . A possible mechanism is electronic coupling between the molecule
and metal and the formation of an adsorbate-surface complex resulting in an
increased Raman cross section of an adsorbed molecule compared to that of
free molecule in normal Raman scattering. Another possible mechanism is
a resonance Raman effect in which either (a) the electronic levels in the ad-
sorbed molecules are shifted and broadened compared with the free molecule
because of their interaction with the metal surface or (b) new electronic states
arise due to chemisorption and serve as resonant intermediate state in Raman
scattering [4]. The evidence to date support the later hypothesis. When the
adsorbate strongly binds to the metallic surface, the Raman scattering can be
considered to emanate from an adsorbate- metal complex rather than from the
adsorbate molecules alone [33]. Fig. 2.4 shows a typical energy level diagram
for a metal molecule system.

The highest occupied molecular orbital( HOMO) and the lowest unoccu-
pied molecular orbital (LUMO) of the adsorbed molecules are approximately
symmetric relative to the Fermi level of the metal. In this case charge transfer

excitations between molecule and metal can occur at about half the energy of
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Figure 2.4: Energy level diagram for a molecule-metal system. Resonant Ra-
man processes involving molecular(path(a)) and molecular and metallic states
(path (b),(c))are shown. Reproduced from Campion et al. [4](Reproduced by
permission of The Royal Society of Chemistry).

the intrinsic intra - molecular excitations of the adsorbate with possible reso-
nant Raman process involving molecular states (Path (a)) and molecular and
metallic states ( path (b) and (c)) [4]. Another approach to first layer effect
called dynamic charge transfer involves the following steps (a) photon annihi-
lation, excitation of an electron into a hot electron state, (b) transfer of the hot
electron to the LUMO of the molecule, (c¢) transfer of an electron from LUMO
back to the metal with slightly altered energy due to interactions with internal
molecular vibrations, (d) return of the electron to its initial state and Stokes
photon creation [2]. Otto et al. [59] discussed surface roughness as a prereq-
uisite for chemical enhancement in SERS based on dynamic charge transfer.
Chemical enhancement mechanisms in SERS are limited to very short range

and only the first mono layer of the adsorbate can experience it [33]. The
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enhancement factor from chemical mechanism is on the order of 10- 102 [4,60].

2.3.2 SERS active substrates

Any plasmon resonance supporting structure that provides amplification of
Raman signal is known as a SERS substrate. A good SERS substrate is the
key in SERS applications. SERS substrates can be mainly classified into three
categories: 1) metallic particles in solution, such as metal colloids, 2) metal
electrodes and 3) planar metallic structures, such as arrays of metallic nano-
particles supported on a planar substrate. Metal electrodes as SERS substrate
have received attention as they have played an important role in the devel-
opment of SERS [4,33], but its importance has been diminishing because of
the low enhancement factors achievable. As the SERS enhancement occurs
due to the resonance response of the substrate, it is wavelength dependent.
A given substrate can exhibit good enhancement only for a limited excitation
wavelength range. Most of the substrates are designed to operate in visible
/ near infrared excitation (~400-1000 nm), which is the range of interest for

many Raman scattering experiments.

Silver and gold are the most widely used SERS substrates because of their
optical properties (see appendix A). These metals can support good plasmon
resonance in the visible and near infrared excitation wavelengths which is of
interest to SERS [43]. Silver is the most promising material for SERS since
it has the lowest absorption especially at wavelengths below ~ 600 nm and
can be used for large enhancement applications. Gold is suitable at longer

wavelengths (> 600nm); at such wavelengths optical absorption of gold be-
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comes comparable to that of silver. The wavelength range above 600 nm is
often used for many biological applications. Gold has the advantage of greater
chemical stability and better bio compatibility with many molecules of inter-
est and so is of interest for applications based on near infra red lasers. SERS
has also been observed with other metals like copper and platinum but with
less enhancements than that observed with silver and gold. The dimensions
of typical SERS substrates are in the sub-wavelength range and typically less
than 100nm. Rough metallic structures can be used as SERS substrates and

these structures have characteristic dimensions down to ~I1nm [43].

Methods for fabrication of nanostructures with SERS activity is a very
active field of research. Most common types of substrates that give high en-
hancement in SERS are silver and gold nanoparticles in 10-100nm range, these
nanoparticles can be used either in colloidal form or dry on surfaces. Colloidal
solutions of silver and gold can be prepared by different chemical reduction
processes [61,62] or by laser ablation [63,64]. Planar metallic structures can
be fabricated in a simple way by drying colloids or by attaching them to
a suitable substrate. Other approaches are roughening metallic surfaces by
chemical means or by evaporation of metallic islands on surfaces. Recently
with the advent of nano-technologies a new class of ordered planar metal-
lic structures has been developed. Self organization is one of the approaches
used in nano-fabrication of SERS substrate; island lithogrpahy [65] where Ag
islands, which can adopt the shapes of pillars and nano sphere lithography
developed by Van Duyne and co workers [34] are examples of self organization
method and are some of the highly desirable substrates for SERS applications.

Nano-lithography is another way to obtain uniform and reproducible SERS
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substrates, where structure of the substrate is controlled by lithographic tech-
niques. Due to the high degree of control of substrate geometry nano- litho-
graphic techniques provide the opportunity to match the experimental findings
with theoretical predictions [66]. Electron-beam nano-lithography and focused
ion beam (FIB) milling are the most used nano-lithographic techniques [67,68].
Gold nano particle arrays of well defined size and shape were fabricated by
electron beam lithography and used in SERS by Felidj et al. [67,69]. Brolo et
al. have fabricated arrays of sub-wavelength holes in Au films using focused
ion beam (FIB) milling and used that for enhanced Raman scattering [68,70].
Another recent development is the fabrication of tunable SERS substrates and
temperature controlled substrates [71]. Another aspect is nano particles of dif-
ferent shapes. Different methods have been introduced for production of metal
nanostructures with different shapes. Nanoparticles geometries such as nano
rings, nano rods, nano holes and nano shells support well defined Plasmon
resonances [68,72-76]. Nano shells with a dielectric core and metallic shell
are widely used as SERS substrates [77,78]. Successful fabrication of SERS
substrate is still an important step in the practical application of SERS as the
application mainly depends on the activity and reproducibility of substrate.
A recent review article from Brolo’s group [79], who have developed several
structured SERS substrates [68, 76,80, 81] describes the recent developments
on three general types of SERS substrates (1) metallic nanoparticles immo-
bilized in planar solid supports; (2) metallic nano structures fabricated using
nano lithographic methods; and (3) metallic nano structures fabricated using

template techniques and their use in analytical applications [79].

Among the various SERS substrates, metal colloidal nano particles are the
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most used SERS substrates. The main attractions of colloidal nanoparticles
are their ease of preparation and low cost. Some of the inexpensive and simple
preparation methods for silver colloids are chemical reduction, laser ablation
and photo-reduction. Silver colloids are prepared by reduction reactions in
solution either by using silver nitrate and trisodium citrate called the Lee
and Meisel method [62] or using borohydride as the reducing agent called the
Creighton method [61]. In the laser ablation method a pulsed laser is used to
ablate metal plates or foils in distilled water or NaCl solution, the properties
of the metal colloids formed will depend on the laser pulse energy, laser beam
focusing, time of ablation and the presence of additional ions [64]. For the
photo reduction method light (gamma or UV irradiation) is used to reduce a
metal salt [82]. Silver colloids provide larger electromagnetic SERS enhance-
ment in the visible range. Metallic colloids are used in the recent developments
of single molecule detection, both in colloidal form in [38] and deposited on
a planar substrate [37]. One of the drawbacks of colloidal nanoparticles is
that their aggregation makes reproducibility more challenging. On the other
hand in some cases aggregation is required for the observation of SERS. SERS
substrates can be characterized by different methods such as scanning electron
microscopy(SEM), transmission electron microscopy(TEM) and also by using

extinction or UV /visible spectroscopy.

2.3.3 Applications of SERS

SERS overcomes the sensitivity problems of Raman scattering technique and
increases the detection limit. The main analytical advantages of SERS are

enhanced sensitivity, surface specificity and fluorescence quenching by metal

25



nano particles. As the SERS signals are much narrower than fluorescence
bands it is possible to detect multiple analytes simultaneously using SERS.
SERS has potential applications in analytical chemistry, biochemistry, forensic
sciences etc, where identification and structural characterization of molecules
play a central role. In addition to its various advantages SERS technique has
its own limitations. One of the main issues in SERS is the the problem of re-
producibility [43]. The poor reproducibility of this technique prevents it from
many practical applications. One can see complementarity between SERS en-
hancement and reproducibility. The large enhancement factors are difficult to
reproduce. This thesis will address some of the issues of reproducibility and
discuss the conditions where we have reproducible signal with high enhance-
ments. Another issue is the time delay in observing the SERS signals. For
example for Trp, Aliaga et al. reported the observation of reproducible spectra
only a few hours after preparation of the sample solution, they also observed
a large variation in the SERS of Trp [25]. Another limitation is selectivity
of SERS technique to the analyte. In order to observe the enhancement the
analyte has to bind to the substrate. Background electrolytes help the binding

of analyte molecule to substrate and are an important factor in SERS studies.

SERS has been used for the analysis of biofluidic like glucose monitoring as
reported by Lyandres et al. [83]. SERS has been extensively used for the anal-
ysis of many biomolecules like DNA [18,84], protein [85,86], bacteria [87,88],
virus [89] etc, it provides ultra sensitve detection, monitoring, and character-
ization of bio medically relevant molecules and is one of the fastest growing
techniques in bioscience. Applications of SERS in biophysics and biomedical

spectroscopy has been discussed by Kneipp et al. [2] in their review. Envi-
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ronmental and biomedical applications with new developments in fiber -optic
SERS monitors, SERS-based bio assaays and near field nanoprobes are dis-
cussed by Vo-Dinh [90]. Structural investigation and limit of detection analysis
of several widely used pharmaceutical compounds by SERS has been described
in [91]. With better understanding of the basic experimental requirements and
the theoretical knowledge from electromagnetic interpretation, applications of
SERS are growing at a fast pace. One of the promising applications is asso-
ciated with the single molecule detection capabilities of SERS. In 1997, two
groups independently claimed single molecule (SM) detection under SERS con-
ditions [37,38] and an enhancement factor as large as 10*. Single molecule
detection opens up new possibilities in bio-sensing applications due to the
ability to analyse molecules at the ultimate sensitivity limit and this area is
the subject of intense fundamental research. SM-SERS detection meets with
same problems as that of SERS, like fluctuations in the signals, lack of repro-
ducibility and lack of understanding of the conditions and lack of control over
the magnitude and spatial location of the hot spots. The authors on the first
reports on SM-SERS in their discussion [92] pointed out that the deduction of
SM-SERS from their result was not straightforward although much evidence
supported the claim. Single molecule detection has started to be believed af-
ter large amount of evidence has been gathered over the years [43]. Another
promising recent development in SERS is tip enhanced Raman spectroscopy
(TERS), which is a combination of SERS and enhancement produced by a
metallic tip. Atomic force microscopy (AFM) and scanning tunneling mi-
croscopy (STM) use metallic tips, the combination of SERS together with
AFM and STM is interesting where hot spots can be produced at controlled

positions. It has the additional advantage of imaging capabilities of AFM and
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STM. One of the first reports on TERS with AFM has been reported in [93].
Pettinger et al. has described TERS with STM tip [94]. Development of new
substrates from nano technology is another active research area which con-

tributes to the development and applications of SERS.

In this thesis the goal was to develop a very high sensitivity SERS tech-
nique for detection of biomolecules which eventually could be incorporated
in microfluidic analysis systems. The ultimate goal would be to achieve sen-
sitivities high enough for analysis of the protein content of a single cell. In
order to develop such techniques, in the present thesis we focused on SERS
studies of different amino acids, peptides and dyes in silver colloid. The high
sensitive detection of amino acids and peptides is important as they are the
basic building blocks of proteins. Other methods used in protein detections
are ELISA (enzyme-linked immunosorbent assay), Immunofluorescence etc. In
ELISA the presence of antibodies or antigens in a sample are detected based on
antibody-antigen immunoreactions. Immunofluorescence uses the specificity of
antibodies to their antigen to tag fluorescent dyes to specific biomolecule tar-
gets within a cell, and thereby visualize the distribution of the target molecule
through the sample. Though SERS has the capability to detect even single
molecules [39,40] and for many analytes sub-nanomolar detection limit has
been achieved, the detection of amino acids at very low concentrations has
not been reported. The lowest concentration detected for Tryptophan amino
acid using SERS reported in the literature is 1075 to 107 M [25]. In our
studies we detected SERS signals from Trp amino acid at concentration as
low as ~ 107® M with SERS enhancement of ~10%. Background electrolyte

is an important factor in SERS measurements as they change the aggregation
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and binding. In most cases, addition of electrolyte is necessary to observe
SERS signal. In the vast majority of experiments sodium chloride was used
as the background electrolyte and a few papers deal with other electrolytes.
During the course of this thesis we tested different electrolytes. Along with
the commonly used electrolyte NaCl, we also used some composite electrolytes
and which led to high enhancement of Raman signals. A comparison of the
SERS enhancement factors observed with different electrolytes has also been
discussed. We performed SERS measurements in a microfluidic chip and in a
liquid core waveguide geometry. The low volume requirement of microfluidic
chip together with the high sensitivity of SERS technique make it possible to
analyze small volume of samples. The amount of sample required for SERS
analysis in microfluidic chip is on the order of femto moles as described in
chapter 5. It is expected that this can be used for the detection of protein
from a single cell. For example the amount of protein in a human retinal pig-
ment epithelial cell is measured to be ~ 100pg/cell [95]. Assuming that the
average proteins contain more than 100 amino acids and the average molecu-
lar weight of each amino acids is approximately 100 to 125 [96], the average
molecular weight of protein can be taken as ~ 10000g/mol and the amount
of protein from one cell can be calculated as 10 femto moles. So it may be
possible to detect high concentration constituents in single cell in a microflui-
idic chip with the concentration range we have achieved in SERS. The use of
a liquid core waveguide(LCW) can further increase the sensitivity of Raman
measurements. A Teflon AF capillary with refractive index 1.29 supports total
internal reflection for aqueous solution and can be used as a LCW. Detection
of Raman signals in Teflon AF capillary has been reported before, but to the

best of our knowledge SERS detection in Teflon AF capillary has not been
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reported to date. We detected SERS signal in a Teflon AF capillary, which
provides the possibility of additional signal enhancement of up to 100 times
which further increases the detection limit of SERS. In principle short waveg-
uides channels on the order of centimeters in length could be incorporated
into microfluidic systems for high sensitivity lab on a chip analysis. In addi-
tion, a numerical simulation has also been performed to better understand the

aggregation process in silver colloid and time of evolution of SERS signal.
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Chapter 3

Experimental Methodologies

3.1 Introduction

This chapter gives the details of the the experimental techniques and equip-
ment used in the course of the thesis. In particular details of spectrometers
and detectors used and their calibration procedure are described. The mea-
surement of scattering length is explained and the method of preparation of

silver colloid is also described.

3.2 SERS Experimental Setup

The SERS spectra were collected in a backscattering geometry using a custom-
built laser setup. The schematic diagram of the experimental setup is shown
in Fig. 3.1.

A diode pumped second harmonic solid-state laser (Nd:YVOy, 30 mW, 532
nm) was used, which has a laser beam quality factor (M? factor) equal to 1.3.
To record spectra we used a 0.35 m McPherson monochromator with a 1200
lines/mm grating, it has an adjustable slit with a slit width which can be varied
from 5 to 4000 microns. The wavelength range available is from 190nm to

1300nm. The monochromator has an effective aperture of f/4.8 and dispersion
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Figure 3.1: Experimental setup.

of 2 nm/mm when using a 1200 lines/ mm grating and was equipped with a
model 789A scan controller from McPherson. The detector used was a cooled
charge-coupled device (CCD) array (ST6-SBIG, Santa Barbara Instrument
Group), the detector size is 8.6x6.5 mm and the pixel size is 23x27 um. The
exposure time of the CCD can be varied from 0.01 to 3600 seconds with a
10ms resolution and the operating temperature was either -20 deg C or -25
deg C. The setup also includes a focusing/collecting aspheric lens (f =8 mm,
diameter = 8 mm) and a beam splitter, a 550 nm long pass interference filter
(TFI Technologies). The transmission spectrum of filter is shown in Fig. 3.2.
An 8 mm lens was used to collect the scattered light. A second lens Ly of
focal length 8 cm imaged the the collected light onto the monochromator slit,

which was set to a width of 150 pum, corresponding to a spectral resolution
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Figure 3.2: Transmission spectrum of filter.

of about 12 cm™!. All the components of the experimental set up except the
monochromator and CCD were placed in a light tight box. The picture of

experimental set up is shown in Fig. 3.3.

Figure 3.3: Picture of experimental setup.

The spectral calibration was accurate to approximately & 5 cm™!. During a
single exposure the monochromator observed a 17 nm spectral range when 1200

lines/ mm grating was used. To obtain spectra over a wider range, multiple
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exposures with different grating positions were used. Quartz or disposable
plastic cuvettes were used during spectral measurements. KestrelSpec software
[97] is used for the observation of the spectra. A dark current background

subtraction was performed for each measurement.

3.3 Spectrometer Calibration

A mercury light source from Pen Ray Lamp(12011087, B 264738) was used
for the calibration of the spectrometer. To take into account a small non
linearity of the spectral line value versus its position on the CCD detector the
following procedure was used. The spectrometer was set to observe one of
the known mercury lines at 579.066 nm at the center of the detector array.
First an auto calibration procedure was performed as described in KestrelSpec
software manual [97]. Auto calibration updates the spectrograph parameters
and links the wavelength of spectral line to its position on the CCD array and
grating angle. After autocalibration the pixel position is known for the yellow-
orange mercury line at 579.066nm and the wavelengths corresponding to all
the other pixel can be determined using the spectrograph parameters. Then we
changed the scanning wavelength of the monochromator so that the mercury
line moved across the CCD array with 1 nm step size. At each position we
measured the difference between the observed value of the spectral line and its
database value. The corresponding pixel position is also noted. This difference
(correction factor) is shown in Fig. 3.4. The data were interpolated and the
correction is applied to the spectra after each measurement.

An example of a test spectra measured using this set up for isopropanol is
given in Fig. 3.5. This compares well to the reported literature spectrum for

isopropanol in [98].
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Figure 3.5: Test spectrum measured from 2-Propanol.

A comparison of the peak positions from the spectrum of 2-Propanol mea-

sured in our setup with that of the reference spectrum in Spectral Database

for Organic Compounds SDBS [98] is shown in Table.3.1.
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Peak position( wavenumber, cm™!)

Spectrum measured | Reference spectrum from database
821 £1.8 820
955 £2.1 955
1134 £3 1132
1454 £1.5 1454

Table 3.1: Comparison of Raman spectrum of 2- Propanol measured in our
setup with that in the spectral database. The error bars shows the standard
deviation estimated from 9 spectral measurements.

3.4 Estimation of Effective Scattering Length
and Scattering Volume

To measure the variation of detected signal versus sample position and the
effective scattering length a mylar sheet of thickness 25 pm was used as a test
sample. The mylar sheet was mounted on a precision translation stage, (P1-
M11-1DG). The sample was moved and spectrum was recorded for different
positions with an integration time of 5 seconds. A graph is plotted of the
peak signal height as a function of position as shown in Fig. 3.5 and the
scattering length is measured at full width at half maximum. The strength of
the scattered signal was measured for slit width of 150 pum as shown in Fig.
3.6. The scattering length measured for 150 pm slit width was ~ 400 pm.

In order to measure the scattering volume we need to consider the shape of
the beam on the sample. As the scattering length is much larger than the depth
of focus, we can use geometrical optics to calculate the scattering volume, in
that case the scattering volume is represented by two cones as shown in Fig.
3.7.

The beam diameter (1/e?) measured on the lens is 2 mm and the focal
length of the lens is 8§ mm. The measured scattering length for 150 pm slit

width is 400 pm. Scattering volume is limited by two cones with heights of
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Figure 3.7: Scattering volume measurement.

half of the scattering length. In the air the beam diameter on the surface
limiting the scattering length is calculated using the input beam cone angle
as, x = ~ 50 pm, (200/8000 = x/2000). The scattering volume consists of two
cones. The volume of the cone is calculated using V.= 1/3 7 r? h , with r =
x/2 and h =200 pm. The calculated scattering volume in air is 2.6x 1077 cm?.
in water the angle of light cone inside the sample is reduced by the refractive

index and is calculated as 0.092 radian.
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3.5 Resolution vs Slit Width

To measure the resolution vs slit width, the laser line was measured for different
slit widths with 0.02 seconds integration time. A plot of observed CCD signal
versus slit width is shown in Fig. 3.8 and the resultant value of slit widths are

tabulated in Table.3.2
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Figure 3.8: Observed CCD signals for different slit widths.

Slit width(gm) | FWHM (cm™!)

50 7.3

100 10.6

150 12.2

200 15.5

300 22.0

500 36.9
1000 72.6

Table 3.2: Observed spectral resolution versus slit width.

3.6 Absorbance Spectrum Measurements

A portable (Ocean Optics USB2000) spectrometer was used to measure the

absorbance spectra of the colloidal solutions. A schematic digram is shown in
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Fig. 3.9. To obtain the spectrum, first the incident light was measured with-
out any sample. Then the sample in a cuvette was inserted into measuring
chamber and measured the transmitted light. The spectrum of the incident
light was then divided by spectrum of transmitted light and common logarithm
of that gives the absorbance. The excitation light source was made by com-
bining different light emitting diodes and it could give absorption spectrum

measurements only from 380nm to 800nm.

Ocean Optics
Spectrometer :|: > ]

(USB 2000) I Light source

Cuvette
Entrance slit

Figure 3.9: Schematic diagram of absorption measurement setup.

3.7 Silver Colloid Preparation

A modified Creighton procedure was used to produce the silver colloid [61].
The colloid was produced by fast syringe injection of 5 mL of silver nitrate
(AgNO3) solution (1073 M) into a 5 mL solution of sodium borohydride,
NaBH, (6x1072 M). Fig. 4.5 given below shows the picture of silver colloid
solution and a TEM picture of the colloid dried onto a TEM grid. The sample
preparation of TEM measurement was done by placing a drop of fresh silver
colloid right after preparation on a grid and taking out the excess solution
using a filter paper and then drying it.
6x 1073 M NaBH, + 103 M AgNOs;— Silver colloid
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Figure 3.10: (a) Silver colloid solution (b) TEM image of the silver colloid.

The colloid prepared was six times more concentrated that the colloid in
the original procedure [61]. 18 M deionized water was used for solution
preparation. We found that colloid formation and its SERS performance are
sensitive to the aging of the sodium borohydride solution used, probably due
to the decrease of its reduction strength with time, which in turn can influence
the size of the colloidal particles generated. To obtain the maximum repro-
ducibility, one day old solution of NaBH, was used for the experiments . After
preparation, the solution of sodium borohydride was kept in a refrigerator at
about 10 deg C for one day. Just after mixing, the colloid had a pale yellow
color. The reaction was completed in approximately 10 seconds, when the
colloid color became deeper yellow and stabilized. The colloid was stable for
about 30 minutes. The absorption spectrum of the colloid solution is shown
in Fig. 3.11.

The absorption spectrum was measured from a four times diluted silver
colloidal solution prepared by the above mentioned method. The spectrum
has a sharp plasmon resonance at 390 nm, which is in agreement with the

silver colloid absorption spectrum reported in the literature [61,99,100]. The
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Figure 3.11: Absorption spectrum of silver colloid.

peak at ~400 nm is well known for silver spheres with small radii (< 20 nm
) and the absence of any shoulder in this spectrum indicates the presence of
mainly single particles [100]. The absorption spectrum was obtained using
Perkin-Elmer NIR-UV spectrophotometer. The colloid was used for SERS
measurements just after preparation. It was also found during the experiments
that the SERS signal strength is affected by the concentration of the colloid
solution. In most of the experiments the colloid was used as prepared and
in some experiments diluted colloid was used. A diluted colloidal solution
was obtained by adding an appropriate amount of deionized water to the
concentrated colloid generated by the above described procedure. For colloid
activation different electrolytes have been tested as discussed in the following

chapters.
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Chapter 4

Surface Enhanced Raman
Scattering Detection of Amino
Acids and Peptides

4.1 Introduction

Surface enhanced Raman scattering (SERS) technique with its high sensitiv-
ity is particularly applicable for biological applications of Raman spectroscopy.
Since its discovery SERS has been used as a powerful analytical tool for sensi-
tive detection of biomolecules [101-103]. There are many medical and biologi-
cal applications where detection of molecular compounds at low concentrations
is important. The high sensitivity and selectivity of this technique makes it
possible to detect even single molecules [38,104]. SERS studies of different
proteins, bacteria and DNA have been reported recently [84,88,105]. In order
to have a better understanding of the SERS spectra of complex biomolecules,
it is essential to analyze SERS spectra of the constituent elements. Amino
acids are the basic building block of proteins. Amino acid molecules contain
an amine group, a carboxyl group and a side chain. The side chain differs be-
tween different amino acids. Peptides are short polymers formed from amino

acids, where the amino acids are linked together by amide bonds, a cova-
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lent bond formed between the carboxyl group of one molecule with the amino
group of the other molecule. The general structural formula of amino acid and
a dipeptide is shown in Fig. 4.1, where R represents the side chain, an organic
substituent. SERS studies of amino acids and peptides are important because
they can be used as a basis for understanding the interaction between pro-
teins and metal surfaces and they can provide useful data for the subsequent
studies of larger peptides and proteins. SERS studies of different amino acids
like tryptophan (Trp), phenylalanine (Phe), Glycine (Gly), tyrosine (Tyr) ,
alanine (Ala) , lysine (Lys) etc have been reported in the literature [12-17].
Peptides provide a better model system than amino acids for protein stud-
ies because of the presence of amide linkage and decreased role of end group
effects in determining both solute-solvent and adsorbate-surface interactions.
Additionally, small peptides are closer vibrational spectroscopic analogues to
proteins than are amino acids, and so they provide a more useful data base
for subsequent studies of larger peptides and proteins [106]. From the vi-
brational studies of amino acids on metal surfaces, we can learn about the
orientation and the binding geometry of different functional groups on metal
surfaces ,and get an idea of the surface geometry. The information obtained
can then be used for studying the surface interaction of functional groups in
more complicated molecules. Even though all amino acids contain carboxyl
and amine functional groups, the conditions for observing the SERS spectra
are still different for different amino acids.

In this chapter we report SERS studies of several amino acids and peptides
using borohydride reduced silver colloid substrate. We studied the SERS sig-
nals from the amino acids tryptophan (Trp), phenylalanine (Phe) and glycine
(Gly) and from the peptides Trp-Trp and Gly-Gly-Gly. The impact of the
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Figure 4.1: Structural formula of (a) an amino acid and (b) a peptide.

type of electrolyte used for colloid aggregation and the dependence on the ex-
perimental procedures for mixing of the components on the amplitude and the
stability of the SERS signal have been studied. Some of the results presented
here are already published in [30,107].

4.2 Chemicals

Sodium borohydride (EMD), silver nitrite (EM Science), sodium chloride (Fisher),
amino acids: tryptophan (Trp)( Alberta Peptide Institute,Sigma Aldrich),
phenylalanine (Phe) and glycine (Gly) (Alberta Peptide Institute) and pep-
tides Trp-Trp (Alberta Peptide Institute) and Gly-Gly-Gly (Sigma Aldrich)
were used as received without further purification. Deionized water (18 M)
was used for solution preparation. Silver colloid was prepared from Sodium

borohydride and silver nitrite as described in the previous chapter.

4.3 SERS study of Tryptophan (Trp) and Trp-
Trp

Tryptophan is an important amino acid among the 20 standard amino acids
and is an essential amino acid in human diet. Trp has its medicinal use as

an antidepressant and a narcotic [108]. The structure of amino acid is shown
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in Fig. 4.2. The distinguishing structural characteristic of this amino acid is
the presence of an indole ring functional group containing an HN group in the

ring.

H;N——CH—C——OH

CH,

Figure 4.2: Trp Structure.

We have performed a detailed study of Trp amino acid. The SERS spec-
trum of Trp has been studied in the concentration range 1.4x10~% M to 5x10~*
M. Different electrolytes have been tested for the activation of the colloid and
optimum conditions have been determined for achieving high sensitivity of de-
tection. In this chapter we present some of the initial results we obtained for
this amino acid using sodium chloride (NaCl), sodium bicarbonate (NaHCO3)
and a composite electrolyte (bottled drinking water) containing the following
ions: HCO3~, Ca?*, Cl=, SO,%~, Mg?*", Nat (45, 19, 8, 7, 4, 2 ppm) re-
spectively according to the manufacture specification) as the electrolytes. We
could also detect SERS spectrum from Trp without using any electrolytes. A
more detailed study of low concentration detection of trp amino acid is given
in chapter 6 and details of the other electrolytes used and a comparison of
enhancement factors are presented in chapter 7.

Normal Raman spectra from Trp pressed solid powder and its aqueous

solution (0.03M) are shown in Fig. 4.3.
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Figure 4.3: Raman spectra from Trp: (a) solid powder with acquisition time
of 10s, (b) 0.03 M aqueous solution with acquisition time of 100s.

4.3.1 SERS study of Trp using sodium chloride elec-
trolyte

Sodium chloride is one of the most commonly used electrolyte in SERS exper-
iments [109,110]. When we used NaCl electrolyte the solution for SERS mea-
surements was prepared adding 1 ml of 2x 1073 M Trp into 10 ml concentrated
silver colloid followed by 2ml of 10~ M NaCl, giving a final concentration of
1.5x10~* M Trp in solution. The SERS signal started appearing clearly after
a few seconds (~ 45 seconds) after preparation of the solution and continued
to strengthen. The spectrum observed at 30 minutes after the preparation of
sample solution is shown in Fig. 4.4.

The yellow color silver colloid remained in the same color after the addition
of Trp and NaCl. The strength of the SERS emission remained above 70% of

its peak value for a period of 2 days.

46



16000

14000

12000

10000

8000

6000

4000

Signal / CCD counts

2000

0 T T T T T T
900 1000 1100 1200 1300 1400 1500

Wavenumber / cm -!

Figure 4.4: SERS signal of Trp with NaCl electrolyte.

4.3.2 SERS study of Trp using aged sodium bicarbonate
electrolyte

The solution for SERS measurement using aged sodium bicarbonate NaHCOj3
electrolyte was prepared by adding 0.07 ml of 5x1072 M aqueous solution of
Trp into 10 ml of concentrated silver colloid solution followed by the addition
of 40 ml of DI water and 10 ml of 5x107% M of sodium bicarbonate. The final
concentration of Trp for the SERS measurement was 2.3x107% M . Before the
addition of NaHCOj5 the silver colloid was yellow in color. After the electrolyte
was added, the solution changed its color from yellow to dark red and then to
green-gray. The SERS spectrum started appearing within 1-2 minutes after
preparation of the solution and the maximum signal was observed between 10-
15 minutes after mixing. An enhancement of about 107 was observed relative
to the normal Raman spectrum of Trp shown in Fig. 4.2(c). It is important
to mention that the order of mixing of components can have a very strong
impact on the ability to the level of the observed SERS signal. We could

observe the SERS signal from Trp only when the amino acid was introduced
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to the colloid before the addition of deionized water and NaHCO3. When the
order of mixing was changed by adding the electrolyte into the solution before
adding the amino acid, no spectrum was observed. SERS spectrum observed

in both the cases and the corresponding absorbance spectra are shown in Fig.
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Figure 4.5: (a) SERS spectrum from Trp 2.3x107% M when electrolyte was
added to the colloid after Trp (curve 1) and when electrolyte was added to the
colloid before Trp (curve2); (b) Absorbance spectra when electrolyte was added
to the colloid after Trp (curve 1) and before Trp (curve 2). The absorbance
spectra are offset for better visibility. (¢) Raman spectrum of 0.03M aqueous
solution of Trp with acquisition time of 100 seconds.

In both the cases a similar change in color was observed and also the
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absorbance spectra observed were similar in both cases. Two peaks, which
can be seen in the absorbance spectra, are the evidence of the existence of
aggregates of elongated shape and or fractal shape [6,61]. We repeated the
experiment 3 times and observed similar spectra using the same NaHCOj3
electrolyte. However much weaker and irreproducible spectra were obtained
when freshly prepared NaHCOj3; was used. This indicated that some subtle
change in the solution was important in the enhancement leading to further

studies as discussed in chapter 7.

4.3.3 SERS study of Trp using composite electrolyte

Another electrolyte we used for observation of SERS spectra from Trp is a
composite electrolyte containing the following ions HCO3~, Ca?*, Cl=, SO4%~,
Mg?*, Na™ (45, 19, 8, 7, 4, 2 ppm). In fact this electrolyte was a commercial
bottled drinking water(Nestle, purelife) and gave higher enhancement of the
Raman signal compared to the previously described electrolytes. The solution
for SERS measurements was prepared by adding Trp into 10 ml of silver colloid
followed by 30 ml of deionized water and 20 ml of composite electrolyte. An
example of the SERS spectrum of Trp at a final concentration in the colloid
of 4.2x107® M is shown in Fig. 4.6.

This is one of the electrolytes we tested which gave very high enhancement
of the Raman signal with stable and reproducible SERS spectra. A time
dependence study of the SERS signal for 4.2x107% M concentration of Trp is
shown in Fig. 4.7. The Raman spectrum of Trp in silver colloid started to
appear approximately 2 min after mixing and reached its maximum value at
about 30 to 60 min after mixing. After reaching its maximum the signal slowly

fell down on the time scale of hours. Fig. 4.7 illustrates the typical temporal
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Figure 4.6: SERS spectra from Trp (4.2x1078 M) in the silver colloid with
composite electrolyte. The spectrum was taken 10 minutes after addition of
Trp to the colloidal solution.

behavior of the SERS signal. The shape of the emission spectra did not change
with time as shown in Fig. 4.7. The batch to batch reproducibility was also
very good. The peak height at 1350 cm™! varied with a standard deviation of
mean of 25% from batch to batch but these variations did not influence the
relative intensities and position of the peaks.

Based on the peak to background height at ~ 1350 cm™! from aqueous
solution shown in Fig. 4.5(c) and at ~1345 cm™! from the SERS mea-
surement an enhancement of Raman scattering as high as~10° is estimated,
which is several orders of magnitude higher than previously reported for Trp
in silver colloids [1]. In the case when 5x1072 M solution of aged sodium
bicarbonate(NaHCO3) was used instead of the composite electrolyte the re-
sults did not show as high reproducibility and were weaker in strength. Usually
the maximum SERS signal observed under identical conditions was approx-

imately five to ten times smaller for the case of NaHCO3 versus composite
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electrolyte. However the shapes of the spectral curves were the same in both

cases.

150k
120k

1 80k *
120k | \

] / Time, from top
] to bottom

90K - I 30 min
1l o

2

=

= .
S 10 min
=) 30 60 90 120 150 180 600 1200 3h
(@] Time, min

&) b 4h

§ 60k - 5 min
= 24 h
7]

30k

:

T T T T T T T 1
1000 1100 1200 1300 1400 1500 1600

-1
Wavenumber, cm

Figure 4.7: (SERS spectra of Trp (4.2x10~® M) in silver colloid solution at
different times after mixing. In the insert, the time dependence of the peak
height of the peak at ~1345 cm™! above the background at 1393 cm™! is
shown.

We also carried out a concentration dependence study of SERS signal from
Trp using this electrolyte. Eight samples were prepared by adding different
amount of Trp stock solution mixed into 10 ml of silver colloid followed by ad-
dition of 30 ml of deionized water and 20 ml of the composite electrolyte. The
final concentrations of tryptophan in the solutions were 4x107% M, 1.4x107®
M, 4.2x107% M, 1.4x10~" M, 4.2x107" M, 1.4x107% M 1.4x107°> M and
1.4x10~* M. The SERS spectrum from each of these solutions was measured
over a 2 hour period of time. In Fig. 4.8(a) the spectra taken at 10 min after
mixing are shown on a log scale for better demonstration of the invariability of
the spectra with concentration. One can see from the figure that the spectral

shape stays largely unchanged in the whole range of concentrations studied.

o1



The small peak around 1000 cm™! at low concentration of Trp is attributed
to the Raman scattering from the walls of the plastic cuvettes used in the
measurements. The concentration dependence of the amplitude of the highest
peak (max at ~ 1345 cm™ - min at 1390 cm™") is shown in Fig. 4.7(b). The
intensity of the signal (peak height) increases linearly up to the concentration
of ~10~7 M then it stays constant up to the concentration level of ~1075 M,

after which it rapidly drops down.

This decrease of the signal strength at high concentration is likely to be
caused by a change of the adsorption of the Trp molecules to the nanoparticle
surface at high concentration. The strongly pronounced saturation behavior
can be explained in terms of the limited number of molecules that can be
adsorbed on the surface of a silver particle. Assuming that the silver colloid
consists of monodispersed particles with a diameter of 10nm [1] (this value is
consistent with our SEM observations) the concentration at which the SERS
signal saturates (~10~7 M ) corresponds to approximately 35 molecules per
nanoparticle. Taking into account that the length of the Trp molecule is about
Inm one may conclude that the number of molecules that can be adsorbed
on the surface of the nanoparticle is smaller than that for single monolayer
coverage. However as will be shown later the largest EM field enhancement
effect occurs at the boundary of two nanoparticles forming a dimer and once
this limited surface region is covered the SERS signal should saturate. Though
the composite electrolyte works well, we can not rely on this electrolyte as
it is not well defined and may change with changes in the water source or
preparation. We thus produced an electrolyte which works similarly to that

of this composite electrolyte and is described in chapter 7.
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Figure 4.8: (a) SERS spectra of Trp with composite electrolytes at different
concentrations at 10 min after mixing (b) Concentration dependence of the
magnitude of SERS peak at ~1345 cm™! of Trp.

4.3.4 SERS spectrum from Trp without electrolyte

We could also observe the SERS signal from Trp even without the addition
of any electrolyte. One of the solutions for this measurement was prepared
by adding 0.1ml of 2x1073 M solution of Trp into 84 ml of diluted colloid
(4 ml of colloid prepared by the method described in chapter 3 diluted by
80 ml of deionized water), giving a final concentration of 2.4x107% M. The
spectrum started appearing almost 1 minute after preparation of solution when
the solution color changed from yellow to light pink. Then about 6 minutes
later the solution became light green gray in color. The strength of the signal
increased with time and then remained stable. Spectrum observed around 20
minutes after preparation of the sample solution is shown in Fig. 4.9. The
spectrum was also observed when we changed the order of mixing that is when
we added Trp into the concentrated colloid and then diluted the solution. This
result indicate that Trp acts similarly to the electrolyte solution by promoting

agglomeration of the silver nanoparticles.
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Figure 4.9: SERS spectrum of Trp at concentration of 2.4x107% M of without
any electrolyte at a time of approximately 20 minutes after mixing.

4.3.5 SERS study of Trp-Trp

In the case of dipeptide Trp-Trp, a SERS spectrum could also be observed
when the aqueous solution of dipeptide was added to the colloid even without
addition of the any electrolyte. The SERS spectrum of Trp-Trp is shown in
Fig. 4.10. The final concentration of Trp-Trp in the colloidal solution was
1.3x107% M. The silver colloid was yellow in color when prepared. After the
addition of colloid the solution changed color from yellow to dark red / pink
and then green-gray. The spectrum of Trp-Trp is similar to that of Trp except
the peaks at 1122 and 1202 cm ! are slightly broader and the peak at 1302 cm
~lis smaller. As there is no maximum in the spectra around 1400 cm ~! which
would correspond to the COO- symmetric stretching vibrational lines one may
conclude that Trp and Trp-Trp do not bind to the silver surface through the
carboxylate group. In general, the peaks observed in the Trp and Trp-Trp are

in agreement with the spectra in the literature [26, 106].
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Figure 4.10: SERS spectrum of Trp- Trp.

4.4 SERS study of Phenylalanine(Phe)

Phenylalanine is an essential amino acid and can be readily found in food
sources. Phenylalanine helps the brain to produce norepinephrine, a neuro-
transmitter which conveys information between nerve cells and the brain and
is also important for memory, alertness and learning. Phe is used in treatment
of depression, bipolar disorder, hyperactivity and can also function as a pain
reliever [111]. The structure of Phe is shown in Fig. 4.11 and the Raman

spectrum and SERS spectrum are shown in Fig. 4.12.

Figure 4.11: Phenylalanine Structure.
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Figure 4.12: (a) Raman spectra of 0.1M aqueous solution of Phe using a 100s
integration time (b) SERS spectra of Phe (1.8 x10™* M)using a 50s integration
time.

The final concentration of Phe for the SERS measurement was 1.8x1074
M, which was obtained by adding aqueous solution of Phe into concentrated
silver colloid. When 1 ml of 2x1072 M Phe was added to the 10 ml of colloid,
it changed the color from yellow to dark green in about 10-15 minutes and
became dark gray in 30 minutes, the peak SERS signal was observed at that
time. No electrolyte was necessary to observe SERS spectrum from Phe. An
integration time of 100 seconds was used for the normal Raman spectrum and
50 seconds for SERS measurements. The SERS enhancement factor observed is
about 10* times. The spectrum is in agreement with the Phe spectra presented
in the literature [12]. The peak observed at 1054 cm™' can be attributed to
(C-CHy) and (C-N) stretching and the peak at 1002 cm ~! to a benzene ring
vibration [12]. A similar SERS spectrum observed for a final concentration
of 2.8x107® M Phe in solution with peak height 1.3 times smaller than that
observed with 1.8x10™* M. For the experimental conditions we studied no
SERS spectrum could be observed from Phe when the previous composite

electrolyte was used with the same sample preparation method as that used
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for Trp. Omne of the possible reasons for lack of spectrum may be the poor
binding of Phe to the substrate with composite electrolyte. The orientation of

adsorbate on the substrate is also an important factor in SERS.

4.5 SERS study of Glycine(Gly) and Gly-Gly-
Gly

Glycine with chemical formula (NHyCHy;COOH) is the smallest amino acid.
Gly helps in the synthesis of hemoglobin. Gly is also useful for detoxifying toxic
chemicals in the body and in wound healing [111]. The chemical structure of
Gly is shown in Fig. 4.13. In contrast to Trp and Phe, Gly does not have a
cyclic group.

0

H,N—CH—C——OH

H

Figure 4.13: Glycine Structure.

In order to observe SERS spectrum from Gly and its tripeptide Gly-Gly-
Gly , 0.5 ml of 2x1073 M aqueous solutions of Gly or Gly-Gly-Gly were added
to the diluted silver colloid giving a final concentration of 1.8 x10~* M analyte
in the solution. SERS spectra of amino acid glycine(Gly) and its tripeptide
(Gly-Gly-Gly) are shown in Fig. 4.14. In the same figure, the Raman spectrum
of 0.1M aqueous solution of Gly is also shown for comparison. An integration
time of 5 seconds was used for the SERS measurements and 100s was used for
Raman measurements.

No addition of electrolyte was used to observe the SERS spectrum from
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Figure 4.14: (a) SERS spectra of Gly( 1.8x10™* M), (b) SERS spectra of
Gly-Gly-Gly (1.8x10~* M) and (c) Raman spectrum of an aqueous solution
of 0.1M Gly using a 100s exposure time.

glycine and its tripeptide. The SERS signal was measured about 5 minutes
after preparation of the solution for both Gly and Gly-Gly-Gly. The peak at
1383 cm™! corresponds to carboxylate group (-COO™) and the peaks at 1032
em™ ! and 1122 cmlcorrespond to CN stretching and NH, twisting vibra-
tions [13]. This indicates that Gly and Gly-Gly-Gly molecules are more likely
attached to the silver surface through both carboxylate and amino groups [13].
The band at 1383 cm™! belongs to the carboxylate group and this indicates
that the carboxyl group is ionized on the metal surface [13]. In addition to the
peaks observed in Gly, the SERS spectrum of its tripeptide exhibits a shoulder
at 1425 cm™!, and two small peaks at 1250 cm~! and 1340 cm™!. The yellow

color colloid remained the same after the addition of Gly but in the case of
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tripeptide (Gly-Gly-Gly) the color changed into light pink and then into pale
gray. The SERS spectra of Gly amino acid and its tripeptide have similar ap-
pearance. For the normal Raman spectrum the peak at 1383 cm ™! shifts into
peaks at 1336 cm~! indicating CH, wagging and at 1417 cm~! indicating cou-
pling of COO- symmetric stretching with the C-C stretching vibrations [15].
In comparison with Trp and Phe amino acids the SERS signal of Gly is signif-
icantly lower. This may be explained in terms of smaller differential Raman
scattering cross section for the Gly molecule, a non-aromatic amino acid, in

comparison with Trp and Phe, which contain aromatic rings.

4.6 Conclusion

Experimental investigations of surface enhanced Raman scattering in silver
colloid solutions have been performed for several amino acids and peptides
to determine the optimum conditions for the observation of a strong Raman
signal. Different types of electrolytes and mixing procedures were tested. It
was found that in spite of the similar chemical structure of amino acids the

conditions for which strong SERS signals are observed can be different.

For the cases of Phe and Gly amino acids no addition of any electrolyte
was necessary to observe a clear signal. In contrast, the addition of NaCl
and composite electrolyte led to a reduction of spectra in these amino acids.
The enhancement factor we observed for Phe and Gly was ~ 10%. For Trp
amino acid a very high enhancement of ~ 10° was observed when a composite
electrolyte was used as the electrolyte for colloid aggregation. The order of
mixing of components was also found to be critically important in the case

of Trp. A weak signal could also be observed for Trp without the use of
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any electrolyte. Strong difference in SERS spectrum for Trp and Phe was
observed though they have similar structure. The differences are mainly due
to the interaction of benzene ring of Phe and the indole ring of Trp with the
substrate. The binding process can be different for each analyte. This process
of Trp is discussed in detail in chapter 6.

For the peptide Trp-Trp no additional electrolyte was required to obtain
large signals. Tripeptide Gly-Gly-Gly also provided SERS spectrum without
any electrolyte. Overall, the results indicate the possibility of collecting Raman
spectra of amino acids and peptides at low concentrations with good signal to
noise ratios using the SERS technique. For Trp amino acid concentration as
low as ~ 107 M has been detected, which is 4 orders of magnitude smaller
than that reported in the literature. The impact of the type of electrolyte
used for colloid aggregation and the experimental procedures for mixing of the
components on the amplitude and the stability of the SERS signal have been

studied.
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Chapter 5

Surface Enhanced Raman
Scattering Detection in Liquid
Core Waveguide and in a
Microfluidic Device

5.1 Introduction

Raman scattering detection in a waveguide is an important technique to in-
crease the interaction length and sensitivity. It has been reported that by plac-
ing the sample to be detected at the center of a waveguide, the Raman scatter-
ing signals from aqueous solution can be collected with high efficiency [27-29].
In this apparatus, called a liquid core waveguide (LCW), the light emitted
throughout the sample volume is guided to a common aperture and can be
efficiently collected. This liquid core waveguide geometry provides longer ex-
citation and collection lengths and requires much smaller volumes of samples
compared to the case of a standard cuvette. A liquid core waveguide can be
made from tubing with lower refractive index material for the wall material
than that of liquid core material. Under this condition light can be guided
over a significant length. A glass capillary (n> 1.46) filled with high refractive

index liquids was used in some applications, but they are limited by the fact
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that for total internal reflection the refractive index of the core liquids should
be higher that that of the capillary wall and majority of the important solvents
such as water, methanol and acetonitrile have refractive indices below that of
silica glasses. Most of the wall materials have refractive indices greater than
that of water and therefore are not suitable for making cladding material for
aqueous solutions. Water-based waveguides have been developed with bare
glass or fused silica tubes using total internal reflection at the outer (glass-air)
interface. These waveguides were used in Raman spectroscopy [112,113] and
absorption applications [114]. Though these waveguides performed well they
suffered from a few disadvantages. Their loss characteristics are determined
by the conditions of the outer surface so they must be cleaned before use and
need to be handled carefully to avoid scratching. Also such uncoated glass
tubes were quite fragile. From the optical point of view as these waveguides
work through the internal reflection at the outer surface, they allow the light to
propagate through the tubing wall as well as the liquid core, which contributes
to unwanted background in the Raman scattering measurements. A commer-
cially available material capable of guiding light with water as the solvent is
Teflon AF . Teflon AF is an amorphous copolymer of 2,2-bis(trifluoromethyl)-
4, 5-difluoro-1,3-dioxole and tetrafluoroethylene [28]. Teflon AF has a low
refractive index (n=1.31 for AF1600 and 1.29 for AF 2400) and therefore it
supports total internal reflection for aqueous solutions (water, n=1.33). Teflon
AF 2400 is transparent in the spectral range from 200 to 2000 nm and is an op-
tically, physically and chemically stable material [115]. Teflon AF capillary has
already been used to enhance the signals in Raman scattering by integration of
scattered light along the length of the waveguide. The use of Teflon AF capil-

lary tubing in Raman scattering was demonstrated by Altkorn et al. in [28] and
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they showed that the Teflon AF capillary significantly enhances the Raman
signal compared to the conventional sampling arrangements. Raman signal
enhancement from aqueous solutions by 1 or 2 orders of magnitude, obtained
with the use of liquid core optical fiber has been described in [27,116,117]. In
this chapter we describe SERS detection we performed in a Teflon AF 2400
capillary and to our knowledge, this is first reported observation of SERS in

Teflon AF 2400 [30].

Another system we used for SERS detection is a microfluidic chip. A mi-
crofluidic chip or lab on a chip is a relatively new technology in the field of
bioanalysis and chemical synthesis and analysis [21,22]. Microfluidic technol-
ogy is based on analyzing small amounts of samples in channels with microm-
eter dimensions. This technology has several advantages such as minimum
amount of sample required, low cost, short time of analysis and high resolu-
tion [118]. High specificity of SERS together with the ability of microfluidic
chips to handle small sample volumes is a promising technique for sensitive
detection. Microfluidic chips have been used for SERS detection by different
groups [18-20]. Lee et al. have used an alligator - tooth shaped PDMS mi-
crofluidic channel and a zigzag shaped channel for mixing colloid and analyte
for SERS detection [119,120]. Individually addressable multiplexed microflu-
idic channels for high throughput quantitative and qualitative SERS detection
has been reported by Nahla et al. [121]. Bacteria detection by SERS in a mi-
crofluidic device is described in [122]. Compared to the Raman detection in
static conditions the lab on a chip detection in a flowing condition yields more
reproducible results because of the availability of fresh sample and reduced

photo degradation in the flow condition [123,124]. We used a standard mi-
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crofluidic chip from Micralyne [125] to detect the SERS signal and also a chip
that was modified using laser micro machining to further increase the probe
volume. The results obtained are presented in the following section. Most of

the results were published in [30,107].

5.2 Detection of SERS Signal in Liquid Core
Waveguide

5.2.1 Light propagation in a waveguide

Propagation of light in a liquid core waveguide can be explained by total
internal reflection using the ray optics approximation. A waveguide can be
considered as a cylindrical core surrounded by a cladding with refractive index
of cladding lower than that of core. Let ng be the refractive index of the
cladding and nj, the refractive index of core and consider the case of light
traveling from a medium of high refractive index to that of low refractive
index. The reflection and refraction at an interface is depicted in Fig. 5.1. If
0, is the angle of incidence and 6, is the angle of refraction, they are related

to each other and to the refractive indices by Snell’s law [5],

nrsinfd; = ncsinbs (5.1)

With increase in the angle of incidence (#;) angle of refraction(fy )also in-
creases and for #; = 90°, the refracted ray emerges parallel to the interface
between the media. This is the limiting case of refraction and the correspond-
ing angle of incidence is called critical angle (6¢). For angle of incidence greater
than the critical angle there is no refraction and all the energy in the incident
light is reflected back into the core , this phenomenon is called total inter-

nal reflection. Total internal reflection is a requirement for light propagation
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Figure 5.1: Reflection and refraction of a light ray at an interface.

inside a waveguide.

The critical angle is given by,

sinfe = ne/ny, (5.2)

Oc = sin"'ng/ng, (5.3)

In order to be propagated along the waveguide the rays need to enter the
waveguide within an acceptance cone angle. The rays outside this cone angle
will not be guided. The geometry for launching a ray into a waveguide is
shown in Fig. 5.2 [5] and we consider that the waveguide is placed in air, a
medium of refractive index ng=1.

As shown in the figure the ray that enters the core at angle 6, (ray A in
Fig. 5.1) is incident at the core cladding interface at critical angle(6¢) and
therefore undergoes total internal reflection. Any rays entering at an angle
greater than 0, (ray B) will hit the core cladding interface at angle of incidence

of less than 6: and thus will be transmitted through the core-cladding interface
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Figure 5.2: Coupling of light into a waveguide and propagation in waveguide,
[5].

and therefore will not be totally internally reflected. Thus for the rays to be
transmitted by total internal reflection they must be incident on the waveguide
core within an acceptance cone defined by the conical half angle, 6, and this is
the maximum angle relative to the axis at which the light may enter the fiber
and still be guided. This is called the acceptance angle.

The acceptance angle 6, is given by [5]

0, = sin~* [7"71%_7120] (5.4)

o
where 1y is refractive index of the surrounding medium.
This relation connecting the acceptance angle and refractive indices define
an important parameter of the waveguide, numerical aperture (NA), a dimen-
sionless number which defines the range of angles a system can accept or emit

light.

NA = ng.sinb, = \/n? —nZ (5.5)
5.2.2 Characterization of Teflon AF 2400 capillary

In our experiments we used Teflon AF 2400 capillary ( n =1.29, inner diameter

112pm and outer diameter of 900um) from Biogeneral [126]. Prior to using it
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for SERS detection, we evaluated its wave-guiding performance.

In order to measure the attenuation in capillary vs length, the Teflon AF
2400 capillary was filled with ethanol(n= 1.36) and laser light was allowed to
pass through the capillary. A diode pumped second harmonic solid-state laser
laser source(Nd:YVOy) at wavelength of 532 nm with a beam diameter of 2 mm
was used. A lens of focal length 5 cm and 2.5 cm diameter was used to focus the
light into the end of the capillary and the power was measured before entering
the capillary and after coming out from the capillary using photo diodes. An
entrance window consisting of a glass slide of thickness 0.1mm was used. We
did not use an exit window but the fiber was placed close to the photo diode.
The power of the laser light was measured for different lengths of capillary
6cm, 10.5 cm and 48 cm. A graph plotted of the optical transmission( ratio of
light transmitted through the end of waveguide to the light entering into it)
versus the capillary length is shown in Fig. 5.3. From the measurement it was
determined that the loss coefficient was 0.47 £0.13 m~! for the capillary.

To find the bending losses, laser light from He-Ne laser (632nm) was al-
lowed to pass through the capillary filled with ethanol. A lens of focal length
2cm was used to focus the light into the capillary and the power was measured
before entering the capillary and after coming out from the capillary using
photo diodes. Teflon AF capillary of length 48 cm was used. A loop of radius
of curvature of 2.5 cm was made in the capillary and the output signal was
measured. The measurements were repeated for more number of loops and
also for a straight capillary without any loop. A graph plotted of the optical
transmission( ratio of light transmitted to the end of waveguide to the light
entering into it) versus the number of loops is shown in Fig. 5.4. An exponen-

tial fit to the attenuation coefficient per turn gives a value of 0.09 + 0.01 per
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Figure 5.3: Measured transmission as a function of length for AF 2400 capillary
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Figure 5.4: Measured capillary transmission versus number of loops. The solid
line is an exponential fit with a loss coefficient of 0.0940.01 per turn.

The attenuation coefficient estimated for the straight waveguide from Fig.

5.3 is (1/t1) = 0.47£0.13 m~!. This value is in good agreement with the
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measurements performed by Altkorn et al. [28]. Where an attenuation loss
of 0.8 dB/m to 1.7dB/m was reported for ethanol in Teflon AF capillary. As
the transmission losses are low we do not have to take the attenuation into
account for short capillaries of the order of 20 cms which we used for the
measurements. The bending losses per loop calculated from Fig. 5.4 is 1-
e /11 = 0.0940.01 per turn. The performance of the capillary also depends
on the acceptance cone angle and the coupling efficiency. The light collecting

efficiency estimations are given in section 5.2.4

5.2.3 Detection of Raman and SERS signals in LCW

The same experimental set up described in chapter 3 (Fig.3.1) was used for
measurements with liquid core waveguide using the same 8 mm collection and
8 cm imaging lens. Light was coupled into and collected from the waveguide
axially both at the input end. A special mount was designed to hold the
liquid core waveguide (LCW) at the input end. The mount had a V groove in
which the capillary was mounted. The input end was perpendicularly cleaved
and tightly positioned against a thin microscopic cover glass slide of thickness
0.lmm. The capillary was filled through the far end using a syringe. By
applying pressure the capillary was slowly filled until a small drop of liquid
appeared at the input end as the liquid slowly leaked out between the end
of the capillary and the glass slide. In order to have reliable measurements a
small drop of liquid was maintained at the input end to avoid the formation
of an air bubble. The layout of the LCW SERS detection system is shown in
Fig. 5.5.

Before performing SERS measurements Raman signals of ethanol(n=1.36)

and hexane (n=1.37) were measured in the capillary. The dependence of Ra-
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Figure 5.5: (a)Layout used for SERS detection from liquid core waveguide and
(b) a picture of the liquid core waveguide on the mount.

man signal from ethanol on the length of the capillary is shown in Fig. 5.6.
Raman signals were measured using capillaries of different lengths 6cm, 15cm
and 48 cm and the graph is plotted of the strength of Raman signal peak at

889 cm™! versus length of the capillary.

350000
300000
250000

200000 4

Peak height

150000

100000

50000

T T T T T T T T T T
0 10 20 30 40 50
Length of Teflon AF capillary, cm

Figure 5.6: Peak Raman signal measured from Ethanol in a Teflon AF capillary
for different capillary lengths. An integration time of 1 seconds was used for
the measurements and a monochromator slit width of 200 pym used. The solid
curve shows the least squares fit of Eq.5.6.

As one can see the peak height increases with capillary length and ap-

proaches a saturation value. Assuming an increasing cumulative Raman signal
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versus length and taking into account the attenuation coefficient determined
from Fig. 5.3 the expected dependence of the intensity of Raman signal versus

capillary length is [127]

1
Inow = 010%(1 — g2k (5.6)

Where C is a constant, Iy is the incident laser intensity coupled into the
waveguide, « is the loss coefficient of the waveguide and L is the length of the
fiber filled with liquid. Fitting the experimental data using the above model
gives the value of loss coefficient a equals to 2.040.5 m~!. This is higher
than the loss coefficient calculated for light transmission directly through the
capillary, which was 0.47 £0.13 m~!. One of the reasons for this discrepancy in
loss coefficient measurements can be from using different pieces of fibers for the
measurements. As mentioned by Altkorn et al. [28], the loss characteristics
vary between different sections of the fiber. Increased losses can be from
scattering from imperfections in the fiber and there can be local regions with
high losses. Another source of error can be from bending as during the Raman
measurements the fiber was not kept straight because of the restrictions of the
experimental set up. Therefore the additional losses can be from that. From
fitting parameters, the asymptotic value obtained for the curve is ~ 350000
which is close to the value of peak height ~ 320000 we obtained with 48cm
fiber, so the length of capillary is close to the optimum length which can be
used for observing maximum Raman signal.

Fig. 5.7 shows the Raman signal from ethanol measured in a cuvette and
in a Teflon AF capillary of length 15 cm for 1s integration time and 200pm
slit width on the spectrometer. The Raman signal observed in the capillary

is ~50 times enhanced compared to that observed in the cuvette. The small
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peak observed around 1000 cm™ in Fig. 5.7(a) is the peak from the wall of
polystyrene cuvette used for the measurements. A spectrum measured from
deionized water in polystyrene cuvette is shown in the inset of Fig. 5.7(a) to

show that this peak comes from the cuvette.
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Figure 5.7: Raman signal measured from Ethanol in (a)cuvette and (b)Teflon
AF capillary. The inset Fig in (a) shows the peak observed from the
polystyrene cuvette filled with deionized water.

The Raman signal of hexane measured in a cuvette and in a capillary of
10.5cm in length for an integration time of 0.5 seconds is given in Fig. 5.8 in
this case an enhancement of ~ 30 was obtained.

SERS spectra were measured for acridine orange (AO) and tryptophan
and comparisons of spectra in the cuvette and capillary were made. First
the Raman spectrum of the waveguide tubing alone and pure water alone
was also measured. To measure the spectrum from the waveguide tubing, the
waveguide was moved so that the incident light was focused onto the wall of
the waveguide and the resultant spectrum is shown in Fig. 5.9. The spectrum
from capillary tubing filled with water does not show any distinct features that

may mask the spectrum of the sample in the waveguide.
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Figure 5.8: Raman signal measured from hexane in a cuvette and in a Teflon
AF capillary.
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Figure 5.9: Raman signal measured from waveguide wall alone and the capil-
lary filled with pure water for an integration time of 5 seconds.

A sample solution for acridine orange (AO) measurement was prepared
by adding an aqueous solution of AO into 10 ml of silver colloid prepared by
the method described in chapter 3 followed by NaCl(10~* M) giving a final

concentration of 4.4x1078 M AO in the final solution. An integration time of

73



5 seconds was used for the measurements. The spectra measured in a cuvette
and in the Teflon AF capillary are given in Fig. 5.10. The same sample
solution was used for both the measurements. A signal enhancement of ~ 7

times was measured for the the capillary versus direct cuvette measurements.
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Figure 5.10: SERS signal measured from acridine orange in a cuvette and in
a Teflon AF capillary .

The SERS spectra of amino acid Trp obtained in a cuvette and a capillary
are compared in Fig. 5.11. The solution for the SERS measurement was
prepared by adding 1 ml of 2x1073 M Trp into 10 ml of concentrated colloid
followed by 2 ml of 10~* M NaCl giving a final concentration of 1.6x10™% M
Trp in solution. The spectrum from both cuvette and Teflon AF capillary were
measured when there was a stable signal from the prepared solution a few hours
following mixing. We found that the maximum signal was observed when there
was flow in the capillary and when the flow was stopped the signal degraded
quickly with time. This decrease can be due to photodegradation; degradation
of molecules caused by the absorption of light. With LCW geometry the

enhancement obtained for a capillary of length 20 cm was about a factor of 10
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compared to that from a cuvette.
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Figure 5.11: (a) SERS spectra of Trp (1.6x10~* M) in a Teflon capillary at
different times after stopping the flow (b) corresponding spectrum in a cuvette.

5.2.4 Light collection efficiency estimations

The experimental setup used has an 8mm collecting lens (L1) and an 8cm
imaging lens (L2) as shown in Fig. 5.12, so the magnification of the light
collecting system onto the spectrometer entrance slit was 10 times. Light col-

lecting efficiency can be estimated as follows. The backward Raman scattered
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light emitted from the capillary is re imaged onto a spot on the monochro-
mator entrance slit. The diameter of the image spot is equal to the inner
diameter of the capillary multiplied by the magnification of the lens collecting
system. D1 is the inner diameter of Teflon AF capillary and D2 is the slit size.
The numerical aperture(NA) for aqueous solution (n=1.33) in Teflon AF 2400
capillary ( n=1.29) is 0.32 from Eq. 5.5 and the corresponding solid angle is
0.31 sr. The monochromator has an entrance NA of 0.1 and the slit width used
was 150 pm. The inner diameter of the Teflon AF capillary is magnified 10
times by the lens system, so for a 112um diameter capillary the beam diameter
on the slit is ~1.12mm. The area of the beam falling on the monochromator
is 0.98 mm? (S1= 7r? =7(0.56)%) and the area of the slit is 0.17 mm?(S2=
0.15x1.12), so we are collecting only 0.17 (S2/S1) of the light emitted from the

capillary end.

7/h D2

D1 L1 (f=8mm) L2 (f=80mm)

Figure 5.12: Detection lens system.

The effective scattering length of Teflon AF capillary for measurement of
Trp spectrum shown in Fig. 5.11 is 20cm and in the cuvette the experimen-
tally measured scattering length over which the backscattered Raman signal
is collected was 0.4mm as defined in chapter 3 (see section 3.4). If one com-
pares the scattering lengths then ~500 times enhancement might be expected
in the capillary compared to that in the cuvette. However to make a correct
comparison the light collection efficiency should also be taken into account.

For cuvette measurements the numerical aperture (sin 45) is 0.7 and the solid
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angle collection angle is 1.9 sr. The solid angle of light collected from the
cuvette is 6.1 times larger than that of the capillary and only 0.17 of this light
is transmitted through the entrance slit for the Teflon AF capillary measure-
ment, so a factor of 36 times reduction is expected for the capillary geometry in
comparison to that in the cuvette. Thus instead of 500 times enhancement we
should expect 500/36 = 13.9 times enhancement in SERS signal. We observed
10 times enhancement of SERS signal from Trp in the capillary compared to
that in cuvette which is close to this estimated value.

For the case of Raman signal from ethanol we observed 50 times enhancement
in the capillary compared to that from the cuvette. Ethanol has a higher
refractive index (n=1.36) compared to the aqueous solution. The numerical
aperture for ethanol in the capillary 0.43 and the corresponding collection
solid angle is 0.63 sr, which is two times higher than the numerical aperture
of aqueous solution in capillary. The 5 times smaller enhancement of Raman
signal from Trp in silver colloid solution in capillary compared to the Raman
signal enhancement of ethanol in capillary is due to this difference of a factor
of two in collection solid angle and also due to the additional scattering and
absorption losses caused by the silver colloid solution itself. The aggregated
silver colloid has noticeable absorption near ~ 532 nm.

In the present measurement additional losses arise due to Fresnel reflection
losses when coupling light into the capillary. It is expected that the collec-
tion efficiency can be increased by optimizing the detection system, that is by
matching the numerical apertures of the Teflon capillary and the collecting
lens and by matching the capillary output beam to the entrance slit of the
monochromator so that all the emitted light passes through the entrance slit.

In this case the enhancement factor should approach a factor of 50 times as
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discussed above.

The utilization of LCWs as biological and chemical sensors have been re-
ported in several papers [29,116,128]. Raman signal enhancement from aque-
ous solutions by 1 or 2 orders of magnitude have been obtained using Teflon
AF waveguides as described in [27,116,117] . A hollow core photonic crys-
tal fiber for enhancing Raman signals from ZnO nanoparticles in solution has
been reported by Irizar et al. [129]. To the best of our knowledge the use of
Teflon AF capillary for surface enhance Raman scattering detection and the
comparison of SERS detection in a cuvette geometry and in a Teflon AF cap-
illary has not been reported to date. The enhanced Raman signal observed
in SERS is further increased by the use of Teflon AF capillary. SERS in op-
tical waveguides has been reported by several groups. Measor et al. [130] has
reported the detection of SERS on an optofluidic chip. Where they used in-
terconnected solid and liquid core antiresonant reflecting optical waveguides
(ARROWS) for detection of Rh 6G molecules and a detection sensitivity of
a minimum concentration of 30 nM was found. Improvement of the SERS
signal using a hollow core micro structured optical fiber was reported by Cox
et al. [131].A modified hollow core photonic crystal fiber for SERS detection
of rhodamine 6G, human insulin and tryptophan in the concentration range
107* - 1075 M has been reported by Zhang et al. [132]. The solution used here
for observation of SERS signal of Trp in the Teflon AF capillary was prepared
using NaCl electrolyte. With optimization of electrolyte, for example by using
the composite electrolyte mentioned in chapter 7, we achieved large SERS en-
hancement factors of up to 10%. An additional enhancement of 10 times can be

obtained with the help of a liquid core waveguide technique as demonstrated
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above. With a fully optimized optical detection system we expect that we can
further increase the detection limit by another factor of the order of 5 times.
Thus by using an optimum electrolyte and using a Teflon AF capillary with
an optimized detection system we expect that we can further increase the de-
tection limit by a factor of 50 times. These results are thus promising for the
use of SERS in LCW devices for performing very high sensitivity detection of

organic molecules.

5.3 SERS Detection in a Microfluidic Chip

The application of SERS to detect organic molecules in microfluidic systems
was also studied. To perform the these measurements, a microfluidic chip from
Micralyne [125] was used. The chip has an 80 mm long 50m x 20pm channel
between two 1.05 mm thick glass slides . The channel is etched into one of the

glass slides. The details of the chip are shown in Fig. 5.13

m |C ralyn e Standard microfluidic chip

oé . 0
|||
10 7.
Simple Cross 100 um Twin Tea
MCBFASC  MG-BRETTIO0
77 5w 2227, Material; Schott Borofloat

o Dimensions: 16mm x 95mm x 2.2mm
W Long Channel Length: 30.28mm / 85.0mm (8/4 port)
Length from Intersection: 80.89mm / 80.0mm (8/4 port)

Short Channel Length: 9.64mm / 8.0mm (8/4 port)
Access Hole Diameter:  2.0mm 20.1mm

Figure 5.13: Microfluidic chip.
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The same experimental setup as described in chapter 3 was used for mi-
crofluidic chip measurements and the scattered light was collected in a back
scattered direction transverse to the channel. A picture of the microfluidic

chip setup is shown in Fig. 5.14

aser Excitation

Spectrometer

\ 80 mm
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/}:Q&= D

— ¢

Channels are 50 um wide and 20 pm depth

Figure 5.14: Schematic of microfluidic chip detection system.

The SERS signal of Trp was measured in both a cuvette and in the mi-
crofluidic chip for comparison. The sample solution was prepared by adding
1 ml of 2x1073 M solution of Trp into diluted colloid (4ml of silver colloid
+ 80ml of deionized water), giving a final concentration of 2.3x10™> M with
no additional electrolyte. The SERS signals measured in the microfluidic chip
geometry was compared with that from a cuvette as shown in Fig. 5.15. An
integration time of 5s seconds was used for the sample in cuvette and 50 sec-
onds integration time for the sample in the microchannel. The signal from the

microfluidic chip was significantly weaker than that from the cuvette which
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can largely be attributed to the difference in the probed scattering length.
In the case of the cuvette the experimentally measured scattering length over
which the backscattered Raman signal collected was ~400pum versus a 20 pm
probe depth for the microfluidic channel. The measured ratio of measured

signal intensities was 30 times as compared to the ratio of interaction lengths

of 20. .
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Figure 5.15: SERS spectra of Trp (2.3 x107® M) in a microfluidic channel and
In a cuvette.

In order to increase the interaction volume in the microfluidic system, laser
micro machining has been carried out to modify a standard microfluidic chip
from Micralyne. To increase the scattering length of the transverse probe beam
we made a 1 mm well in the standard microfluidic chip. For micro machining
a Q-switched Nd:YAG laser (Big Sky) operating at the wavelength of 266
nm was used. The laser provided 5 ns pulses with energy of 3mJ at 20 Hz
repetition rate. Laser light was focused onto the chip and the micro machining
was monitored through the other side of the chip using a CCD viewing camera.

The drilling process took ~ 2minutes to complete and the completion could
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be seen by the appearance of a hole on the channel wall. After that we took
a few more shots to clean the channel from debris. The resulting hole had
a tapered shape with a surface entrance hole with a diameter of ~ 150um
and hole diameter of ~ 50um at the bottom where it met the microfluidic
channel. The details of the microfluidic chip layout and a photograph of the

laser machined well are shown in the Fig. 5.16.

~1 mm long well solution injection

\4vl |

Figure 5.16: Layout for laser micro machining of an enhanced interaction
length probe hole in the microfluidic chip and photograph of the hole produced.

In the modified microfluidic chip the signal was collected by focusing the
light into the resultant well, covered by a 0.2 mm thick glass cover slip. The
SERS signal observed for Trp in a modified microfluidic chip is shown in Fig.
5.17 along with that measurement in a cuvette and a standard microfluidic
chip. The same sample solution was used in all the measurements. The sam-
ple solution for the SERS measurement was prepared using the composite
electrolyte mentioned in chapter 4. Stock solution of Trp was added to sil-
ver colloid followed by composite electrolyte giving a final concentration of
2.3x107% M Trp. The signal was measured for an integration time of 5 sec-
onds in the cuvette and in the microfluidic chip. An increase of the signal by
a factor of almost 2 times was observed from the measurement in a standard

microfluidic chip. This increase is much smaller than the ratio of probe chan-

82



nel depth to original channel depth. However, this can be explained in terms
of the small numerical aperture of the channel and scattering from the walls
interfering with the collection of the light into the F/1 collection cone. In this
case the probe was focused approximately at the depth of the original channel.
In addition, the fluid which enters the long probe channel may also stagnate
undergoing photo bleaching and interacting with the rough walls causing a
decrease in detectability of the Trp molecules. Such photo degradation of the

solution during the actual irradiation has previously been reported [133].
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Figure 5.17: (a) Spectrum from Trp in a microfluidic chip (50pum width and
20pm depth) (b) SERS signal from Trp in a modified microfluidic chip (c)
SERS signal from Trp in a cuvette (scattering length ~ 400um).

Further work is needed to improve the probe channel,geometry and flow of
analyte through the channel. In our studies we used a commercially available
standard microfluidic chip for SERS detection and detected a final concentra-
tion 2.3x107% M of Trp in the microfluidic channel. Assuming a detection
limit of 1x107% M using the 80 mm long 50 pum x 20 pum channel the amount
of sample required is 80 fmol. If we assume that only 10mm of the channel

needs to be used for detector system, the amount of sample that would be
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required is ~ 10 f mol. As discussed in chapter 6 and 7 we have detected good
quality SERS signal from Trp at concentrations 10~7 M and lower, which is
lower than that previously reported in the literature [1,25]. Assuming a 10~7
M detection limit , the amount of sample required will be as low as 1 fmol. We
can further increase the detection limit by increasing the integration time and
the monochromator slit width. Park et al. [18] detected SERS signals from
the mixture of two different dye -labeled (TAMRA and cy3) sex determining
Y genes, SRY and SPGY1 adsorbed on alligator teeth shaped microfluidic
channel under flowing conditions. The major SERS peaks in this case were
observable down to the concentration of 10! M. The micro channel they used
(300pm x 100pm) had larger dimensions than that we used in our studies. A
SERS detection limit of 10 pM was achieved for adenine molecules by Wang
et al. [134], they used an opto-fluidic device that has a pinched and step mi-
cro channel- nanochannel junction that can trap and assemble nanaoparticle
and target molecules into optically enhances SERS active clusters by using
capillary forces. Essentially this technique is equivalent to preconcentration
technique as the concentration of nanoparticles/analyte molecules in the mea-
suring spot is much higher than the initial concentration of 10~ M. Only a
limited amount of work has been reported on the implementation of SERS in
microfluidic system. The short interaction length of microfluidic channel typ-
ically gives a smaller signal. Our results shows that when we have high SERS
enhancement even standard microfluidic chips can be used for SERS detec-
tion and we expect that we can modify the chip and improve the detection.
An optimum system would be a waveguide incorporated into the microfluidic

system.
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5.4 Conclusion

With the high enhancement factor observed for Trp amino acid and resultant
low detection limit we have demonstrated we could measure signals in a stan-
dard microfluidic channel at low concentrations. However, in the standard
microfluidic channels, the SERS signals observed are reduced relative to those
in large open probe volumes due to the much smaller transverse probe length
across the channel used here. Special designs for extending the light collecting
geometry are needed to optimize the use of the SERS technique in the microflu-
idic channels. Laser micro machining was employed in order to fabricate an
extended interaction volume in the microfluidic geometry. However this was
not optimized and further work is required to optimize the resultant probe
geometries to allow for large effective numerical aperture probing and opti-
mum flow through the measurement sample. Once optimized, it is expected
that similar sensitivities can be obtained in microfluidic systems as with the
open geometry cuvette measurements and these should be in the fmol range
as required to analyze the contents of single cells extracted into such microflu-
idic channels. Liquid core waveguides provide the possibility of an additional
signal enhancement up to 50 times giving the possibility to achieve detection
limit for Trp as low as ~ 107!% M. In principle short waveguide channels on the
order of centimeters in length could be incorporated into microfluidic systems
allowing such high sensitivities for lab on a chip analysis. The results obtained
will be useful in the further development and optimization of microfluidic chip

devices utilizing SERS.
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Chapter 6

High sensitivity Detection of
Tryptophan Amino Acid

6.1 Introduction

This chapter describes a detailed study of low concentration detection of the
amino acid tryptophan (Trp). L-Trp, the left handed form of Trp was used
for the measurements. SERS studies of different amino acids; tryptophan,
phenylalanine, tyrosine, alanine, lysine etc have been reported in the litera-
ture [12-17]. In the vast majority of papers concentrations of amino acids
under study lie above 107> M. Recently surface enhanced Raman scattering of
Trp in silver colloidal solution has been reported by Aliaga et al. [25]. They
observed SERS spectra from Trp molecules in the concentration range of 10~*
to 10~ M. The spectra exhibited certain spectral characteristics, which can
be attributed to different configurations of the adsorbed molecule on the metal
surface. Also the authors observed variations of SERS spectra with time and
reproducible data could be obtained only after 12 hours of incubation period.
It is believed that in most cases Trp molecules would attach to the silver surface
through carboxylic and amino groups while the indole ring does not interact

with the surface [1,25,26]. Many of the applications demand reproducible and
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sensitive spectra together with smaller incubation time and fast observation
of the signal. In this chapter we report a detailed study of SERS effect in
L-Trp in the concentration range 1.4 x 1078 to 5 x 10=* M. The lowest con-
centration of Trp studied is 3 orders of magnitude smaller than the previously
reported [1,25,26]. We found that we could obtain good signals even at very
low concentrations and that the SERS spectrum undergoes noticeable changes
with the increase of concentration above ~107> M. The maximum enhance-
ment of Raman signal observed in experiments is about 10% which is several
orders of magnitude stronger than recently reported [1]. The recorded spectra
are very stable in time and highly reproducible. The key results obtained are
presented in detail in the following sections and many of these results have

been published in reference [135].

6.2 Sample Preparation

The samples used for the detection of SERS spectra of Trp molecules in silver
colloidal solution were prepared using the following procedure . We added the
required amount of stock solution of tryptophan to 10 ml of freshly prepared
silver colloid, followed by addition of 30 ml of DI water and 20.5 ml of the
composite electrolyte (a mixture of 20 ml of 5 x 1073 M of sodium bicarbonate
and 0.5ml of 1072 M of sodium chloride).The silver colloid was prepared by the
method described in chapter 3. The colloid was used just after preparation.
We added deionized water to dilute the colloid as it was found during the ex-
periments that the SERS signal strength is affected by the concentration of the
colloid solution. Sodium bicarbonate(NaHCO3 ,Fisher,>98%), sodium chlo-
ride ( NaCl, Fisher,>98%) and amino acid tryptophan (Trp, Sigma Aldrich,

reagent grade >98%) were used as received without further purification. 18
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M deionised water was used for preparing the solution. The sodium bicar-
boante solution was aerated for several hours before use, using a porous car-
bonaceous stone aerator, which leads to significantly stronger SERS signals.
Stock solutions of Trp at concentrations 2 x 107° M, 2 x 107* M, 2 x 1073
M, and 2 x 10~2 M, were prepared using deionised water.The pH of the final
solutions was in the range 8.8 £ 0.5. The SERS spectra started to appear ap-
proximately 2 minutes after mixing, reaching the maximum intensity at about

15 minutes.

6.3 Orientation of Trp on Colloidal Silver

The position and relative intensities of the peaks in the SERS spectrum of
Trp depend on several factors such as the type of metal nano particles, the pH
of the solution, colloid aggregation, and, primarily, on the way the molecules
bind to the nano particle surface. Because of these factors, the Trp SERS
spectra reported in the literature have different appearances. Based on the
position of the peaks and their relative intensities it is possible to estimate
how the molecules are attached to the nano particle surface. For most of the
observations reported in the literature, it is believed that Trp molecules are
attached to the surface through carboxylate and amino groups [1,25,26]. How-
ever, the binding should depend on the preparation and surface conditions of
the nano particles and the combination of electrolytes used to promote attach-
ment of the molecules to the surface. In the current experiment we observed
two slightly different spectra of Trp, one for low concentrations below ~ 10~°
M and one for high concentrations above ~ 10~* M. As will be explained later,
we believe this indicates a different orientation of the binding of the molecules

on the surface.

88



The SERS spectra of Trp at low and high concentrations as well as the
normal Raman spectrum of Trp in water solution (0.03 M) are shown in Fig.
6.1. At high concentration of Trp (> 10~% M) the SERS spectral pattern looks
similar to that of the normal Raman spectrum in water. As one can see from
the figure, the intensity of the SERS signal from the colloid with low concen-
tration of Trp shows a few differences in spectral features and is much stronger
than that from the higher concentration solution. This can be attributed to
the differences in the binding of the molecules to the nano particles and also
perhaps to changes in the aggregation of the colloidal particles for the differ-
ent concentrations of Trp, which is another important factor in strong signal

enhancement.
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Figure 6.1: Raman and SERS spectra of L-Tryptophan.(a) solid powder; (b)
0.03 M aqueous solution, 100 s acquisition time;(c) silver colloid, concentration
of Trp 5x10~* M, 50s acquisition time;(d) silver colloid, concentration of Trp
4.2x1077 M, 5s acquisition time. Curves b and ¢ are smoothed using a 5 point
FFT filter. All spectra are shown as acquired without background correction.
Vertical lines represent position and height of the individual peaks obtained
using a multi peak fitting procedure of the spectral curve d.
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L all three curves have similar

While in the spectral range above 1100 cm™
structures with very well defined peaks, below this region they have substan-
tial differences. The most important of these differences are the absence of
strong peaks near 760 cm~! and 1000 cm™! in the case of low concentration
(4.2x1077 M), which are usually assigned to the ring breathing modes, and the
appearance of a strong peak at 690 cm ™! for the lower concentration range. We
also did not observe a peak near 1400 cm ™!, which is often observed in SERS
spectra of amino acids and is assigned to the stretching COO mode [1,12]. It
is interesting that in Ref. [136] the authors observed the appearance of a new
band in the SERS spectra of adenine near 690 cm™!, which they assigned to
the out-of-plane deformation (torsion and wagging) of the adenine heterocyclic
ring system [136]. Taking into account the general consideration that vibration
bands with the polarizability oriented parallel to the surface of the nano parti-
cle are not active in the SERS spectra (ref. [137]) and using band assignments
from ref. [1] and ref. [138] one may speculate that in the current experimental
conditions for low concentrations, the Trp molecules are adsorbed to a large
extent with the orientation of indole ring flat to the nano particle surface. In
Table.6.1 we provide peak positions for the Trp SERS spectra observed in our
studies in comparison with some of the previously published studies.

To calculate the enhancement factor we used the band at 1350 cm™! vs

the valley around 1400 cm™!

as it is the strongest band in both the normal
Raman and SERS spectra. The corresponding peak height for 4.2 x 10~ M
Trp in colloid solution is about 140000 counts, whereas the peak height for 0.03

M Trp in water solution is 2200. Taking into account the differences in the

integration time (5 s and 100 s) and concentrations, the ratio of the amplitude
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Intensity (wavenumber)?

Band, Current
cm ! Paper
Trp Concen- Kim [12] Chuang [1]
tration
<~ 107° M
689 S NO NO
758 NO VS VS, 6R), 0(r)
770 W NO NO
813 W M(802) S (806), vCH,, vCCOO_
883 W NO M (876), oHi(R), aH(r)
899 M NO S(903), CCOO (Ref. [137])
929 NO S S (927), vCCOO_, yNH**,
7CHa
981 W NO W (974), SH(R)
1011 NO VS VS (1013), 6(R), 6(r)
1128 M NO NO
1159 S S NO
1180 W(shoulder)  NO NO
1207 M NO S (1213), v(r), vCCOO_
1247 W (shoulder) W NO
1266 S NO S(1253) yH(R),/H(x),3CH
1303 S S S (1306), BH(C), wCH2
1351 VS S(1357) S (1348), 8 CH, 8 H(CH2)
1362 M(shoulder)  NO VS (1362), wCH2, SCH
1396 NO VS VS (1405), vg CO,_
1440 VS W S(1442), v(r), v(R)
1469 S NO S (1463), a«CH2
1543 S S (1546) S (1549), v(1), v(R)
1565 M M(1558)  NO
1608 VS W S (1605) V(R), V(1)
1700 to NO or W
3000

Table 6.1: Identification of lines observed for SERS spectra of Trp at concen-
trations below 107% M. ! Assignments from Ref. [1] unless indicated otherwise.
Signal strengths: (VS) very strong, (S) strong, (W) weak, (M) moderate, and
(NO) not observed. () Ring breathing, (v) stretching; (/) bending (w: wag-
ging, 7: rocking, 0:twisting);(s) symmetric; (R) benzene ring, and (r) pyrrole

ring.
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of the peaks gives a value of the enhancement factor as 0.9 x 108, which is four

orders of magnitude higher than previously reported [1].

6.4 Influence of the Morphology of Colloidal
Particle Aggregates on SERS Spectra of
Tryphtophan

Transmission electron microscope (TEM) images of silver colloid with low and
high concentrations of tryptophan are shown in Fig. 6.2. Though as in all
TEM measurements sample preparation included sample drying, which can
impact the final morphology of the samples, the TEM pictures are still useful

to indicate morphological differences between the two sample conditions.

b

L1 i 10 in

(©) (d)

Figure 6.2: TEM pictures of silver colloid taken at two concentrations of
Trp:(a) and (b) 4.2x1077 M, and (c) and (d) 5x10~* M.

To prepare samples for TEM, a drop of the sample solution was placed
on the grid and excess solution was taken out using a filter paper and after
then the sample on grid was air dried. In the first case, at low concentration,

there are many small aggregates containing fewer than 20 particles with a
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large number of dimers, trimers, and isolated particles. Many of them consist
of loosely connected particles with gaps of a few nano meters between them.
It is well known that such aggregates provide the highest electromagnetic en-
hancement, especially when molecules are trapped in the junction between
nano particles [139,140]. At higher concentration, aggregates are much bigger,
containing more than 100 particles that seem to be quite densely packed. Such
large clusters of aggregates provide much reduced EM enhancement compared
to dimers and trimers. These morphological differences can partly explain the
observed difference in the Raman signal enhancement for high and low con-
centrations of tryptophan. Also, from the symmetry point of view, one may
suggest that for the molecules having a large flat fragment (such as the indole
ring in the Trp molecule) and that are trapped in the junction between nano
particles, the preferable binding configuration would be a configuration with
that flat fragment parallel to the surface of the nano particle. A 2D electro-
magnetic model described by Brown et al. [139] on enhancement around two
silver nano particles shows that there is strong dependence of the enhance-
ment on the separation between particles. The smaller the distance between
the nano particles the larger the observed enhancement. The difference in
predicted Raman enhancement for two nano particles 1 nm apart and 25nm
apart can be as much as six orders of magnitude. The calculated maximum
enhancement for two nano particles with 1 nm separation is approximately ~
10° and they state that this value agrees within an order of magnitude with
that has been observed experimentally. The authors also state that clusters of
more than two particles modeled did not produce significantly large enhance-
ments. This result suggests that the hot spots has more to do with extremely

close location of two nano particles of optimum geometry rather than clusters

93



of large number of particles. This is similar to what we have observed exper-
imentally in our studies. Hao et al. also described that the spacing of nano
particles has a crucial role and SERS enhancement factor of ~ 101° has calcu-
lated for two silver nano particles with 2nm separation [52]. A recent study on
relationship between the degree of aggregation and SERS enhancement by Sun
el al state that there is a strong correlation between aggregate size and SERS
intensity. They report that for certain excitation wavelengths the optimum
size of aggregate for observing greater SERS enhancement is 116.2 nm [141]

compared to other smaller and larger aggregates.

6.5 Concentration Dependence of SERS Sig-
nal

To study the concentration dependence of the SERS signal we simultaneously
prepared seven solutions with final concentrations of tryptophan of 1.4 x 1078
M, 4.2x1078 M, 1.4x107" M, 4.2x107" M, 1.4x 1076 M, 1.4x 107> M, and 1.4 x
10~* M. The SERS spectrum from each of these solutions was measured over
approximately a 2 hour period of time. After mixing, the solutions underwent
some color changes due to nano particle aggregation. After approximately 10
minutes, the colors of the solutions were more or less stable and were yellow-
orange for low concentrations and green-blue for high concentrations (>4x10~7
M). In Fig. 6.3 the spectra taken approximately 15 min after mixing are shown
on a log scale for better comparison. One can see that the shape of the spectral
curves stays almost unchanged over the whole range of concentrations except
for the highest one. It is worth noting that the recorded spectra are also free
of the broad background commonly seen in the SERS spectra of Trp published

in the literature.
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Figure 6.3: SERS spectra of Trp at different concentrations at 15 min after
mixing.

The variation of the intensity of the highest peak at 1350 cm~! versus con-
centration is shown in Fig. 6.4 (curve a). In the same figure the corresponding
signal per molecule (obtained by dividing the peak height by the molar con-
centration and multiplying by 107'1), which essentially represents the Raman
scattering cross-section, is also shown (curve b). As one can see, up to a con-
centration of 107 M the signal per molecule stays approximately constant
and then it drops significantly by 10° times as the concentration is increased.
Such decrease in the Raman scattering cross-section at high concentration can
be caused by two factors. First,the surface of the nano particle can adsorb
only a limited number of molecules. Assuming that the silver colloid contains
monodispersed nano particles with a size of 10 nm [1], one can estimate that
1.4 x 107% M concentration corresponds to approximately 520 molecules per
particle, which would be approximately the number of molecules required to
fully coat the surface of the nano particle. Above this concentration not all the
molecules contribute to the SERS signal. Secondly, at concentrations higher

than ~ 2x107% M the decrease could also be caused by a change in the binding
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Figure 6.4: (a) The magnitude of SERS peak at ~1350 cm™! (relative to
the valley at 1400 cm™! ); The data is a result of the averaging over three
separate experimental measurements performed over a few months; (b) The
corresponding signal strength per molecule versus Trp concentration.

geometry. The latter reason becomes even more evident when we examine the
absolute amplitude of the signal (curve a in Fig. 4). It appears that even if the
molecules coat all of the nano particle surfaces, the total emission drops with
concentration,indicating that the binding geometry is changing with increased
concentration leading to reduced SERS enhancement. The qualitative changes
of the SERS spectra with concentration also support this conclusion. For a
given concentration of Trp we observed very good batch-to-batch reproducibil-
ity of the SERS spectra. A standard deviation in spectral peak height of 46%
was found from one measurement to another and a reduced mean error bar of
20% in the absolute intensity of the SERS spectral peaks could be obtained
when 6 repeat measurements of one sample were averaged. These variations

did not influence the relative intensities and position of the peaks.
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Figure 6.5: Absorbance spectra of silver colloids with different concentration
of tryptophan taken 15 minutes after mixing. In the insert the absorbance of
the original silver colloid before addition of the electrolyte and tryptophan is
shown.

Optical absorbance spectra of the samples taken approximately 15 minutes
after preparation are shown in Fig. 6.5. It can be seen that with the increase
of tryptophan concentration the shape of the absorption curves changes from
single peak (typical for surface plasmon resonance absorption of spherical par-
ticles) to double peak. Such double-peak structure is typical for small agglom-
erates, isolated elongated particles, and doublets [6]. As the concentration
of tryptophan is the only difference between the samples, we can conclude
that tryptophan molecules directly participate in the colloid aggregation and
strongly interact with the silver nano particles. Thus, we can speculate that
the strong enhancement observed in our experiment could be due to the local-

ization of the Trp molecules in the gap between the nano particles, where the

electromagnetic enhancement reaches its maximum value.
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6.6 Time Dependence of SERS Signal

For most practical applications of SERS spectroscopy targeting detection of
molecules at trace concentration levels, it is desirable to have a spectrum that
does not change with time. In many cases, especially when metal colloidal
solutions are used, the SERS spectra change in time not only in intensity but
also in shape. Sometimes stable spectra can be observed only after a long
incubation time [25]. This makes it difficult to apply SERS spectroscopy to
quantitative measurements. In our experiments we observed very high stabil-

ity of the measured spectra.

Fig. 6.6 illustrates the typical temporal behavior of the SERS signal for
the 4.2x10~7 M concentration solution. Similar behavior was observed for the
other concentrations studied. As one can see from the figure, the spectrum
starts to appear at 2 minutes after mixing and reaches maximum intensity
15 minutes after mixing. During the first 15minutes the signal grows and ap-
proaches the peak value at a rate given by an exponential time constant on
the order of 2.7 minutes with a delayed onset of approximately 1.5 minutes.
Later it very slowly decreases over the course of several hours. An exponential
fit for the increase and decrease of signal is also shown in Fig. 6.6. It should
be noted that the shape of the spectral pattern does not change with time.
This is contrary to the data reported in Ref. [25]. Such high stability of the
SERS spectra can be explained by the fact that the tryptophan molecules are
attached to the surface of the nano particles in only one certain orientation,
which does not change with time. The other evidence for this hypothesis is
the low background observed for the spectral curves. It would be expected

that differences in the binding orientation would cause changes in relative in-
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tensities and positions of the peaks, leading to broadening and an increase in

the baseline for the spectral curves.
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Figure 6.6: (a)SERS spectra of Trp (4.2x10~" M) in silver colloid solution at
different times after mixing. Inset figure is the time dependence of the peak
height (peak at ~1350 ¢cm™' minus the valley at 1400 cm™!). Exponential
fits to the early and late time signals showing (a) increase of signal with time
constant 2.7 minutes (b) decay of signal with time constant 4.25 hours.

The time evolution of the optical absorbance spectra for 4.2 x 1077 M

concentration of Trp is shown in Fig. 6.7. One can see that the optical
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Figure 6.7: The time evolution of the absorbance spectra of silver colloid with
4.2x107" M of Tryptophan.

absorbance spectrum starts to evolve from a single-peak curve to a double-
peak curve immediately after sample mixing, reaching a well-defined double-
peak curve after approximately 6 minutes. The time scale of these changes is
close to the time scale of the increase in the SERS signal. Qualitatively the
temporal evolution of the absorbance spectra observed in our experiments is
very similar to the evolution of the absorbance spectra of the system of two
silver nano particles as the particles move towards each other [6]. In that paper
the authors calculated the absorption spectra of a pair of nano particles and
also for fractal aggregates. The evolution of absorption spectra as a function
of interparticle distance they calculated for the case of two nano particles is
given in Fig. 6.8. As the particles start to interact a shoulder appears at
the absorption peak. As the particles move closer towards each other the
shoulder moves to the longer wavelength side and eventually transforms to

a separate peak around 500-700nm. In the experiment one has a mixture of
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Figure 6.8: Absorption spectra of the pairs of monoresonance particles during
their dipole-dipole interactions as a function of distance R;; between the pairs:
R;; (1) 10, (2) 11, (3) 12,(4) 13, (5) 14, (6) 15, (7) 16, (8) 17, (9) 18, and (10)
19 nm. Curve 11 corresponds to the initial spectrum of single noninteracting
particles.Reproduced from [6] (Reproduced by permission of Springer).

single particles and dimers with different separation of particles thus this peak
not so pronounced. A further discussion of aggregation kinetics is given in

chapter 8.

6.7 Conclusion

In conclusion, a highly sensitive technique for observing SERS spectra from
tryptophan in borohydride silver colloidal solution has been developed. High-
quality SERS spectra have been obtained in the concentration range 1078 to
5x107* M. Below 10~* M the shape of the spectral curves does not change with
the concentration of Trp and the incubation time, indicating stable and repro-
ducible binding geometry of the molecules to the nano particles. We believe

that the very high SERS signal from Trp molecules we observed is attributed
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to the optimization of colloid preparation method and electrolytic buffer. This
leads to enhanced binding of Trp molecules observed in our experimental con-
ditions. The very low detection limit together with the high stability of the
spectra makes the procedure very useful for analytical applications. The high
enhancement of the Raman signal from tryptophan observed in the experi-
ments (about eight orders of magnitude) is explained in part by the particular
binding geometry of Trp molecules to the silver nano particle surface under
the given experimental conditions. We suggest that for the low concentrations
studied in the present experiment the Trp molecules bind to the nano particle
surface with the indole ring parallel to the surface.This geometry appears to

be different from the geometry commonly reported in the literature.
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Chapter 7

Electrolytes

The electrolyte plays an important role in surface enhanced Raman scattering
studies. The use of different electrolytes for obtaining Raman enhancement
has been widely reported in the literature [142-145]. The addition of elec-
trolytes not only changes the pH of the solution but also can have a large
impact on SERS sensitivity. According to Gronchala et al. [146] the possi-
ble explanations for enhancement due to anion activation might be increased
charge transfer, an increase in electromagnetic enhancement caused by ag-
gregation of colloidal particles, the reorientation of adsorbed molecule and
increased adsorption caused by the co-adsorption with anions. In order to get
high enhancement of Raman signal, it is important to tune the surface charge
of the colloid solution. The effects of electrolytes and pH on SERS spectrum
has been studied in [147]. Seong et al. reported that the presence of halide
ions is a prerequisite for the observation of SERS signal [148]. The effect of
anions, C17, SO,27, NO3~ on the SERS spectrum of acridine derivative luci-
genin has been studied by Juan et al. [110]. They reported that the adsorption
of lucigenin is different depending on the type of anions present and the ad-
sorption is weak in the presence of sulphate and nitrate compared to the case

with chloride ions. Co-adsorption of electrolyte and protein has observed in
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the case of protein lysosyme. Zhen et al. reported the co-adsorption of NO3~
with lysosyme and the presence of bands from electrolytes in the SERS spec-
tra, the adsorption of NO3~ can be controlled by using different experimental
conditions [149]. The commonly used electrolytes in SERS are those contain-
ing chloride or halide ions like sodium chloride and potassium chloride [145].
Chloride activation of Raman signals for pyridine is reported by Otto el al and
Wetzel et al. [142,143]. Use of KCl electrolyte for enhancing signals from Rh6G
molecules with silver colloid prepared by Lee and Meisel method is reported by
Hildebrandt and Schrader [150]. KNO3 and NaCl aggregating agent for citrate
colloid is reported in [144]. The effect of pH and adsorption mechanism of bio-
logical molecules on silver colloids has been widely studied [151] for silver sols
prepared by hydroxylamine hydrochloride. A study on the effect of different
anions on the stability of silver colloid and on SERS enhancement factors of
different organic dyes has been performed by Schneider et al. [152], they re-

ported that each dye experiences SERS enhancement only with certain anions.

During the course of this thesis we tested and used different electrolytes.
This chapter describes a comparative study of various electrolytes we used
in our experiments. We tested electrolytes for amino acids Trp, Phe ,Gly
and the dyes acridine orange (AO), rhodamine 6G (Rh6G) and rhodamine
B (RhB). It is observed that the conditions for obtaining SERS spectra for
different analytes are different for each electrolyte and different mixing proce-
dures are required to optimize the signals. We studied a number of electrolytes
in order to get a high enhancement of Raman signal from Trp. Though we
tested the electrolytes for other amino acids and dyes as well, our main focus

was to develop an electrolyte which works well for Trp. After trying differ-
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ent electrolytes for Trp and other amino acids and dyes, we developed a new
electrolyte, which is a mixture of NaHCOj3, NayCOg3, NaCl and NaySQy, this
composite electrolyte provides high enhancement of Raman signal with repro-
ducible and stable spectrum. We obtained this electrolyte after trying differ-
ent combination of its components in different concentrations and amounts. In
the following sections we present the details of experiments for observation of
SERS signal from different analytes and the enhancement factors obtained for
a number of electrolytes screened. In certain cases the kinetics of SERS signal
observed was also studied in more detail. We used sodium chloride (NaCl),
sodium bicarbonate (NaHCO3) and two composite electrolytes as background
electrolytes for SERS experiments. During our experiments we did not observe
a large variation of pH. The pH values of the final solutions with all electrolytes
used were in the range 8.8 + 0.5. A comparison of the enhancement factors
for certain analytes have been made. It is known that SERS enhancement is
very sensitive to experimental conditions such as mixing procedure, incubation
time and the type of electrolyte used for colloid aggregation. This becomes
especially important for microfluidic devices because of the limited analyte-
colloid interaction time and also due to the limited time that the analyte can
be present in the probe volume. Thus, for practical applications it is very
important to optimize the conditions to get strong and reproducible SERS

signal.

7.1 Sodium Chloride

A solution of sodium chloride with a concentration in the range of 0.1-0.01
M is the most common electrolyte used to make silver colloid SERS active

[109,110,142,153,154]. We used NaCl to observe SERS spectrum from different
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analytes such as amino acids; tryptophan, phenylalanine , glycine and dyes;

acridine orange(AO) rhodamine 6G(Rh6G).

7.1.1 Tryptophan

In oder to obtain SERS spectra from Trp using NaCl electrolyte, a sample so-
lution was prepared by adding 1 ml of 2x 1073 M Trp into 10ml of concentrated
silver colloid followed by 2ml of 10~ M NaCl, giving a final concentration of
1.5x10™* M Trp and 1.5x1072 M NaCl in solution. The SERS signal started
appearing a few seconds (~ 45 seconds) after preparation of the solution. The
SERS spectrum observed at 30 minutes after the preparation of sample solu-
tion is shown in Fig. 7.1.
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Figure 7.1: SERS signal of Trp (1.5x107* M) with NaCl electrolyte (1.5x1072
M) at ~ 30 minutes after preparation of the sample solution.

A concentration dependence study of Trp SERS spectrum with NaCl elec-
trolyte has also been performed. Five sample solutions were prepared by
adding proper amount of water solution of Trp into 10 ml of silver colloid
followed by 2 ml 10~ M NaCl. The final concentration of NaCl was 1.7x 1072

M for the first three samples. The last two samples with higher concentration
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of Trp had slightly lower concentration of NaCl 1.6x1072 M and 1.5x1072
M for the 2nd highest and highest concentration samples respectively due to
the effective dilution of the sample by the amount of Trp added. The final
concentrations of Trp in solution were 3.3x107% M, 1.0x107° M, 3.3x 107> M,
8.3x1075 M, 2.5x10~* M. SERS signal started appearing a few seconds after
preparation of the sample solutions, then the signal intensity increased with
time and a stable signal was observed. This signal intensity did not change
more than 15% during the next 24 hours. The solutions were dark yellow in
color when prepared and changed into light yellow at around 5 minutes and
remained that color for the order of a day. The SERS spectra observed 2 hours

and 40 minutes after preparation of the sample solution is shown in Fig. 7.2.
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Figure 7.2: SERS signal from Trp using NaCl(1.7x1072 M) electrolyte for
different concentrations of Trp.

7.1.2 Phenylalanine

We could not observe SERS spectrum from amino acid phenylalanine using
NaCl electrolyte for the concentrations we studied and for the sample prepa-
ration methods used. Sample solutions for SERS measurements were prepared

by adding Phe into 10 ml of silver colloid followed by 2 ml of 0.1M NaCl, with
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final concentration of Phe in the solution between 2x107% to 1.5x10~* M. The
sample solution was yellow in color similar to that of the original colloid and

remained in that color without showing any aggregation.

7.1.3 Glycine

NaCl electrolyte was not tested for observation of Raman enhancement for
Gly amino acid in our experiments. We did observe SERS signal from Gly
without the addition of any electrolyte as mentioned in chapter 4. In the
case of tripeptide of glycine, Gly-Gly-Gly , a sample solution was prepared
by adding 1ml of 2x1073 M Gly-Gly-Gly into 10ml of silver colloid followed
by the addition of 2 ml of 0.1M NaCl. The final concentration of peptide
in solution was 1.5x107% M. The solution changed its color from yellow to
green in 5 minutes, but no spectrum observed. The solution was monitored
for SERS signal for 1 hour after the preparation of solution. Also no spectrum
was observed when the order of mixing was changed by adding NaCl into
colloid before the addition of tripeptide for a final concentration of 8.9x107°

M peptide in solution.

7.1.4 Acridine orange

Acridine orange(AO) is a fluorescent dye, widely used in cell analysis [155],
and whose derivatives also exhibit strong biological activity (antimitotic, muta-
genic etc) [156]. We have found that in AO enhancement of Raman scattering
and kinetics of SERS signal are strongly dependent on the time when sodium
chloride is added. The Raman spectra of acridine orange, dependences of Ra-
man peak height (difference between maximum at 1375 cm ! and minimum
at 1347 cm ! ) and the absorbance of the colloid versus time are shown in

Fig. 7.3. These data correspond to the case when 0.024 ml of AO (107° M)
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was added to 10 ml of silver colloid 1 min after colloid formation followed
immediately by the addition of 2ml of 0.1M NaCl. As shown in the figure,
the amplitude of Raman signal was relatively low and it rapidly decreased to
zero during the first two minutes. We did not observe any Raman signal even
after colloid aggregation, which is revealed in change of the colloid absorp-
tion spectrum (see Fig. 7.3(c)). This aggregation could also be seen by the
change of the solution color from yellow to green. After about 40 minutes the
solution started to change its color again from green to pale yellow, and after
2 hours it was almost colorless. The next day a small amount of light gray
precipitation could be seen on the bottom of the cuvette. It should be noted
that the background signal is much smaller than fluorescence from AO in the
absence of the colloid (see Fig. 7.3(a)). This fluorescence spectra is observed
in the same spectral region as the SERS. Thus we can conclude that AO is
mainly absorbed on the silver nanoparticles and does not exist in free form in
the solution during these experiments. So the lack of Raman signal cannot be
explained in terms of lack of binding of AO with nanoparticles.

A Completely different kinetics of the SERS signal was observed when
sodium chloride was added to the already aggregated colloid. Data shown in
Fig. 7.4 corresponds to the case when 0.024 ml of AO (1075 M) and then 2 ml
of NaCl (0.1 M) were added to 10 ml of colloid solution after about 40 min of
colloid formation (at that time, the colloid had a green-gray color which is an
evidence of aggregation). As shown in the figures the signal increased during
the first 10 minutes and then slowly decreased. The maximum peak height
was 5 times higher than that in the previous case. It should be noted that
we did not observe any extra aggregation upon addition of sodium chloride.

Instead of this, 2 minutes after the addition of sodium chloride the colloid

109



1000

4000
L 800

3000+

2000+
1
ZM

10003 27 A M e 0 2004

-

S

S
!

Peak height

400 4

Signal, CCD counts

RMS noise

T T T T T d 0 T = T
1300 1400 1500 1600 1700 1800 0.1 1 : . 10
Wavenumber, cm’”’ Time, minutes

(a) (b)

Absorbance

T T T ]
400 500 600 700
Wavelength, nm

(c)

Figure 7.3: Behavior of AO SERS spectra and silver aggregation with sodium
chloride electrolyte, when AO is added just before sodium chloride. (a) solid
lines 1-4 are Raman spectra of AO (2x 1078 M) in silver colloid taken after
20s, 40s, 1 min and 36 min after addition of AQO, respectively; the dashed
line is a spectrum of AO (same concentration) in water which is primarily
fluorescence. (b) time dependence of Raman peak height (1375 cm ~!') with
background subtraction and (c¢) absorbance spectra of final solution at different
times.

solution started to become lighter.

We have performed a concentration dependence study of acridine orange
by adding colloid into a solution containing different concentrations of acridine
orange. We prepared 6 sample solutions by adding 1 drop (12 micro liter), 3
drops, 10 drops, 30 drops, 1.2 ml and 3.6 ml of 10 =% M acridine orange into a
solution of 5 ml of deionized water and 3 ml of NaCl (0.1M). To each of these

solutions 2 ml of aggregated silver colloid was added. The final concentrations
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Figure 7.4: Behavior of SERS spectra and silver aggregation with sodium chlo-
ride electrolyte when NaCl and AO were added 40 min after colloid generation.
The final concentrations were 2x1078 M for the AO and 2.6x1072 M for the
NaCl. (a) Raman spectrum at different times, (b) time dependence of Raman
peak height and (c) absorbance spectrum of silver colloid at different times
after addition of NaCl.
of AO in the solutions were 1.2x107% M, 3.6x107° M, 1.2x107® M, 3.5x107®
M, 1.1x107" M and 2.8x10~7 M respectively. The peak height versus the
concentration of AO is shown in Fig. 7.5. As shown in Fig. 7.5 the peak
height increases linearly with the concentration in the range from 3.6x107? M
to 4x107®% M and then it saturates at higher concentrations.

From the time and concentration dependence studies of SERS signal of AO

in silver colloid, it is shown that the surface enhancement of Raman scattering

has strong and nontrivial time dependence. For AO, non aggregated colloid

111



Peak Height (CCD counts)

e

T
10* 10
Concentration, M

Figure 7.5: Concentration dependence of SERS signal from acridine orange
with NaCl electrolyte.

gives small signal and fast decrease of signal with time. Slow aggregation using
NaCl gives moderate signal and fast increase of signal with time. Zimmermann
et al. studied SERRS spectra of acridine orange and its binding to DNA
strands [157]. They recorded spectra of AO to a concentration of 107% M. In
their study they used KI and HNOj solution to suppress the fluorescence of
AO. SERS of AO on micro surface has been studied in [158]. We could obtain
good quality SERS spectra for concentration as low as ~ 1072 M. The spectra
of acridine orange we observed are in very good agreement with the spectra

reported in literature [157,158]. We also studied a Kinetics of AO SERS signal

for the first time.

7.1.5 Rhodamine 6G

Rhodamine is a fluorescent dye, used in fluorescence microscopy, flow cytom-
etry and fluorescence correlation spectroscopy. Rhodamine 6G is also used as
laser dye, or gain medium in dye lasers. The sample solution for SERS mea-
surement was prepared by adding Rh6G into 10 ml of aggregated silver colloid

(40 minutes after preparation) of colloid followed by 2 ml of 0.1M NaCl giving
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a final concentration 9.3x107® M Rh6G and 1.7x1072 M NaCl in solution.
The spectra observed and the variation of intensity with time are shown in
Fig. 7.6. The solution was milky gray in color when prepared and remained
grayish yellow color during the observation period. No SERS spectrum was
observed for the same procedure when Rh6G was added to the fresh colloid
without any time delay.

Cl™ activation of colloid has been reported in the SERS study Rh6G
molecules, it was observed that SERS enhancement factor varies strongly
depending on the concentration of Cl~ ions [140, 145,159]. NaCl, KCI and
HCI activation of substrates have been reported in the SERS study of Rh6G
[145,150,160]. The SERS spectrum we observed for Rh6G is in agreement with
literature reported spectra [140,159]. For a final concentration of 9.3x107% M
Rh6G with 1.7x1072 M of NaCl we observed a fluorescence background as
shown in Fig. 7.6, similar to the spectrum reported in [161]. Cyrankiewicz
et al. reported that Rh 6G gave the largest SERS enhancement 40 min after
introducing analyte into colloid suspension [145]. In our experiments we added
analyte into colloid 40 minutes after preparation of the colloid. Though the
procedure was not exactly the same, a delay in time was required in our case
too. In [160] SERS spectrum of single Rh6G molecule was reported. In that
study they incubated 2 nM R6G in colloidal silver containing 10mM NaCl
for 2 hours and the SERS spectrum was measured with an integration time
of 60 seconds. We used an integration time of 5 seconds for our SERS mea-
surements. A time dependence of SERS signal reported for Rh 6G with KCI
electrolyte is different from what we observed using NaCl electrolyte [145]. In
our studies we have maximum signal in the beginning and then the signal in-

tensity decreased with time, but an increase in signal intensity with time was

113



""" 4 min, 5 min
120000 4 " 10 min, 19 min

3]
5 90000
S
13
a
S
_—+ 60000+
<
IS
2
©n

30000

0

T T T T T T T T T T T T 1
900 1000 1100 1200 1300 1400 1500
Wavenumber, cm’!

(a)

32000

30000 -
280004
26000 \

24000 4

Peak height (CCD counts)

522000
20000
18000 \_
16000 — 7T T T T 1T T T T T T T T
0 5 10 15 20 25 30 35 40
Time (min)
(b)

Figure 7.6: (a) SERS signal from Rhodamine 6G using NaCl electrolyte for
9.3x107® M Rh6G and 1.7x107? M NaCl when added 40 min after colloid
preparation (b) variation of peak height at 1365 cm™! with time.

reported with KCI electrolyte in [145].
In summary the enhancement factor we obtained for Trp with NaCl elec-
trolyte for a final concentration of 10~ M Trp in solution is ~ 10*, which is

in agreement with the enhancement factor reported in literature for similar
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concentrations of Trp [1]. A study of CI™! activation of SERS for acridine in
silver sol was reported in [162], where they studied the dependence of SERS
signal on the pH of the solution. As discussed above halide ion activation
was reported to be an important factor in observing SERS spectrum from
Rh6G [145]. As we can see the NaCl electrolyte allows one to obtain the
SERS spectra from different analytes. But as shown in later sections, NaCl
gives smaller enhancement factors for some compounds compared to optimized

electrolytes.

7.2 Composite Electrolyte I (CE I)

During screening of electrolytes we found that a bottled drinking water from
Nestle, (Nestle purelife) gave a surprisingly high enhancement of Raman signal.
We performed SERS studies with this electrolyte, which has the following ions
according to manufacturer specification HCO3~, Ca?*, Cl=, SO,2~, Mg?**,
Na®™ (45, 19, 8, 7, 4, 2 ppm). We call this a composite electrolyte I (CE
I) and this background electrolyte resulted in the highest enhancement of
Raman signal compared to the other commonly used electrolytes for the amino
acid Trp studied here. A chemical analysis of a sample of this solution gave
HCO3~ (63.8ppm), Ca®* (14.7ppm), C1~ (15.1ppm), SO,4>~ (2.04ppm), CO3%~
(38.3ppm), Mg?" (4.11ppm) , Nat (3.67ppm) and K* ( 1.12ppm). The SERS
studies performed using this electrolyte for different analyte samples are given

below.

7.2.1 Tryptophan

The solution for SERS measurements was prepared by adding Trp into silver

colloid followed by deionized water and composite electrolyte I. An example
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of the SERS spectrum of Trp in silver colloid is shown in Fig. 7.7. The final
concentration of Trp in solution was 4.2x1078 M. A much higher enhancement
of the Raman signal was observed compared to that obtained with NaCl as
background electrolyte ( Fig. 7.1). This is one of the electrolytes we tested
which gave high enhancement of Raman signal with stable and reproducible
SERS spectra. Based on the peak to background height at ~ 1350 cm ™! from
aqueous solution and at ~1345 cm™! from the SERS one can estimate the
enhancement of Raman scattering as high as~10°, which is several orders of
magnitude higher than previously reported for Trp in silver colloids [1]. The
time dependence study of SERS signal using this electrolyte and a concentra-
tion dependence study were performed as explained in chapter 4 and shown

in Fig. 7.8.
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Figure 7.7: SERS spectra from Trp (4.2x107® M) in the silver colloid with
composite electrolyte.The spectrum was taken 10 minutes after addition of
Trp to the colloidal solution.
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Figure 7.8: (a) SERS spectra of Trp with composite electrolytes at different
concentrations at 10 min after mixing (b) Concentration dependence of the
magnitude of SERS peak at ~1345 cm~! of Trp.

7.2.2 Phenylalanine

We used the composite electrolyte I for SERS study of Phe amino acid using
same method for sample preparation as that we used for Trp. The solution was
prepared by adding Phe into 10 ml of silver colloid followed by 30 ml deionized
water and 20 ml of nestle water, giving a final concentration of 2.3x107¢ M.
The solution was yellow in color when prepared and changed into pink color
in 3 minutes after preparation and became light brown around 1 hour but no
SERS spectrum was observed from the solution. The lack of spectrum may be
due to the reason that Phe molecules do not bind to the colloidal particles on
substrate with CE1. The interaction of analyte molecule with the substrate is
necessary for the SERS enhancement. This may be a possible reason for not
observing spectrum from Phe though we observed SERS signal from Trp with

CE1 which has similar chemical structure to that of Phe.
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7.2.3 Acridine orange

Raman spectra of acridine orange in silver colloid when a composite electrolyte
was used as an activator is shown in Fig. 7.9. In this experiment 14 ml of
CE I was added to 10 ml of a freshly synthesized colloid. Immediately after
addition of the electrolyte the colloid changed its color to red then green and
gray. This process, which lasted not more than three seconds, indicates very
fast and strong aggregation (this is confirmed by the absorbance spectrum in
Fig. 7.9(d) for which the single nanoparticle plasmon resonance maximum is
very undistinguishable). Right after that 0.05 mL of 107> M AO was added
to the colloid (final concentration of AO was 2x107% M). As shown in the
figure the intensity of scattering light was much higher than for the case of
pure sodium chloride (Fig. 7.3 and 7.4) and it changed non-monotonically
with time. Another noticeable feature of the SERS spectrum in this case is
a deformation of the spectrum with time for relative amplitude of the peaks,
in particular, at 1650 cm~! and 1400 cm~!. Also additional peaks appear at
1612 and 1560cm™!. This can be caused by a changing of the geometry of
the colloid-analyte binding and could be evidence of very strong interaction
between the AO molecules and colloidal particles.

A different time dependence of Raman signal was observed when the an-
alyte was added after some time of colloid aggregation. Data shown in Fig.
7.10 corresponds to the case when AO was added 10 minutes after addition
of the electrolyte. In this case the intensity of Raman signal increased in the
beginning and then slowly decreased. The relative peak intensities did not
change with time and the peak at 1400 cm~! has almost vanished. The abso-
lute value of SERS intensity was approximately two times smaller than that

observed in the case when the dye was added just after the electrolyte.
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Figure 7.9: Behavior of SERS spectra of AO when a composite electrolyte I is
used for aggregation. AO is added just after aggregation. The final concentra-
tion was 2x 107® M for the AO. (a) and (b) Raman spectrum at various times;
(c) dependence of the peak height (1375 cm™!) with time; and (d) absorbance
spectrum of the colloid 12 min after addition of the electrolyte.
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As shown in Fig. 7.9 fast aggregation with composite electrolyte gives high
signal and fast decrease. The highest enhancement is observed at the first stage
of fast aggregation initiated by the complex electrolyte containing HCO3~, Cl-
,SO,% anions. In this case maximum enhancement is observed over a short
period of time within 1-3 min after the start of the aggregation process. In the
case when the addition of dye is delayed with respect to the the start of colloid
aggregation (10-40 min) the signal was several times smaller. From the time
and concentration dependence studies of SERS signal from acridine orange
(AO) optimum conditions have been determined. It has been found that at
optimum conditions AO can be easily detected at concentrations 10~ M and
even lower. In general AO exhibits reproducible SERS spectra similar to that
reported in the literature for AO and other acridine derivatives [157,158,162].
In some of the reported studies the electrolytes used were similar to composite
electrolyte [162], where they used KCI for colloid activation and HySO, and
NaOH for adjusting the pH. No reported kinetics study of the SERS signal of

AO was found in the literature.

7.2.4 Rhodamine B

SERS measurements from Rhodamine B were performed by adding 10 ml of
CE I into 10 ml of silver colloid followed by RhB. The final concentration of
RhB in solution was 9x 1072 M. After adding the composite electrolyte the
solution became green in color and then changed into transparent gray. The
spectrum measured from the solution is given in Fig. 7.11.

The SERS spectum of RhB we measured is in agreement with the spectra
reported in literature [163,164]. In the spectrum reported for RhB by Fang et

al. [163], an incubation period of 1 hour was used and the spectrum has a big
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moment of time after addition of the dye, thick curve is a fluorescence signal
of Rhodamine B in water (9x 1072 M) taken under the same experimental

conditions as SERS spectra; (b) Time dependence of the peak height at 1650

cm™ L

fluorescence background [163].
In summary, as described above the composite electrolyte I (Nestle water)
gives high enhancement of Raman signals for certain samples. It works with

most of the molecules we tested and gave significantly bigger Raman signal.
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For example for Trp amino acid CE I gave ~ 300 times enhancement com-
pared to that obtained with NaCl electrolyte. Though it works well and gives
reproducible results, we could not rely on this electrolyte as it is a commercial
bottled drinking water which may not always be available. Also its compo-
nents could change in the future. Therefore we tried to produce an electrolyte
which works the same as the composite electrolyte and which gives SERS
enhancement of the same order as that of Nestle water. The details of the

electrolyte developed are described in the following sections.

7.3 Sodium Bicarbonate

CE I gave stable and reproducible SERS signal with high enhancement and the
main component of CE I was the bicarbonate (HCO3~) ions. Thus, we tried
sodium bicarbonate (NaHCOj ) electrolyte in our experiments. We conducted
some experiments using NaHCOg for amino acid Trp, as given in chapter 4.
In the case when 5x1072 M solution of sodium bicarbonate was used instead
of the composite electrolyte the results did not show high reproducibility. The
shapes of the spectral curves were the same as for the case of the composite
electrolyte I. Old solutions of NaHCOg3 gave higher enhancement of Raman
spectrum from Trp, but different results were obtained for new solution. As
NaHCOj electrolyte worked in some cases but did not give reproducible spectra
we decided to check if there is any effect of dissolved gases on the observation
of SERS signal. To check this we prepared a fresh solution of NaHCO3 and
aerated it using an aquarium aeration stone named Topfin, a porous stone.
The aeration stone was powered by an air pump (Elite799) [165]. The stone
was connected to the air pump through an airline tubing as shown in Fig. 7.12.

After aeration for a day the NaHCOj electrolyte gave spectra for amino acid
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Trp with reproducible results and we suspected that there was some oxygen

saturation effect or aging effect of NaHCO3 which affected the SERS signal.

Figure 7.12: Aerating NaHCOj3 solution using air pump and airstone. A pic-
ture of airstone is given in the inset.

We aerated 5x1073 M solution of NaHCO3 for a day and then used it
for SERS measurements from Trp giving a reproducible SERS signal. Sample
solution was prepared by adding Trp into 10 ml of silver colloid followed by 40
ml of deionized water and 10 ml of NaHCOj3 . The final concentration of Trp
in solution was 2.3x107% M. The yellow color solution changed into pink in 1
minute after preparation and remained that color for an observation period of
1 h. The spectrum observed from Trp using aerated NaHCOj is shown in Fig.
7.13.

A concentration dependence study of SERS signal has been performed by
preparing six solutions of Trp with aerated NaHCO3 as mentioned above with
final concentrations of Trp 1.4x107% M, 4.2x1078 M, 1.4x1077" M, 4.2x1077
M, 1.4x107% M and 1.4x107° M. The SERS signal observed with different
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Figure 7.13: SERS spectrum from Trp using aerated NaHCOj.

concentrations and the dependence of peak height on concentration are given
in Fig. 7.14.

The signals observed using aerated NaHCOj3 were still less reproducible,
and were less intense than that observed with composite electrolyte I. We tried
to increase the Raman enhancement by adding Cl™ ions with the addition of
NaCl also to the aerated NaHCOg3. We tested by adding different amounts
of 107 M NaCl into the solution such as 10 ml, 2ml, 1 ml and 0.5ml and
we found that when we used the combination of 20ml aerated NaHCO3 and
0.5ml 1072 M NaCl, we obtained high enhancement of Raman signal and re-
producible SERS measurements. Thus, we used this electrolyte for a detailed
study of Trp amino acid for high sensitivity of detection. The results obtained

are presented in chapter 6.

But we also aerated the NaHCOj3 solution using a pipette made of polyethy-
lene, and then used it for SERS measurement from Trp in the same manner
as above. However, we could not observe any SERS signal. It was clear

that it was something from the aeration stone material itself that actually
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Figure 7.14: Concentration dependence of SERS signal of Trp using NaHCO3
aerated for a day, take at a time of 1 hour after mixing.

contributed to the enhancement. Later, a chemical analysis of the aerated
NaHCOj3; gave Ca?t (1.4ppm), Nat (105ppm), HCO3~ (372ppm) and CO3?~
(223ppm). NaHCOj3; without aeration gave Na™ (133ppm), HCO3~ (401ppm)
and CO3?~ (241ppm) and CI~ ( 1ppm). From the analysis of the airstone
material it was concluded that the aeration stone was made up of some car-
bonates and during aeration,the porous material of the aeration stone was
adding minor chemicals to the solution. This led to the conclusion that minor
chemical constituents introduced from the aeration stone can have a signifi-

cant influence on the SERS spectra. This led to the development of a new
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electrolyte which was similar to that of of (CE I) and aerated NaHCOj3 plus

NaCl as discussed in the next section.

7.4 Composite Electrolyte II(CE II)
7.4.1 Trp

The electrolyte containing aerated NaHCOj3 plus NaCl and bottled drink-
ing water gave high Raman signal enhancement with reproducible spectrum.
Therefore we attempted to reproduce those electrolytes using a fixed chemical
composition so that we can get rid of the aeration process or the use of a
commercially available drinking water as an electrolyte. With the assumption
that the ability of an electrolyte to enhance the SERS signal depends mainly
on the anion composition we attempted to emulate anion composition of the
electrolyte using NaHCOj3, Na,CO3, NaCl and Nay,SO, as components. We
did not achieve a strong enhancement comparable with the Nestle water(CE
I). After varying the amount of some of the components we found that the
electrolyte with the following composition provides the enhancement similar
to that of (CE I). This is termed as composite electrolyte II (CE II). The
composite electrolyte was a mixture of NaHCO3 ( 5x1073 M ), Nap,CO3 (10%
M) , NaCl (1073 M) and NaySO,4 (10~ M). The solution for surface enhanced
Raman measurements were prepared by adding Trp into 10 ml silver colloid
followed by 30 ml of deionized water and 17.5 ml of composite electrolyte. The
electrolyte was taken from the solution prepared by mixing 100 ml of 5x 1073
M NaHCOs, 20ml of 10=* M NayCOs, 5 ml of 1072 M NaCl and 50 ml of 10~*
M NaySO,. The final concentrations of ions in CE II from chemical analysis
are Ca?* (2), Na™ (1467ppm), HCO3~ (193ppm) and CO3*~ (116ppm) and
Cl~ (1 ppm) and SO4?~ (988ppm).
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Figure 7.15: SERS signal from Trp amino acid using composite electrolytell
for a concentration of 4.4x10~7 M Trp: (a) spectra at various times and (b)
peak height of 1345 cm™! line above background.

The SERS spectrum obtained for a concentration of 4.4x10~" M Trp in
solution and time dependence of the signal is shown in Fig. 7.15. We repeated
the SERS measurements for 4.4x10~" M Trp a number of times to check the
reproducibility of the signal. The results obtained from six measurements with

error bars indicating the standard deviation spread in measurement is shown
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Figure 7.16: The average Trp SERS signal with standard deviations indicated
by error bars using CE II background electrolyte from six separate measure-
ments.

in Fig. 7.16.

7.4.2 Acridine orange

The solution for SERS measurement was prepared by adding 30 ml of deionized
water and 17.5 composite electrolyte II into 10 ml of silver colloid followed
by AO. The final concentration of AQ in the solution was 2.4x1078 M. The
prepared solution was yellow in color and the spectrum started appearing from
1 minute after preparation. In about 6 minutes the solution became brown in
color and then became pale yellow around 1 hour 30 minutes after preparation
of the solution. The SERS spectrum measured during the observation period
increased monotonically in time during this period as shown in Fig. 7.17.
The peak signal levels are similar to those obtained with CE I but the time

behavior and evolution of the detailed spectral features are different.
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Figure 7.17: SERS measurement from acridine orange using composite elec-
trolyte II.

7.4.3 Rhodamine 6G

SERS spectrum from Rh6G was obtained from a sample solution prepared by
adding 10 ml composite electrolyte II to 10 ml of silver colloid followed by
Rh6G, giving a final concentration of 5.6x10™8 M Rh 6G in solution. The
yellow color colloid changed into a gray colored solution after the addition
of composite electrolyte and became pale gray in about 20 minutes. The
spectra observed at various times after preparation are given in Fig. 7.18. The
spectra started to appear before 1 minute after preparation of the solution and

disappeared after around 6 minutes .

7.5 Discussion

In this section we present a comparison of SERS enhancement we observed
using different electrolytes. Results were obtained using NaCl, the commonly
used electrolyte, bottled drinking water (CE I) which gave a high enhancement
of Raman signal for Trp amino acid and the composite electrolyte (CE II) that

we developed are compared in the following sections. The results presented
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Figure 7.18: SERS measurement from Rh 6G using composite electrolyte II.

in the previous sections for different analyte molecules and electrolytes are

compared and summarized here.

7.5.1 Amino acids

We studied Trp amino acid for a a wide concentration range. The SERS
behavior and enhancement factor depend on the concentration of the analyte.
We did a comparison of enhancement factors for three concentration regions:
low concentration (~ 4x1077), intermediate concentration (~ 107%) and high
concentration (~ 107%). A comparison is made based on the peak height of

~! vs the nearest peak minimum at

the signal observed around ~ 1350 cm
1395 cm ~! . Each experiment was repeated three or more times. The results
obtained for Trp using background electrolytes CE I, CE I, Aerated NaHCOj3
+ NaCl, and NaCl are presented in Table.7.1.

As shown in Table.7.1 for low concentration of Trp, CE I and CE II gives
450 to 500 times more enhancement than that with sodium chloride. The

aerated NaHCOj3 plus NaCl mixture gives an enhancement 400 times higher

than NaCl alone. For intermediate concentration of Trp in solution, compos-
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ite electrolyte II gives ~ 10 times enhancement compared to that with NaCl.
Aerated NaHCOj3 plus NaCl mixture and CE I give 15 and 20 times enhance-
ment compared to NaCl. For high concentration of Trp, NaCl gives stronger
signals than the other electrolytes. A comparison of peak heights from SERS
spectra from different electrolytes for Trp for low concentration measurements

is shown in Fig. 7.19.

Peak Height

Electrolytes — NaCl Aerated CEI CEII
NaHC03+
Na(Cl

Trp Concentration

~ 4x107"M 300 £ 100 | 120000 = | 140000 =£ | 150000 =+
55000 30000 50000

~ 1075M 8000 116000 =+ | 160000 = | 75000
26000 44000

~ 1x107*M 3000 £+ 900 | 700 £ 300 | 2000 £ 400 | 900

Table 7.1: Comparison of Peak heights in CCD counts of Trp SERS spectrum
observed using different electrolytes; NaCl, Aerated NaHCO3; + NaCl, CE I
and CE II at optimum measurement times of ~ 15 minutes. Integration time
used was 5 seconds. Error bar shows the estimated standard deviation of peak
height. The measurements are taken at 15 minutes after mixing of solutions,
when we have maximum signal. For NaCl at high concentration, at a time of
around 40 minutes we observed 4-5 times higher signal compared to that at
15 minutes.

At high concentrations (>10"* M) of Trp studied the SERS spectra ob-
served were different from that observed at low concentrations. The difference
in spectral features at high and low concentrations of Trp were observed with
all the electrolytes studied. High concentration spectra observed with differ-
ent electrolytes have similar spectral features. One of the important difference
from low concentration spectra is the appearance of a strong peak near 1000
cm ™! corresponds to benzene ring breathing. This feature became more promi-

nent in the high concentration spectra observed with NaCl electrolyte. The
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Figure 7.19: Comparison of peak heights (a) SERS spectrum obtained from
Trp with CE1, CE2 and aerated NaHCO3; + NaCl (b) spectrum with Trp
(4.4x1077 M) obtained with NaCl.

peak around 1350 cm ™! does not change at high and low concentrations. This
difference may be due to the orientation of the binding of molecules on the

nanoparticle surface. A detailed discussion of spectral features and binding
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Electrolytes CEII CEI NaCl
Concentration | 2.4x1078 M | 2x107® M | 2x10~°% M
Peak height 36000 32000 10000

Table 7.2: Comparison of peak heights in CCD counts from acridine orange
with different electrolytes; CEII, CEI and NaCl at optimum measurement
times of 1 hour 30 minutes , 15 seconds and 6minutes after mixing of the
solution respectively. At these times we observed maximum signal. In the
case of NaCl, NaCl and AO were added to the colloid 40 min after colloid
generation.

geometry is provided in chapter 6 section 6.3. The spectra observed at high
concentrations of Trp are in good agreement with that reported in literature [1].

The composite electrolyte developed, CE II did not work well for the other

amino acids studied; Phe and Gly.

7.5.2 Dyes

For acridine orange a peak height of ~ 36000 was observed with CE II for
2.4x1078 M AO in solution. For 2x10~8 M AO in solution a peak height
of ~ 32000 observed with CE I and peak height ~ 7000 observed with NaCl
electrolyte. The comparison is shown in Table.7.2. The use of CE II reduced
the waiting period in the sample preparation compared to that with NaCl and
gave 3-4 times higher signal levels.

SERS spectra were observed from Rh6G using NaCl and composite elec-
trolyte II as explained above in sections 7.1.5 and 7.4.3. The peak height

I Versus the minimum at ~ 1335 cm™!

observed for the peak at ~ 1360 cm™
for 9.3x107® M Rh6G in solution with sodium chloride electrolyte was ~
33000. However a 40 minute waiting period before adding Rh 6G into colloid
was required for observation of spectrum. Spectrum observed for 6.4x107% M

Rh6G in solution using CE II gave a peak height of ~ 83000 for the same peak

and there was no waiting time required before adding Rh6G into colloid. So
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the composite electrolyte II provides better enhancement than the NaCl and

no waiting period required for the sample preparation.

7.6 Conclusion

SERS spectra of important organic molecules; dyes and amino acids for biolog-
ical applications have been studied using different electrolytes for colloid acti-
vation. It has found that SERS signal from these substances strongly depends
on the colloid preparation and colloid/analyte mixing protocol. For several
amino acids and dyes optimized conditions (mixing order, type of activating
electrolyte and incubation time) have been found to give greatly enhanced
signal levels . Diluted colloid is preferable to use for detection of SERS signal
from some amino acids as SERS signal appears faster and has higher mag-
nitude. In our experimental observations we found that the commonly used
electrolyte NaCl is not as good as enhanced electrolyte mixtures. Also long
incubation times for observation of SERS signal is required in some cases. For
Trp amino acid, NaCl electrolyte provided significantly smaller enhancement
for very low concentrations of Trp than mixtures of electrolytes. At high con-
centrations it gave similar or better enhancement than mixtures of electrolytes.
The spectrum observed using this electrolyte is stable and reproducible and
thus should be useful as an analytical tool for high sensitivity detection of Trp

and other organic molecules in solution.
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Chapter 8

Aggregation Dynamics

The aggregation of colloidal particles plays an important role in surface en-
hanced Raman scattering. It has been reported that aggregation of colloidal so-
lutions is required to obtain high enhancement factor [144,145] and the largest
enhancement occurs at the junction between two particles [139]. Therefore,
the way colloidal particles aggregate and form clusters is very important in
order to understand their use as SERS substrates. In our SERS experiments
with Trp in silver colloid we observed a high enhancement of Raman signal
up to 108. The TEM image of silver colloid with low concentration of Trp
(4.2x 1077 M) where we observed high enhancement of SERS signal (~ 108
) is shown in Fig.8.1 and the absorption spectra of same solution is shown in
Fig. 8.2. The TEM pictures and the absorption spectra confirm the presence
of aggregated silver particles in solution. As shown in the figure the absorption
spectrum starts to evolve from a single peak to a double peak after sample
mixing and after around 6 minutes it developed into a well defined double
peak. The appearance of double peak in the absorption spectrum represents
aggregated particles in solution [6]. We observed high enhancement of Ra-
man signals when we have more number of small aggregates like dimers and

trimers in solution. Thus the evolution and dynamics of the colloidal solution
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are very important in the development of the enhanced SERS signal. In order
to understand the temporal evolution of the SERS enhancement the dynamics
of the colloidal solution have been modeled numerically as described in the

following sections.
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Figure 8.1: TEM image of silver colloid with with low concentration of Trp
(4.2x 1077 M).
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Figure 8.2: The time evolution of the absorbance spectra of silver colloid with
(4.2x 107" M)Tryptophan
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8.1 Colloid Aggregation and DLVO Theory

Brownian motion plays an important role in understanding the molecular and
particle interactions in the colloidal domain. Brownian motion keeps the par-
ticles suspended in the solvent, also it contributes to the diffusion of colloidal
particles through the solution. Due to Brownian motion the colloidal par-
ticles collide with each other and these collisions may result in aggregation
of particles. The metal colloidal particles in solution develop a net surface
charge depending on the details of the solution electrolyte. The surface charge
affects the distribution of neighboring ions and this results in an increased
concentration of oppositely charged ions close to the surface and formation of
an electric double layer(EDL) in the particle-liquid interface. An imaginary
surface separating the layer of liquid bound to the solid surface and rest of
the liquid is called the slipping plane and the electrical potential at this plane
is called the zeta potential(¢) [166]. The zeta potential provides information
about the charge carried by the nanoparticles and its ability to interact with
other particles and therefore the colloidal stability is dependent on this poten-
tial [166]. The steady state of the colloidal solution is actually a metastable
state, occurring due to a fine balance between the electrostatic repulsion, van

der Waals attraction and hydrodynamic forces arising due to the movement in

fluid.

The interaction between colloidal particles can be described by DLVO (Der-
jaguin, Landau, Verwey and Overbeek) theory [167,168], a theory developed
to solve the electrostatic problem of electrolyte with charged boundaries. Ac-
cording to the theory, colloidal stability is described by the potential energy of

particles, which has a positive interaction potential due to Coulomb repulsion,
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in many cases the Coulomb interaction is affected by the presence of other
ions in the solution and its strength is reduced, therefore it is called a screened
Coulomb potential (linear approximation of the screened Coulomb repulsion
potential) of charged particles Vo (r). In addition there is a negative in-
teraction potential for the van der Waals attraction Vg (r). Hydrodynamic
interaction, the interaction in colloids due to the flows of moving particles in
solution is usually ignored in DLVO theory. In general Coulomb repulsion
and van der Waal attraction together with some approximations constitute
the DLVO theory of colloidal stability. Some of the approximations in DLVO
potential are not always valid, still the DLVO theory provides a general ap-
proach which agrees with observations in many cases and has been used in the
past to describe colloid dynamics and aggregation effects.
The DLVO interaction potential Upryo(r) ( normalized to the thermal
energy KgT) for two identical spheres is given by [43]
UDLVO(T) VvdW(T) VCoul(T)

= 8.1
KgT KgT * KgT (8:1)

Where Vg (1) is the van der Waals interaction and Vg, (r) is the screened
pairwise Coulomb interaction. The van der Waals contribution can be given
as:

Axc 2a? 2a? 4a?

V;,dw(T) = 6 2 — 4g2 + 7 + ln(l — F) (82)

Where Ay is the Hamaker constant, which depends on the material of the
objects under consideration, and on the medium in which they are immersed in,
a is the particle radius and r is the center to center separation of the particles.
Coulomb interaction is taken via the screened electrostatic interaction between

two objects with effective charge Ze /1+ka.
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1 Zeeka 2 —kr
[ ee } e (8.3)

Vou =
cou(7) 4me |1+ ka

r
Z is the charge of the particles. k=! is the Debye- Huckel screening length
of the electrolyte, which can be calculated from the concentrations (n;) and

charges (Z;)of the involved ions.

2

N
e
k2 = EKBT Z anjQ (84)
j=1

At the shortest distances the van der Waals attraction dominates and the

DLVO potential diverges to - infinity, this corresponds to the minimum of
interaction potential and causes irreversible aggregation. At intermediate dis-
tances, the Coulomb repulsion is stronger and creates a potential barrier, which
prevents aggregation and the colloidal solution remains in a metastable state
if this barrier can not be overcome. For a barrier height above ~ 15- 20 KgT
a solution is usually considered to be metastable [43]. The barrier height can
be changed by changing the ionic content of the solution. When the maximum
Coulomb potential barrier is less than or equal to zero, there is no potential
barrier for collisions and the aggregation process is mainly driven by Brownian
motion. In some cases the overall potential also has a secondary minimum at
larger distances, this shallow potential hump can be responsible for reversible
binding of colloidal particles called flocculation , a less evident effect for metal-
lic colloids with regards to SERS. Thus the DLVO theory provides a useful

description of colloidal stability and aggregation.

The first step of aggregation is the formation of dimers from two single
colloidal particles, with a rate constant k.’ which depends on the potential

barrier and viscosity. In the initial stage dimer - dimer collision and dimer- sin-
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gle particle collision, that is the formation of higher aggregates are neglected.

In this case if Cj is singe particle concentration, and C,, is dimer concentration

)

dC

S:—k 2
dt rCs
dCy k.
o 2%

C,+2C, =C),

The solution to this set of equations for the time dependent concentration

of dimer C, is given by [169]

c ([ O+
C, = - (8.5)
14+ COF, ¢

where C,() is the initial single colloidal particle concentration. if, 7 =
1/C,k, , is the time constant,

Then Eq.(8.5) becomes,

¢, = ¥ ( t/7 ) 56)

2 \1+t/7

For later stages of aggregation we need to consider all the interactions and
the formation of higher aggregates, when the probability of two particles to
aggregate does not depend on the type of particles, that is when the rate
constants are independent of the particle size we have a set of differential

equations which leads to the solution [43].

(8.7)

¢ ¢ —(n+1)
-

an-all] v
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Where n=1 for single particles, n= 2 for dimers, n =3 trimers etc. and 7 =
2/k,Cy

Eq.(8.7) is true for the case when the probability of two colloids to aggre-
gate does not depend on the type of the particles, that is when the probability
of two single particles to interact and form a dimer is same as that of the
probability of two dimers to form a tetramer or a trimer and a dimer to form
a bigger aggregate. We can not directly apply this analytical solution to our
results, because in our case the probability depends on the particle type due
to the increase of potential barrier as the particles combine.

The interaction potential is additive that is the interaction of a colloid
with a dimer is the sum of the interactions between the colloid and each of the
two colloids forming dimer. So if there is no potential barrier, the potential
remains attractive for larger structures and the aggregation leads to complete
coagulation. A positive potential barrier of a few KgT will not stop the ag-
gregation, but just makes the aggregation slower. When the potential barrier
Vnaz 18 between 0 and 15 KgT, that is the range,which can be achieved by the
screening of Coulomb potential by the addition of electrolyte, the aggregation
process is different. As the repulsive electrical interaction potential for a col-
loid and a dimmer is larger than that for a pair interaction of two monomers,
for a barrier height of few Kg'T’s it might be possible to form a cluster of two
particles, but forming large clusters will be less and less probable. Thus under
certain conditions the aggregation of colloid can be limited to the formation of
small aggregates with 2, 3 or 4 particles(dimers, trimers or tetramers). This
self limiting aggregation, where the colloid is partially aggregated with small
clusters is an interesting aspect of SERS and the dynamics of formation can

be calculated in a simple Monte Carlo simulation, as described by Meyer et
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al. [169].

8.2 Monte Carlo Simulation

In order to understand the kinetics of colloidal aggregation and to check the
validity of our experimental observations, silver colloid aggregation has been
modeled with the help of a simplified two dimensional Monte Carlo simulation
as in Meyer et al. [169]. In the simulation, initially we consider a number
of particles, randomly distributed over a finite Cartesian lattice. We used 50
particles randomly distributed over a square lattice of size 2500 x 2500, with
lattice cell size = 20 nm. The number of particles and the lattice size we
have chosen corresponds to a concentration of 1x10'? cm™? silver particle in
solution. A schematic potential shown in Fig.8.3 has been chosen to model
the Coulomb potential hump in the DLVO potential, similar to the schematic
potential described in [169] . The potential is selected such that two colloidal
particles separated by a distance smaller than 1.5 lattice units(d;) are trapped
in a very deep potential well (V,,,;,/KgT < -40). This includes the four nearest
neighbors and the four next nearest neighbors in a square lattice that are
separated from the reference site by v/2d;<1.5 d;. The model potential then
has a shallow positive hump (V,,../KpT) and then drops to zero for particles
separated by more than 3.5 d;. The potentials from neighboring particles are
added linearly.

To model the particle motion and aggregation, for each Monte Carlo itera-
tion we choose a random particle and calculate its potential energy, U,.; then
move the particle to a random neighboring position on the lattice . After mov-
ing the particle we calculate its new potential energy, U. If U,.;> U, the move

is accepted or else the move is accepted with a probability P= e~ (Ures=U)/K5T
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Figure 8.3: Schematic potential

given by Boltzmann factor at temperature T. These simulations were pro-
grammed in Matlab and the program listing is given in Appendix B. The
simulation has been carried out for various potential barrier heights. Periodic
boundary conditions were used in the simulation we performed.

In one of the test runs we simulated with the same conditions as in [169]
with 500 particles in a 200x200 lattice with potential barrier of 10KgT with
closed boundary conditions, the results obtained are shown in Fig. 8.4. The
results are in good agreement with the results presented in [169] with similar

number of single particles and dimers after 10° iterations.
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Figure 8.4: Histograms showing number of particles forming clusters of size
1,2,3 etc after 10 iterations for V,,q./KpT = 10 (square lattice 200x200, 500
particles, closed boundaries).
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The use of closed boundary conditions used in that paper is not very well
justified. Usually periodic boundary conditions are used to simulate the ag-
gregation in free volume. As reported in [170] when the observation region is
a small representative cut out from a larger region, periodic conditions should
be used, where the particle that moves out of the observation region at one
side reappears at the opposite side. Closed boundary conditions are used when
the observation region is delimited by fixed walls and in this case the particles
are not supposed to leave the system [170]. Simulations with a similar poten-
tial using periodic boundaries showed significant difference in the results with
much higher aggregation rate and a number of agglomerates of bigger size. It
shows that closed boundary conditions may slow down the aggregation process
by slowing down the motion of particles at the boundaries. This becomes more
evident for lower potential barriers. Higher discrepancy in results obtained for
periodic boundary and closed boundary condition simulations for lower poten-
tial barriers. The results obtained for the same simulation shown in Fig. 8.4
but for periodic boundary conditions is given in Fig. 8.5
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Figure 8.5: Histograms showing number of particles forming clusters of size
1,2,3 etc after 10° iterations V,,../KgT = 10(square lattice 200x200, 500
particles, periodic boundaries).

To choose the range of the potential values the following assumptions were
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used. When there is no potential barrier the aggregation of particles is con-
trolled by diffusion. The diffusion controlled binary association rate constant

of two similar particles is equal to the collision rate constant and is given

by [171]

4K
k, = sl
3n

Where Kp = 1.38x1072 J K~ is the Boltzmann’s constant, Temperature

(8.8)

T =295 K, n = 8.9x107*Pa s, is the viscosity of water at room temperature.

The value of k, is calculated as 0.6x107'"m?3 / particle/ second.

The corresponding time constant, 7 = 1/C,(Ok,, where C,® is the con-
centration of colloidal particles.

When there is a potential barrier U, the probability of particles to aggregate
depends on the potential barrier and in that case the rate constant becomes,
k, = ke~ V/KeT (8.9)
The correponding time constant for dimer formation is

1

Tp = Cgo)kre_U/KBT (810)

During our SERS experiments we observed a build up time of signal of
several minutes (few hundred seconds). If we assume that the SERS signal
build up is due to colloid aggregation, the time constant observed in experi-
ments should be in agreement with the colloid aggregation time. For potential
barriers of U/ KT = 4, 5, 6 and C,(9 = 2x107'7 m~3, the corresponding
time constants 7, are 45 seconds, 123 seconds and 322 seconds respectively.
These values of potentials also correspond to the potential values reported

in [169, 172], where a metastable state, which has self limiting aggregation
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with small clusters is reported for potential barrier heights between 0 and 15
KgT.

The results for different potential barrier heights V,,,../KgT =2, 3, 5 and
6, for 3x10% iterations and V.. /KpT = 7 for 4x10® iterations for 50 particles
in 2500x 2500 lattice are given in Fig. 8.6. The dynamics of aggregation of
particles with different potentials are depicted in these plots. The number of
particles forming clusters with size one (single particle), two (dimer), three
(trimer) and four (tetramer) particles are shown versus the number of Monte
Carlo steps. For V,,../KgT =2, for the lowest barrier considered here, after
3x 108 iterations, dimers are the dominating cluster types with some trimers
and tetramers formation. When the barrier height increases dominating par-
ticles are single particles for V,,,,/KgT > 5 with small number of dimers and
very few number of big clusters like trimers and tetramers after 3x10% itera-
tions. It is clear from Fig. 8.6 that the rate of formation of dimers depends
on the height of the potential barrier.

In order to calculate the time interval per step corresponding to one iter-
ation, we can use the relationship between diffusion time and random walk
times.

In diffusion the mean square displacement in two dimension after time t is

given by [173].

<S?> = 4Dt (8.11)

and for diffusion in three dimensions,

<S?> = 6Dt (8.12)
where D is the diffusion coefficient, which can be calculated from the equa-
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tion [171],
K
p— Lel
6™ R

Where K = 1.38x1072 J K~ is the Boltzmann’s constant, Temperature

(8.13)

T =295 K, n = 8.9x107*Pa s, is the viscosity of water at room temperature

and R is the particle radius, for 20nm size silver particle D = 2.43x10~'m?

/s.
From the other hand in random walk of particles, the average square of net

displacement is given by [174]

<S*> = <N>d* (8.14)

When N is number of steps and d = 20nm is step size (cell size)

Comparing the above equations, we get
4Dt = Nd? (8.15)

and thus time interval corresponding to one iteration is equal to

d2

t=—
4D

(8.16)

In the simulation we consider the motion of one particle at a time, whereas
in reality all the particles undergo random iterations simultaneously, so the
time interval for one iteration of the system corresponds to the iteration of
50 particles, therefore in our case, the time step is 50 times smaller than that
calculated using Eq.(8.16). Using diffusion coefficient D = 2.43x107* m?/s
from Eq.(8.13) for 20nm particles and for the 20 nm step size(d) we calculated
t = 0.082 microseconds per iteration. As one iteration corresponds to 0.082

microseconds 3x 108 iterations correspond to ~25 seconds.
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The formation of dimers as a function of time for different values of the
potential barrier are shown in the figures 8.7, 8.8 , 8.9 and 8.10. A least square

fit to the equation (8.5) in the form

G GoAt
P9 \ 14 CyAt

to the various plots results in values of A = 0.0095 £ .0.0007, 0.0015

(8.17)

+ 0.00006, 0.0006 £+ 0.00003, 0.0002+ 0.00001 for V,,../KgT = 3,5,6 and 7
respectively. From the curves plotted the time constant has been calculated for
different potential barriers , for V,,../KgT = 3,5,6 and 7 the time constants are
2.1, 13.5, 35.1 and 89.4 seconds respectively. The results indicate qualitative
agreement with experimental times of 10’s of seconds to minutes and plateau

in region of dimer formation.
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Figure 8.7: Growth rate of dimers for V,,,,/KgT = 3. The line shows least
squares fit of Eq: 8.17 to the data giving a value of A= 0.0095 + .0.0007.
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Figure 8.8: Growth rate of dimers for V,,,,/KgT = 5. The line shows least
squares fit of Eq:8.17 to the data giving a value of A= 0.0015 £ .0.00006.
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Figure 8.9: Growth rate of dimers for V,,,,/KgT = 6. The line shows least
squares fit of Eq:8.17 to the data giving a value of A= 0.0006 + 0.00003.
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Figure 8.10: Growth rate of dimers for V,,.,/KgT = 7. The line shows least
squares fit of Eq:8.17 to the data giving a value of A= 0.00024+ 0.00001 .

8.3 Discussion

Monte Carlo simulation results show that the self limiting aggregation can lead
to relatively small aggregates given an appropriate potential barrier. From the
simulation plots, it is clear that the time constant for dimer formation is sensi-
tive to the potential barrier. The experimental observations also confirm this
as there is a strong dependence of the SERS signal on the electrolyte concen-
tration which would agree with a potential which depends on the concentration
of the electrolyte. We also observe that our sample solution for the SERS mea-
surement has small aggregates of colloidal particles when high enhancement
is observed and that the SERS active solution was stable for more than a day
with detectable SERS spectrum. The colloid concentration in our sample so-
lution is 6 times more diluted than that used in the simulation which would

indicate that the time scales observed in the simulations should be reduced by
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a factor of 6 times. For the potential barrier of 6KgT (V,../KgT = 6), the
time scale of formation of dimer is approximately 35s for the concentration
used in the simulation. So for our sample solution the time constant would
be 3.5 minutes, which agrees with the value of time constant of 2.7 minutes
which we obtained for the growth of SERS signal in our experiments as given
in chapter 6. Thus the sample solution we used appears to be consistent with
a potential barrier close to 6 KgT for a 2D DLVO model of aggregation. The
TEM image also confirms the presence of small aggregates with a high number
of dimers, trimers and isolated particles when we have high enhancement of
SERS signal. Thus, the self limiting aggregation suggested for the Lee Meisel
preparation of colloid solution [43] is also observed in the case of borohydride

reduced silver colloid, which we used here for the SERS studies.

8.4 Conclusion

In this chapter we used 2D numerical simulations to study the colloid agglom-
eration process using a simplified potential model and random walk algorithm
as described in [169]. The assumption of an additive potential proposed in the
same reference [169] was also used. Though the model used in the simulations
is very simplified it is able to predict the key features of the experimental
observations showing the presence of small aggregates for an extended period
of time and also gives the aggregation time constants within reasonable agree-
ment with the experimentally observed values of the SERS signal build up

time.
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Chapter 9

Summary and Future Work

9.1 Summary of Thesis Results

This thesis investigated different aspects of surface enhanced Raman scatter-
ing technique in order to obtain reproducible high sensitive detection of amino
acids with a focus on tryptophan in particular. In the process various aspects
of SERS using silver colloid nanoparticles were studied such as impact of ex-
perimental conditions, sample preparation procedure and role of background
electrolytes on the SERS signal. SERS studies of a few different amino acids,
peptides and dyes in silver colloid have been carried out during the course of
this thesis. SERS studies were also performed in different detection geometries
such as liquid core waveguides and in microfluidic channels in order to increase

the sensitivity and prepare for future investigation into lab on a chip systems.

The capability to detect low concentrations is an important aspect of SERS.
With the high sensitivity detection system developed we could detect SERS
spectra from the amino acid tryptophan at concentrations as low as ~ 1078 M.
The SERS enhancement obtained for this amino acid is of the order of ~ 10°.

We performed a detailed study of SERS effect of Trp amino acid for a broad
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range of concentrations and with different background electrolytes. The low-
est concentration of Trp detected is 3 to 4 orders of magnitudes smaller than
the tryptophan detection previously reported in literature. For this amino
acid high quality SERS spectra have been obtained in the concentration range
1078 to 5x10~* M. During this study it was discovered that the enhancement
of Raman signal dramatically depends on the concentration of Trp. These
changes in enhancement are accompanied by the changes in the shape of the
spectral curves. Some of the strong peaks such as indole ring breathing mode
around ~ 1000 cm~! disappeared at low concentration whereas new peaks
appeared compared to the spectra of high concentration of Trp (> 10™* M).
This transformation of the SERS spectra of Trp has not been reported in the
literature. We observed that below 10~*M of Trp the shape of the spectral
curves does not change with the concentration of Trp and the incubation time,
indicating stable and reproducible binding geometry of the molecules to the
nanoparticles. The high Raman signal enhancement observed for Trp can be
explained in part by the particular binding geometry of Trp molecules to the
silver nanoparticle surface under the experimental conditions developed. In
particular, it is suggested that the largest enhancements obtained derive from
the preferential binding of the Trp molecules in between nanoparticles in dimer
and trimer configurations. We have observed that Trp directly takes part in
the aggregation process and plays an important role in binding and thus ends
up in the correct spot for the maximum enhancement. The observation of
saturation in observed signal levels would be consistent with the filling of such
sites by the Trp molecules. At the same time, under the same experimental
conditions the peak signal strength obtained from different measurements were

reproducible with a standard deviation of the order of 50%.
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The enhancement factor we observed for the amino acids Phe and Gly
was ~ 10%. For these amino acids SERS enhancement was observed without
any additional electrolyte. In contrast, the addition of NaCl and composite
electrolyte led to a reduction of spectra in these amino acids. It was found
that in spite of the similar chemical structure of Phe and Trp amino acids the
conditions for which strong SERS signals observed can be different due to the
different binding process of each analyte to the substrate. For the peptide Trp-
Trp no additional electrolyte was required to obtain large signals. Tripeptide
Gly-Gly-Gly also provided SERS spectrum without any electrolyte. Overall,
the results indicate the possibility of collecting Raman spectra of amino acids
and peptides at low concentrations with good signal to noise ratios using the
SERS technique. However it is expected that optimization of electrolytes could

improve the signal enhancements of these other species further.

Liquid core waveguides provide the possibility of an additional signal en-
hancement. We have demonstrated enhancement of up to 50 times giving the
possibility to achieve a detection limit for Trp as low as ~ 1071 M. To the
best of our knowledge this is the first reported SERS detection in a Teflon
AF capillary waveguide. In principle short waveguide channels on the order of
centimeters in length could be incorporated into microfluidic systems allowing
such high sensitivities for lab on a chip analysis. We have also demonstrated
the SERS spectra measurement in a standard microfluidic channel at low con-
centrations. However, in the standard microfluidic channels, the SERS signals
observed are reduced relative to those in large open probe volumes due to

the much smaller transverse probe length across the channel used here. Laser
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micro machining was employed in order to fabricate an extended interaction
volume in the microfluidic geometry. However this was not optimized and
further work is required to optimize the resultant probe geometries to allow
for large effective numerical aperture probing. Once optimized, it is expected
that similar sensitivities can be obtained in microfluidic systems as with the
open geometry cuvette measurements and these should be in the fmol range as
required to analyze the contents of single cells extracted into such microfluidic

channels.

Throughout the study it was found that the background electrolyte is an
important factor in SERS measurements as it can change the aggregation and
binding. In most cases, addition of electrolyte is necessary to observe an en-
hanced SERS signal. Along with the commonly used electrolyte NaCl, we
also developed some composite electrolytes which led to high enhancement of
Raman signals reported. The spectra observed using this electrolyte were sta-
ble and reproducible and thus should be useful as an analytical tool for high

sensitivity detection of Trp and other organic molecules in solution.

In order to better understand the time evolution of the spectra, a numerical
simulation has also been performed of the aggregation process in silver colloid

which could qualitatively explain the experimental results observed.

9.2 Future Work

The work presented here is the first step towards ultra sensitive detection of
amino acids and proteins. In the present work we have been able to optimize

conditions for one amino acid tryptophan. Many issues remain which would
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require more investigation.

Further improvement of the composite electrolyte is an interesting aspect.
The composite electrolyte developed in the current work showed good SERS
spectra enhancement for the amino acid Trp and dyes rhodamine 6G and
acridine orange. But for the other amino acids studied Phe and Gly this elec-
trolyte did not give SERS enhancement and different electrolytes electrolyte
solutions would be required to give enhanced binding and SERS signal for

these molecules.

A related aspect would be to study and compare the binding geometry and
orientation of phenylalanine and tryptophan in silver colloid in order to un-
derstand the difference in observation of SERS signal from these amino acids

with similar chemical structure.

A significant enhancement of detection could potentially be obtained by
the incorporation of the LCW technique into a microfluidic chip using the
unique total internal reflection properties of Teflon AF capillaries with short
lengths of a few cm. In principle this could lead to extremely low levels of
detection potentially allowing analysis of the contents of single cells. Thus a
study of increased probe volumes in microfluidic systems including the pos-

sibility of incorporating a LCW as part of the system would be very interesting.

The SERS enhancement depends critically on the optimum binding of the
species to the nanoparticles and optimum binding of the nanoparticles. A

better fundamental understanding of the binding and aggregation process is
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required in order to fully optimize the SERS enhancement. We have taken only

a first step in this detection with the aggregation kinetics model presented here.

9.3 Conclusion

In summary, this thesis has significantly improved the lower concentration de-
tection limit of Trp amino acid by developing new composite electrolytes and
analysis procedures. The composite electrolyte developed provides higher and
reproducible SERS enhancement for some of the analytes studied compared
to the commonly used electrolytes. The detection of SERS in a Teflon AF
capillary has also been investigated for the first time during the course of this

thesis, which further increases the Raman enhancement.

The results presented in this thesis are an important step towards the
future application of SERS in microfluidic lab on chip systems for the detection
of biomolecules. The high sensitivities and reproducibilities obtained here
together with the further improvements expected from future work should
enable SERS to be used for the analysis of the bio molecular content of single

cells in such systems.
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Appendix A

Mie Resonance of Silver and
Gold

Plasmon resonances are the core of electromagnetic enhancement that makes
SERS possible. The most used materials for SERS and plasmonics are silver
(Ag) and gold (Au). These metals are important because of their unique op-
tical properties. Metals have complex dielectric constant € (w). The real part
of dielectric constant, Re(e) changes from small positive values in the ultra
violet region to negative values in the visible and very negative values in the
infra red. The imaginary part Im(e) has a small value for silver and a larger
value for gold. This is one of the important characteristics of metal that makes

possible the interesting optical effects.

Plots showing optical constants n and kappa, which are the real and imag-
inary parts of the refractive index, and the real and imaginary part of dielec-
tric constants are given in Fig. A.1. The optical constant for Ag and Au
were taken from the measurements carried out by Johnson and Christy [175],
these measurements were based on reflection and transmission measurements
on carefully prepared surfaces to avoid contributions from scattering.

The absorption cross - section of a spherical particle which has dimensions
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Figure A.1: Plots (a) and (b): optical constants of silver and gold as a function
of wavelength. Plots (¢) and (d): real and imaginary part of dielectric constant
of silver and and gold as a function of wavelength.

much smaller than the wavelength of light is given by [176],

Tabs = %Im[a(w)] (A.1)

where k, is the wave vector in the surrounding medium and «(w) is the
polarizability and ¢; = 8.85x 107!2 F/m is the permittivity of vacuum. The

polarizability is given by

€1 (W) — €9

e1(w) + 26 (4.2)

a(w) = 4mrea®

161



where €, is the dielectric constant of the metal , 5 is that of the medium
and a is the particle radius.

The frequencies at which Re(e;) = -2 €, the absorption cross- section be-
comes very high. This is an example of localized surface plasmon resonance.
The optical resonance conditions in small metallic objects are strongly depen-
dent on its geometry.

The absorption cross - section as a function of wavelength for a spherical
silver and gold particle of 20 nm diameter in different media; vacuum (n=1),
water (n=1.33) and glass (n=1.5) are plotted as shown in Fig.A.2.

The resonance for silver particle is in the ultraviolet-visible spectral range,
while for gold the resonance occurs around 500 nm. The resonant condition
is determined primarily by the real part of ¢;. The width of resonance is de-
termined by the imaginary part of dielectric constant. The imaginary part
is related to the absorption of the material. The larger the imaginary part
the more lossy the resonance is. Strong damping leads to a decrease in the
Q of the resonance which gives a broader and lower absorption peak. Since
the imaginary part of the dielectric constant is fairly small for silver it has a
stronger and narrower resonance than for gold. The resonance condition for
Ag is satisfied at frequency where the imaginary part of dielectric constant for
silver is smaller compared to that of gold. Gold has a comparatively higher
imaginary part of dielectric constant and therefore the resonance in gold is

more lossy and broader.

The resonance in absorption also leads to enhancement in the surface elec-
tric field. These in turn lead to the electromagnetic enhancement observed

in SERS when using such nanoparticles and thus the strength of the SERS
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Figure A.2: Absorption cross section as a function of wavelength in vacuum,
glass and water (a) for spherical silver particle with 20 nm diameter(b) for
spherical gold particle with 20 nm diameter. Solid line: vacuum (n=1), Dashed
line: water (n=1.33), Dotted line: glass (n=1.5).

enhancements also follow a similar trend where silver nanoparticles give much
stronger enhancements than gold nanoparticles. For the real colloidal solutions

the shapes of the nanoparticles will vary from perfect spheres broadening the



measured absorption resonance as shown in Fig 3.11 and also the formation of
dimers (which give larger enhancements than single nanoparticles) will shift
the resonant frequency to longer wavelengths as shown in Fig. 6.5. This shifts
bring the resonant wavelength into the range of the excitation laser wavelength

of 532nm used in the present experiments.
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Appendix B

Matlab Code for Monte Carlo
Simulation of Colloid
Aggregation

1 %% 2D Brownian motion of particles: Limiting motion to one
cell at a time

Guided by the aggregation potential scheme defined using
V_scheme

(V]
o®

3 tic
4 % function 'potential_calc' used to calculate the
interaction potential

5 %% Definitions

6 % Cell index = [x_coordinate_index , y._coordinate_index]
7 % Move = CHANGE IN POSITION (a_position)

8 % 1.e., New position = 0ld position + a_position

9 % Feasible Moves: a_position can only assume 1, 0, —1 for

each index
Note: [0 0] not allowed since it means no movement

o®

10
11
RULES FOR THE PARTICLE MOVEMENT:
(1) If the potential energy of the particle decreases,
the move is
surely feasible and is deterministic
(2) If not, the move is accepted based on some
probability (Boltzman
factor)

12

oC of

13

14

o o

15

o

16
17
18 clc; clear all; clear global; close all;
19

20 %$Lattice size = L_size x L_size cells

21 Li_size = 2500;

22
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23
24
25
26

27
28
29

30
31

32
33

34
35

36
37

38
39

40

41
42
43
44
45

46
47
48
49
50
51
52
53

54

55

56

57

58

59
60

%No. of particles
N = 50;

% Empty matrix of L_sizexL_size cells and no particles (all

Zeros)

Lmatrix = zeros(L_size);

Lmatrix = sparse(L_matrix);%Converting to 'sparse' (Save
memory)

%% V_scheme: The schematic potential definition (used in
'potential_calc')

V_scheme = [—40 5]; % THIS IS AN IMPORTANT TUNING PARAMETER
FOR THE SIMULATION

% NOTE: The brownian motion will depend on this potential
scheme

%% Initial Conditions: Uniformly allot particles in the
2500x2500 lattice

% Requires N randomly chosen UNIQUE CELL INDICES in the
2500x2500 lattice

% So, we need a (Nx2) matrix N cell indices in the range [1
to L_size]

U = unique(randi(L_size,N,2), 'rows'); % Rows are particles,

$columns represent cell index

% Assuming no initial aggregation: Remove and replace
redundant cells

while (size(U,1) < N)
U = [U;unique(randi(L_size, (N — size(U,1)), 2),'rows')];
U unique (U, 'rows') ;

end

o

Populate 'Lmatrix' with particles according to random
indices in 'U"’

function 'sub2ind' is used to assign values to indices
stored in U

sub2ind will convert row—column indices in U to linear
indices.

% So, it will convert [1,3j] to a linear position

(j—1) *nrows + 1

oo

oo

pos = sub2ind(size(L_matrix),double(U(:,1)),double(U(:,2)));
Lmatrix(pos) = 1;
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61

62
63

64
65
66
67

68
69
70
71
72
73
74

75
76
77
78

79
80
81

82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104

Q

agg_max = 6; %$ Maximum level of aggregation (defines color
coding accordingly)

Lmatrix_frame = uint8(full(Lmatrix(:))); % storing
lattice matrix frame—by—frame

%% Perform Brownian motion choosing ONE particle at a time

$BROWNIAN MOTION FOR t_max TIME STEPS OF MONTE—CARLO
SIMULATIONS
t_max = 6e8 ;

for 1 = 1 : t_max

[U.x U.y] = find(Lmatrix); % Find non—zero cell
locations in lattice

U = [Ux Uyl;

% Effective number of particles will change due to
aggregation

N_eff = size(U,1);

% Choose a random cell in L_matrix which contains
atleast one particle

if N_eff > 1
dummy = randi (N_eff,1);

else
dummy = 1;

end

% The particle in this cell will move for this time step

U_this_move = U(dummy, :);

% Choose one move for at random from [1 0 —1]
U.A = randi([-1 11,1,2);

% Remove [0 0] cases

while (sum(abs(U_a)) = )
U.a = randi([—-1 1],1,2);

end

U.new = U_this_move + U_a;

U.new(U.new < 1) = L_size;

U.new (U._.new > L_size) = 1;

pos_new = sub2ind(size(Lmatrix), Umnew(l), U.new(2));
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105

106
107
108
109

110
111
112

113

114
115

116
117
118
119
120
121

122

123

124
125
126

127
128
129

131
132
133
134

135
136

137

139
140
141
142
143
144

pos_thismove = sub2ind(size(L.matrix), U_this_move(l),
U_.this_move (2));

if pos_.new == pos_this_move
% NO MOVEMENT rrrnt
% This can happen at some point during the
simulation !!!1!11
% For ex., when particle is constrained to an edge
else
%Brownian move: The particle appears in the
adjacent cell and
%aggregates to the existing particle in that cell,
if any
% Two—step simulation of the Brownian move:
Limitting the
% maximum aggregation size to agg._max

NP.new = Lmatrix(pos_-new) + Lmatrix(pos_-this move);

if NP_.new < agg_.max % Limitting the maximum
aggregation size

L_old = Lmatrix; % Storing current lattice
(for recovering
%L_matrix from infeasible moves)

%$First, the adjacent cell value in L_matrix
becomes NP_new
Lmatrix (pos_new) = NP_new;

% Second, Initial cell of the particle becomes
null/empty
Lmatrix(pos-this_move) = 0;

Q

% Checking for potential energy feasibility

V_old = potential_calc_fast(U_.this_move, L_old,
V_scheme) ;

V_new = potential_calc_fast(U.new, L_matrix,
V_scheme) ;
% Calculating the new potential

if V_new < V_.old

Accept the move deterministically,
i.e., do nothing to Lmatrix as it is now

else % Probability based on BOLTZMAN FACTOR:
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145

146

147
148

149
150

151
152
153

154
155
156
157
158

160
161
162
163
164

165
166
167

168
169
170
171
172
173
174
175

177
178
179
180
181
182
183
184
185

187

end

toc

o°

Pr(V > x) = exp(—x) OR Pr(Vv < x) =

[1 — exp(—x)]
% ie., the random number X can be
generated as
x = —1In(l — U.rand),

%
%

U.rand is a uniform random no.in the
interval [0 1]

% Generate a uniform random number in the
interval [0 1]

U.rand = rand;

% Note: The case of U.rand zero is NOT A
PROBLEM in MATLAB
because 1In(0)=—Inf

o°

Based on the Boltzman probability:
If Vnew < x, then ACCEPT the move,
else, REJECT the move

0P o o°

x_rand = —log(U_rand) ;
if V_onew < x_rand

% Accept the move, i.e., do nothing to
Lmatrix
else

% Reject (Restore the matrix to
previous state)
Lmatrix = L_old;
end
end
end
end

Store the lattice every 50th time step of simulation only
(down—sampling so that there is a significant change
between frame

snapshots for making movie)

o0 o

oe

if mod(i,60000000) == 0
L matrix_frame(:,end+1l) = uint8(full(Lmatrix(:)));
end

if (sum(sum(L_matrix)) < N)

error ('Error') ;
end
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188

npart = hist(full(Lmatrix(:,2)),[0 :61);

Potential Calculation

o N o w

10

11

12
13
14
15
16
17
18
19
20
21

22

23

24
25
26

27
28
29
30
31
32

33
34

function V = potential_calc (U, Lmatrix, V_scheme)

% Calculates the potential of a particle in a reference
cell U of a matrix

% filled with particles according to L_matrix and a given
schematic

% potential V_scheme

% Inputs:

U : Cell index (row, column) for which potential is
calculated

L.matrix: Lattice matrix with the distribution of
particles in each cell

V_scheme: The schematic potential for a pair of particles
defined as

a discretised function of lattice unit distances(starting
from 1.5).

o° o

oo o

oo

o

Example: V_scheme = [—40 10 10] would mean the following

if 0 < distance < 1.5, then V (for a pair) = —40
if 1.5 < distance < 2_/2, then V (for a pair) = 10

if 2_/2 < distance < 3_/2, then V (for a pair) = 10

o0 0P o° 0P o°

oo

for all other distances, V (for a pair) = 0
and, so on

pos.U = sub2ind(size(Lmatrix), U(1l), U(2)); % Converting
subscripts to linear
% index (for easy reference)

if Lmatrix(pos_.U) == 0 % Avoiding calculation if the cell
U is empty
error ('The cell is empty');

end

L_size = size(L_matrix,1l);
% Region of interest for calculations (potential is assumed
to be zero
% beyond the number of lattice units in V_scheme)
ROI = min(length(V_scheme), L_size—1); % ROI < Lattice size —1
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35
36
37
38
39

40
41
42
43
44
45

46
47

48
49
50
51
52
53
54
55

56
57
58
59
60
61

62

63

64
65
66
67
68
69
70
71

72
73
74
75
76

L_ROI = L_matrix;
% Cropping the matrix according to ROI

L_ROI (pos.U) = NaN; % Marking the cell with NaN (to keep
track later)

L_ROI = L.ROI(max(1l,U(1)—ROI): min(L_size,U(1)+ROI), :);
L_ROI = L_ROI(:, max(l,U(2)—ROI):min(L_size,U(2)+R0OI));
[Umnew(l) Umnew(2)] = find(isnan(L_ROI)); %Finding U in the

cropped matrix

L_ROTI (isnan(L_ROI))= L.matrix(pos_U); %Replacing the actual
value back

V = 0; % Initialising

[r c] = size(L_ROI);
for i =1 ROT
dummy = L_ROI; % Dummy for calculating potential at

i—th neighborhood
dummy = dummy (max(l,Umnew(l)— 1i): min(r,Umnew(1l) + 1),:);
dummy = dummy (:, max(l,Unew(2)— i) :min(c,U.new(2) + 1));

% Counting particles at the i—th Neighbourhood lattice
cells
Note: This will also count the particle(s) inside the
i—th
% neighbourhood. But we are only interseted in the
boundary cells

o°

N(i) = sum(dummy(:));
% Subtracting all the redundant particles
if 1 == 1

N_eff=

(N(1)—L_ROI (Umnew(l),Umnew(2)))*L_ROI(Unew(l),U.new(2))

N(i) = N(i) — N(i-1);

$Effective # of contributions = N(i) x (# of
particles in ref. cell)
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N_eff = N(i) * L_ROI(U.new(l),U.new(2));

end

% Calculating potential of the i—th neighbourhood and
adding up

V = V + V_scheme (i) *N_eff;
end
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