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INTRODUCTION

The relevance of the work. In recent years, research in nanotechnology has
grown rapidly, thus proposing novel solutions and innovations in analytical science.
Most of the existing devices and methods used for the characterisation of the target
objects at the nanoscale provide information about the shapes, surface morphology,
electrical and mechanical properties of the nanoobjects. These include atomic force
microscopy (AFM), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and scanning tunnelling microscopy (STM). However, there is a
lack of devices providing complementary information about the physical properties
and chemical composition of the objects (including bio-objects) with a nanometric
resolution at the same time. Surface enhanced Raman spectroscopy (SERS) is a
powerful analytical tool enabling diverse information to be obtained about the
conformation of molecules as well as their chemical composition with a high
sensitivity. Such capabilities make SERS attractive for the detection of molecular
traces (explosives, drugs or toxic substances) on surfaces, vapours or liquids.
Moreover, the increasing numbers of products that contain nanoparticles require
extensive research focused on their influence on human health, and mechanisms by
which they affect biochemical processes in the body. However, SERS still faces
challenges, such as low reproducibility and sensitivity of the SERS substrates, while
commercially available SERS substrates are expensive and require special storage
and measurements conditions. Additionally, most of such substrates are two
dimensional (2D) planar systems limiting the SERS-active area to a single Cartesian
plane. For this reason, the fabrication of 3D SERS sensors with the goal to expand
the content of hot spots in the third dimension along the z-axis is an important issue
in the development of highly-sensitive SERS substrates. Considering this, the key
point of this work is to design, develop and investigate the novel SERS sensors for
emerging areas such as highly sensitive detection of molecular traces as well as the
interaction mechanisms at the bio-nano interface. Moreover, the novel
methodologies for the local modification of materials at a nano-level can provide
ground breaking solutions for the development of the next generation devices, such
as nanostructured organic semiconductors.

During the last decade, the number of scientific publications in the field of
SERS has grown intensively (Fig. 1). Such tendency shows that the SERS technique
is going to be a new breakthrough in analytical science in various areas of
applications, including medicine, diagnostics, food and the cosmetics industry,
ecology, forensic expertise, and even space. Therefore, the development of new
methodologies for the fabrication of inexpensive, reproducible and highly-sensitive
SERS substrates is of great importance.

The aim of the work. To synthesise and investigate porous hybrid plasmonic
nanostructures for shape-controllable and highly efficient 3D SERS substrates and to
apply them for the detection of molecular traces, investigation of biomolecule
interactions with nanostructured surfaces and investigation of phenomena of local
plasmon stimulated chemical reactions.
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The work addresses the following five objectives:

1. To investigate the formation of sol-gel based nanostructured hybrid films
with the potential applicability for the development of novel 3D SERS substrates.

2. To investigate the formation of noble metals plasmonic nanostructures on
silicon wafers that would open up the possibility for the development of large area,
inexpensive, highly sensitive and reproducible SERS substrates.

3. To investigate the effectiveness of the synthesised SERS substrates for the
detection of molecular traces.

4. To investigate the behaviour of the biomolecules at the bio-nano interface
that would provide a unique opportunity for the detailed understanding of
biomolecules dynamic processes, their orientation and location on the
nanostructured surfaces.

5. To investigate the mechanism of the nano-chemical reactions, driven by
localised surface plasmon (LSP).

2000

1500

500

Number of publications
>
=

Fig. 1. Growing interest in SERS technique. The plot shows the number of publications
during the period 2005-2015. The data are obtained from Thomson Reuters™ Web of Science
citation indexing service for the key words “surface enhanced Raman spectroscopy”
(accessed on 11 February 2016)

Scientific novelty of the dissertation. In this work, novel methodologies for
the synthesis of hybrid porous nanostructures have been proposed. From the
analytical chemistry point of view, the interaction of L-alanyl-L-tryptophan
dipeptide with a nanostructured silver surface has been investigated for the first
time. The possibility to perform nanochemical reactions on the SERS substrate has
been demonstrated. The novel methodology for the local reduction of graphene
oxide (GO) on the nanostructured silver surface has been developed. The novel
methodology for the LSP stimulated synthesis of polyaromatic hydrocarbons
(PAHS) has been developed.
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Practical significance of the dissertation. The results presented in this work
propose inexpensive and reproducible approaches for the fabrication of the SERS
sensors applicable for the detection of molecular traces; expand the knowledge of
protein interactions with nanostructured surfaces; propose the novel method for the
local modification of electrical conductivity of GO, which can be used for the
further development of nanostructured organic semiconductors on graphene
substrate. Part of the results obtained during the preparation of the dissertation was
used in the successfully implemented project “Nanoscopic investigation of
structural transformations of proteins at the nano-bio-interfaces” (NanoProt, 2013-
2015). The new knowledge and experience gained during the PhD research are
applied in the project “Development of advanced methods for molecular
contamination analysis by surface and tip enhanced Raman for space applications”
(CONRAM, 2016-2017) funded by the European Space Agency (ESA).

Approval and publication of research results. The results of the research are
presented in 5 publications. All of them are published in the journals listed in the
Thomson Reuters™ Web of Science publications database with citation index. The
results of the research are presented in 13 international conferences (4 of them are
invited talks) and 2 seminars.

Overview of the dissertation. The dissertation consists of an introduction,
review of literature associated with the topic of the dissertation, applied methods and
materials, the results and discussion section, conclusions and a list of references
which includes 265 literature sources. The dissertation comprises 110 pages, 47
illustrations, and 9 tables.

Statements for defence:

1. The novel methodology for the synthesis of sol-gel technique based porous
hybrid organic-inorganic films for SERS applications has been developed.

2. The novel methodology for the synthesis of noble metals nanostructures on
the silicon wafers for SERS applications has been developed. The enhancement of
the Raman signal for the rhodamine dye analyte deposited on triangular silver
nanoparticle decorated SERS substrate was found to be 10°. Such enhancement
factor is sufficient for the detection of molecular traces on the surface and in liquid.

3. The SERS substrates based on developed methodology allow the detection
of a-synuclein (up to 1 fM) and benzylpenicillin (up to 0.25 pM) traces in water and
milk respectively.

4. The mechanism of the L-alanyl-L-tryptophan interaction with
nanostructured silver surface and its orientation on silver SERS substrate has been
investigated and the relationship with Raman (SERS) spectra has been established.

5. The novel methodology for the LSP stimulated reduction of GO and its
local chemical-physical characteristics modification has been developed.

6. The possibility to perform nanochemical synthesis on the silver SERS
substrate based on the developed methodology has been demonstrated.
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1. ALITERATURE REVIEW

1.1. Background of Raman scattering

In 1930, the Indian scientist Sir C.VV. Raman was awarded the Nobel Prize in
Physics for his discovery of the “Raman effect”, which is defined as the change of
the light wavelength occurring when a light beam is deflected by molecules
(Bumbrah, Sharma, 2015). Such wavelength shift corresponds to the oscillation
frequency of a particular molecule, and provides information about its structure.
Fundamentally, Raman spectroscopy is an analytical technique based on inelastic
scattering of monochromatic light (Hanlon et al., 2000). When a sample is irradiated
with a source of monochromatic radiation, usually in the visible part of the
spectrum, it interacts with the molecules and results in a scattered light. Photons
interacting with the molecules mostly scatter elastically and have the same energy as
the incident photons. This process is described as Rayleigh scattering. However, if
nuclear motion is induced during the scattering process, energy is transferred from
the incident photon to the molecule or, oppositely, from the molecule to the scattered
photon. These processes are inelastic and the energy of the scattered photon is
different from that of the incident photon by one vibrational unit (Smith, Dent,
2013). This phenomenon is called Raman scattering.

At room temperature, most of the molecules exist in the ground (lowest
energy) vibrational state. When the sample is irradiated with a source of light,
usually a laser, a photon interacts with the molecule, polarises the cloud of electrons
around the nuclei and raises it to a “virtual” (excited) energy state. Since this state is
not stable the molecule loses energy and returns to a lower level with the emission
of a photon. If the molecule returns to its start position (ground state), there is no
frequency shift in the emitted photon and the scattered light is of the same
wavelength (Rayleigh scattering). However, if the molecule falls to a distinct level,
the energy of the emitted photon is different to that of the incident one. Therefore, if
the incident photon gives up energy to the sample it is scattered with a red-shifted
frequency (Stokes photons). Alternatively, when the molecule is already in an
excited state and gives energy to the scattered photon, the output has a blue-shifted
frequency corresponding to anti-Stokes photons (Wang, 2013). Usually, Stokes lines
are the most common type of scattering probed within Raman spectroscopy and is of
higher intensity compared to anti-Stokes (Tuysiiz, Chan, 2015).

Raman, as well as infrared (IR), are the most common vibrational
spectroscopies providing information about the specific vibrational and rotational
modes of the molecules, also referred to as “fingerprints”. However, these methods
are based on the different selection rules (Colthup, 2012). In IR spectroscopy, the
frequency of the incident light must match the energy differences between the
ground and excited vibrational state, leading to the detection of the energy loss of
the incident light. The vibrational motion can be IR-active only when the molecular
vibration causes a change in the dipole moment of the molecule, while in Raman
spectroscopy, Raman-active vibrations must be accompanied by the change in the
polarizability of the molecule. Therefore, the activity of a particular vibrational
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mode strongly depends on its symmetry and the symmetry of the molecule (Skoog,
Holler, and Nieman 1998). Despite the fundamental differences of IR and Raman
spectroscopies, these techniques are complementary because the vibrational modes
that are allowed in Raman are forbidden in IR, while other vibrations can be
observed by both methods.

In chemistry, Raman spectroscopy is an effective tool used for the qualitative
(O’Connell et al., 2010; Stone et al., 2004; Rosch et al., 2005) and/or quantitative
(Strachan et al., 2007; Lee, Herrman and Yun; 2014, Pratiwi et al., 2002) analysis,
offering a number of advantages compared to other analytical techniques. For
example, gas or high performance liquid chromatography coupled to mass
spectrometry is the basic instrument used for the chemical identification of
materials. However, these methods require a long time-consuming preparation of the
sample (Kast, Auner, 2015), in some cases the use of hazard solvents, while Raman
spectroscopy does not. A major advantage of Raman spectroscopy compared to IR is
that water is a strong IR-absorbing medium. For this reason, the IR analysis of
samples prepared in aqueous medium is complicated, while Raman spectroscopy
allows this problem to be avoided. This aspect is important regarding the biological
samples that are required to maintain native conditions.

1.2. Surface Enhanced Raman Scattering

Normal Raman scattering is a weak effect because only 1 of a million photons are
scattered in-elastically. Therefore, Raman spectroscopy is not a sensitive technique
for the detection of molecular traces in liquids and/or on surfaces. Thus, a weak
Raman Effect can be one of the reasons why Raman spectroscopy has been
discovered so late. In 1974, a group of researchers reported a surprisingly strong
Raman signals from pyridine adsorbed on an electrochemically roughened silver
electrode surface (Fleischmann, Hendra and McQuillan, 1974). These observations
were the beginning of a new epoch in spectroscopy. A new kind of spectroscopy has
been called Surface Enhanced Raman Scattering (SERS). This phenomenon is
described as a significant increase in the peaks intensity in the Raman spectrum
when molecules are adsorbed on rough metal surfaces. It is now generally accepted
that SERS effect is a result of two major enhancement mechanisms: electromagnetic
(EM) and chemical effect (CE) (Levin, 2009). Both EM and CE models are thought
to operate separately. However, in some systems both enhancements can occur
simultaneously and in such cases, they are complementary (Faulds, Hernandez-
Santana and Smith, 2010).

EM provides the main contribution, where the local electromagnetic field
close to a metal surface is enhanced due to the excitation of the conduction electrons
of the nanoparticle. The collective oscillation of such electrons is called localised
surface plasmon resonance (LSPR, Fig. 1.1) (Kelly et al., 2003). LSPR arises when
the dimensions of the nanoparticles are significantly smaller than the wavelength of
the exciting light.
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Fig. 1.1. Scheme of plasmon oscillation for a nanosphere. In the case of LSPR, light interacts
with nanoparticles smaller than the incident wavelength. This leads to a plasmon that
oscillates locally around the nanoparticle with a frequency known as the LSPR (Kelly et al.,
2003)

Chemical enhancement usually results from charge-transfer when the analyte
interacts with the metal surface on which it is adsorbed. This type of enhancement
can be explained as the changes of the adsorbate electronic states due to the
chemisorption of the analyte (Weaver, Zou and Chan, 2000). In the case of CE, the
molecule chemically interacts with the surface of the metal and, as a result, the
molecule-metal complex is formed. The appearance of such complex increases the
Raman cross-section and leads to the resonances in the visible region of the spectra
due to the metal to molecule or molecule to metal transitions. In most molecules, the
Fermi energy of the noble metal surface is situated in between the HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) of the
intramolecular transition. Therefore, the new energy states can contribute resonantly
to the Raman scattering cross-section of the surface complex thus increasing its
magnitude (Lai-Kwan, Chang, 2012).

1.2.1. Plasmonic nanomaterials

Plasmonics, as a science concerned with the study of light interaction with
metallic nanostructures, has a broad scope. The understanding of the different types
of plasmon resonance (PR) has a great interest in the development and application of
plasmonic nanomaterials: colloidal nanoparticles or substrates. One type of PR
occurs when plane, polarised light hits a metal film under total internal reflection
conditions and the light couples to electrons, thus forming a wave bounded to the
surface of the metal (Kausaite et al., 2007). Such wave is called surface plasmon
resonance (SPR). On the contrary to SPR, LSPR arises in the nanostructures or
nanoparticles of the noble metals. It is important to mention that all Raman
experiments carried out in this work were based on LSPR.

The classic metals used for the preparation of plasmonic nanoparticles or
substrates are silver (Eom et al.,, 2013; Fan, Brolo, 2009; Harraz et al., 2015;
Kashmery et al., 2015; Novara et al., 2014), gold (Shi et al., 2015; Butler et al.,
2015; Zheng et al., 2014; Ngo, Simon and Garnier, 2012; Tsvetkov et al., 2013) and
copper (Muniz-Miranda, Gellini and Giorgetti, 2011; Cejkova et al., 2009;
Dendisova-Vyskovska, Prokopec and Clupek, 2012). This is because of their ability
to support LSPR at the visible and near-infrared wavelength range. However,
recently it has been shown that the SERS effect can also be obtained on the other
metals such as gallium (Wu et al., 2009), palladium (Chen et al., 2010), platinum
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(Abdelsalam et. al., 2007) and the combination of different metals (Fu et al., 2015;
Chen et al., 2015; Fleger and Rosenbluh, 2009). Unfortunately, some of these metals
are not desirable for the SERS measurements due to their specific features. For
example, copper tends to corrode and that makes it difficult to perform the
measurements in the air, while palladium has a low enhancement factor (Faulds,
Hernandez-Santana and Smith, 2010).

A few groups have begun to explore graphene (Xu, Mao and Zhang, 2013),
guantum dots (Livingstone et al., 2005) or the combined systems, such as
graphene/graphene oxide (GO) decorated with silver (Ding et al., 2015; Song et al.,
2014; Lin-jun et al., 2016) or gold (Mevold et al., 2015; Benitez-Martinez, Lopez-
Lorente and Valcarcel, 2015) nanoparticles as plasmonic materials for SERS
measurements. In such nanocomposites, graphene oxide nanosheets are the
supporting substrates that allow nanoparticles to be embedded uniformly with the
controlled size of the nanogaps between them. Meanwhile, GO contains oxygen-rich
species (-hydroxyl, -epoxy, -carboxyl) on its basal planes and edges. Such feature
makes GO attractive for its functionalisation with metal nanoparticles, thus creating
the desired nanostructures on GO nanosheets.

As the combined systems, bimetallic nanomaterials have attracted enormous
attention from the SERS community (Sivanesan et al., 2014; Bi et al., 2013; Shen et
al., 2015). Previous reports demonstrated that bimetallic nanocomposites consisting
of Au and Ag nanoparticles show higher SERS activity compared to the
nanoparticles fabricated of pure gold or silver. The reason for that can be explained
by the pin-hole theory stating that the local electromagnetic field can increase by a
factor of 4 within pin-holes in the core-shell nanoparticles, leading to the better
SERS efficiency (Fan et al., 2013).

SERS typically uses solid rough surfaces as plasmonic SERS substrates
instead of colloidal nanoparticles. This is because nanoparticles are usually
synthesised in solutions, which makes it difficult to assemble them in an ordered and
controllable way (Abdelsalam et al., 2007). Another problem is the aggregation of
the nanoparticles in the solution. In order to avoid this phenomenon, nanoparticles
are usually stabilised with additional reagents, such as sodium citrate, polyvinyl
alcohol, cetyltrimethylammonium bromide, etc. Nevertheless, some groups showed
the SERS effect from the aggregated nanoparticles (Bell, McCourt, 2009; Karvonen
et al., 2011). The reason for this is the great number of the particle junctions of the
aggregates (Schwartzberg et al., 2004) where the electromagnetic field is higher than
on the single nanoparticle.
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1.2.2. Enhancement factor

The quantitative parameter characterising the ability of the SERS substrate or
colloidal nanoparticles to enhance the Raman signal of a particular molecule is the
enhancement factor (EF). This parameter can be estimated through the following
equation (Camargo et al., 2010):

I X N,
EF = SERS normal (1'1)

)
Inormal X NSERS

Where lgs and loma - the intensities of the same Raman band in the SERS and
normal Raman spectra respectively;

Nrormal - the number of molecules probed for a normal Raman scattering;

Neers - the number of molecules probed in SERS.

The EF depends on the number of factors such as size and shape of
nanoparticles, their arrangement on the surface of the substrate, the type of the metal
and resonance conditions. One of the most important parameters determining the
high EF of the SERS substrate is the roughness of the surface. On the smooth
surfaces of the metals an oscillation of the electrons takes place along the plane of
the surface. For this reason, no scattering occurs. In order to obtain the scattering, an
oscillation of the electrons must be perpendicular to the metal surface (Smith, Dent
2005). This can be achieved by roughening the metal surface. The high-curvature of
the SERS substrate leads to the high density of nanometric gaps (usually ~1-2 nm)
between nanoparticles known as “hot spots”. The EM field generated in such gaps is
one of the main enhancement mechanisms to realise a single molecule SERS. As
seen in Fig.1.2 (A), the EF strongly depends on the size of the “hot spot”. There is a
decrease of EF with the increase of the nanogap size. The maximum EF can be
reached when the distance between nanoparticles is a few nanometres. Therefore,
the gap size is a crucial parameter of the SERS substrates because of the strong EM
coupling effect at the nanometric scale (Wei, Wang and Chen, 2015). A high EF of
the SERS substrate is an important criterion for its selection. As shown in Fig.1.2
(B), the highest EF can be obtained on the SERS substrates coated with Au, Ag and
Cu nanoparticles.
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Fig. 1.2. The enhancement factor dependence on: A) the nanogap size between separate
nanoparticles (Petryayeva, Krull, 2011); B) the SERS substrates fabricated of different types
of metals (Tian et al., 2007)
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1.2.3. Enhancement dependency on the nanoparticles properties
1.2.3.1. Effect of the nanoparticles shape

The shape of the nanoparticles is one of the key factors strongly affecting the
sensitivity of the SERS substrate. Chemically synthesised Au or Ag nanospheres are
the oldest and still most frequently used substrates for SERS applications due to
their rapid, easy and inexpensive synthesis (Kumar, 2012; Zhang et al., 2015).
However, computer simulations show that a single spherical nanoparticle does not
generate a strong localised electric field on its surface (Chung et al., 2011).
Therefore, a single nanoparticle is non-SERS active leading to the complicated
detection of low concentrations of the molecules or even more — molecular traces.
As seen in Fig.1.2 (A), the SERS activity changes dramatically in the case of two
spherical nanoparticles that are in close proximity (~2 nm) with each other. Such
structures act as dipole plasmonic nanoantennas producing a high intensity
electromagnetic field and resulting in a high enhancement of the Raman signal. In
recent years, a few groups have demonstrated the enhancement factor of 10*-10’
obtained from the spherical dimer type structures (Xia et al., 2013; Zou, Schatz,
2006; Li et al., 2008). However, the formation of dimer type structures with a
nanogap between them suffers from the salt-induced aggregation as well as from the
difficulty in bringing the separate nanoparticles together with the size of the nanogap
down to a few nanometers.

According to Kumar (2012), a good SERS substrate usually has an
enhancement factor between the values of 10°-10". Therefore, the researchers still
focus on the search for the optimal plasmonic nanostructures exhibiting the highest
EF. Some of these structures are nanocubes, nanotriangles, nanoprisms, nanostars,
nanorods or nanowires (Fig 1.3.). All these shapes have an advantage over the
spherical nanoparticles because of their sharp corners or tips. The electric field
generated at the sharp apexes is much stronger than on the other areas of the surface.

In 2009, Sajanlal and Pradeep demonstrated that the EF of gold nanotriangles
can reach 10® (Sajanlal, Pradeep, 2009). A similar result has been published by Feng
et al. (2015) who observed the EF of 10° obtained from silver coated bowtie
nanoantennas. An interesting comparison of the EFs observed from spherical silver
nanoparticles and silver nanoprisms has been reported by Ciou et al. (2009). The
SERS measurements were performed in colloidal solutions where the analyte of
nanomolar concentration has been introduced. The results revealed that the EF of
silver nanospheres was 10°, while the EF of silver nanoprisms was found to be 10°.

Another promising shape of nanoparticles for SERS applications is nanocubes.
Rycenga et al. (2011) reported an interesting way to increase the content of hot spots
by depositing Ag nanocubes on Ag or Au surfaces. Hot spots were formed at the
corners of silver nanocubes in a close proximity with the metal substrate. They
showed that the EF of such structures is 10° and could be used for the single
molecule detection under resonant conditions. An excellent EF has been observed by
the other research group who suggested using gold nanocube—nanosphere dimers
(Lee, Yoon, 2015). They demonstrated that the EF of 1,8-octanedithiol deposited on
such shape-hybrid structure is 10, which is larger than that observed on the
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nanoassemblies consisting only of nanospheres (EF = 10% or nanoclusters (EF =
107). One of the latest works reporting the nanocubes application for SERS
measurements was published by Banchelli et al. (2016). The researchers
demonstrated that silver nanocubes/graphene hybrid nanocomposites show a higher
intensity of the Raman signal of the analyte compared to that observed on the
individual components: only on silver nanocubes or only on graphene.
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Fig. 1.3. The SEM images of different shapes of nanoparticles: (A) Gold nanostars (Kumar
etal., 2007); (B) gold nanorods (Bao et al., 2011); (C) silver nanowires (Liu et al., 2012);
(D) silver nanocubes (Rycenga, McLellan and Xia, 2008); (E) gold nanotriangles (Scarabelli
et al., 2014); (F) silver nanoprisms (Xue et al., 2015)

Another important category of the nanoparticles shapes applicable for the
SERS study is nanostars. Researchers are working on the methods allowing the
improvement of the sharpness of the nanostars spikes in order to maximise the
sensitivity of the SERS substrate. Among all the shapes of the nanoparticles,
nanostars are a promising nanoplatform for bio-applications. Star-shaped
nanoparticles have plasmon bands tunable in the IR spectral range. Also, their sharp
branches act as hot spots due to the “lightning rod” effect. As it was shown before,
gold nanostars demonstrated an EF of 10° with the concentration of the analyte of
10 M (Indrasekara et al., 2014), whereas the other research groups reported that
the plasmonic nanostars showed an EF of 10°(Su et al., 2011) and 10° (Yuan et al.,
2013). A significant result has been demonstrated by Rodriguez-Lorenzo et al.
(2009). They showed that the usage of the star-shaped gold nanoparticles allows the
detection of the analyte of zeptomolar (zM) concentration.

Among the various shapes of the nanoparticles, nanorods are one of the most
intensively studied plasmonic geometries. Because of their anisotropic geometry, the
nanorods show several plasmon modes: transverse and longitudinal. Such feature
expands the possibilities to work with lasers of different wavelengths under the
resonance conditions. This is especially important while working, for example, with
gold nanoparticles and biological samples which exhibit a strong fluorescence
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background in the case when a green laser (532 nm) is used. In recent years, it has
been shown that the aligned silver nanorods are suitable for SERS study because of
their high EF which was found to be in the range of 107-10% (Chaney et al., 2005;
Liu, Chu and Zhao, 2010; Oh et al., 2015). In these studies, the authors focus on the
synthesis of various lengths and arrangements of the nanorods in order to obtain a
high concentration of “hot spots”, and to improve the EF of such nanoarchitectures.
As a great example, the work of Samanta et al. (2014) should be mentioned. They
investigated the EF dependency on the gold nanoparticle’s geometry. As seen in
Fig. 1.4 the control of the gold nanorod’s size allowed them to optimise the EF.
However, the most effective structures for the enhancement of the Raman signal
were found to be gold nanostars.
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Fig. 1.4. The EF comparison of the different geometries of gold nanoparticles: (A) under the
excitation source at 785 nm and (B) under the excitation source at 633 nm
(Samanta et al., 2014)

With regard to oblong structures, nanowires should be mentioned as an
excellent plasmonic nanoshape. As it was reported by Chikkaraddy, Singh and
Kumar (2012), the SERS hot spots can be obtained at the junction of the nanowires.
The experimentally obtained EF of 10° obtained from the gold functionalised
anodised aluminium oxide nanowires was demonstrated by Jiwei (2013) and his co—
workers. They claimed that the observed EF was 14% higher compared to the
commercial Klarite® substrates. The close-packed silver nanowire monolayers as the
SERS substrates were also tested by Tao et al. (2003). They found that the EF of the
nanowires for thiol molecules was 10°and for rhodamine dye (R6G) — 10°.

Ring-shaped nanostructures with various diameters have also attracted the
attention as SERS sensors. Such noble metal nanoshapes demonstrate multipolar
plasmon modes in the visible and NIR regions. The application of nanorings for
SERS measurements is attractive because of their ability to adsorb high volumes of
molecules and provide a uniform electric field inside their cavities (Yi et al., 2015).
Bechelany et al. (2009) proposed a method for the preparation of 100 nm silver
grains that tend to form ring-shaped nanostructures. They demonstrated that the EF
of such organisations is around 10°. Meanwhile, another group reported the EF of
10° observed on gold nanoring dimers (Banaee, Crozier, 2010).
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1.2.3.2. Effect of the nanoparticles size

Another important parameter determining the ability of the SERS substrate to
enhance the Raman signal is the size of the nanoparticles, which has been
investigated by several researchers. In recent studies, it has been shown that the
highest EF can be reached when the nanoparticles are around 50-60 nm
(Stamplecoskie et al., 2011; Hong, Li, 2013; Wang et al., 2012), while others have
demonstrated the EF of 10° obtained from nanospheres of 90 nm (Sugawa et al.,
2015). An interesting work has been published by Kahraman, Aydin and Culha
(2009) who investigated the size influence of 3D silver nanoparticle aggregates for
the enhancement of the Raman signal. They showed that an EF of 10’ can be
achieved when the sizes of the nanoparticles containing the aggregate are less than
200 nm. A similar result was obtained by another research group who reported that
the highest SERS activity can be observed from nanoparticles of 130 nm (Yi et al.,
2014). Based on the previous experiments it can be assumed that the highest EFs are
achieved when the sizes of the nanoparticles vary from 50 nm to 200 nm. According
to Isralsaen, Hanson and Vargis (2015), there is an effective range of nanoparticle
sizes for optimal enhancement. In the case when the nanoparticles are too small the
conductivity and light scattering properties, required for SERS enhancement,
diminish. As the size of the nanoparticles increase, the SERS effect gets better
because of the increment of the electrons available. However, if the nanoparticle size
is similar to the excitation wavelength they are excited in non-radiative modes and
result in a weak SERS effect.

1.2.4. Effect of the synthesis parameters on the geometry, dimensions and
arrangement of plasmonic nanoparticles

Colloidal nanoparticles. In chemical synthesis, the concentrations of the
reagents as well as reaction time, temperature and pH are the crucial parameters
determining the size and geometry of the plasmonic nanoparticles. Sobczak-Kupiec
et al. (2011) studied the influence of silver nitrate concentrations on the synthesis
rate and optical properties of silver nanoparticles. During the synthesis they changed
the silver salt concentrations in the reaction system and observed the UV-Vis
spectra. It was found that the usage of high concentrations of AgNO; resulted in the
increment of the nanoparticles size. This was confirmed by UV-Vis spectra showing
the red-shifted plasmon. Meanwhile, the use of low concentrations determines the
formation of small nanoparticles. This was also confirmed by UV-Vis observations
showing the blue-shifted plasmon. According to the authors, the use of a high
concentration of AgNO; leads to the rapid reduction process resulting in the
formation of a larger number of silver nuclei. Consequently, the large number of
silver atoms leads to the fast growth of the nucleated particles and results in the
formation of the aggregates. In another study, Pris (2014) investigated the effects of
temperature and tri-sodium citrate concentrations for the synthesis of silver
nanoparticles. It has been shown that at low ratios of reducing agent to silver nitrate
(1:1 and 1:2) and low temperatures (20-40°C) the reaction solutions were colourless,
meaning that the formation of silver nanoparticles did not take place. However, after
one week the solutions turned dark red indicating the enormously slow formation of
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the nanoparticle aggregates in the reaction system. This phenomenon occurred
because of the low ratios of tri-sodium citrate to silver nitrate. Given that tri-sodium
citrate acts a as reducing and stabilising agent, its concentration was too low to
effectively stabilise the nanoparticles. Moreover, at low concentrations of this
reductant, Ag” ions tend to form complexes with tri-sodium citrate resulting in the
formation of silver clusters. The experiment was repeated by keeping the same ratios
of both reagents but using higher temperatures (70-100°C). Again, the silver
aggregates were formed in the solution. However, in this case the aggregates were
formed after a few days, indicating the faster formation of the nanoparticles due to
the faster reaction Kinetics.

Mansouri and Ghader (2009) studied the influence of tri-sodium citrate, silver
nitrate and hydrazine concentrations as well as the effect of pH value on the
formation of triangular silver nanoparticles. According to the authors, when the
silver precursor concentration reached 0.5 mM, the formation of triangular
nanoparticles did not take place. However, when the solution was left unstirred for a
few months, the colloidal solution colour changed from yellow to green indicating
the change of the nanoparticles’ size and shape. Based on the UV-Vis results, the
authors concluded that the ageing of the solution containing small nanospheres
resulted in the formation of silver nanotriangles. Additionally, the reduced
supersaturation of the silver precursor allows a higher yield of triangular silver
nanoparticles to be obtained. Meanwhile, another experiment showed that triangular
nanoparticles were formed at any tri-sodium citrate concentration. The authors also
investigated the effect of hydrazine solution pH on the formation of silver
nanotriangles. Given that the original pH value of hydrazine solution was 9.2, the
authors have chosen nitric acid and sodium hydroxide to reach pH values of 2-8 and
10-12 respectively. At pH 2 an almost colourless solution was obtained indicating
the low amount of silver nanoparticles in the reaction system. Based on this result
the authors confirmed the important role of hydrazine in the formation of triangular
silver nanoparticles. At low pH values, most of the hydrazine is removed resulting in
a decrease in the amount of nanotriangles (Mansouri and Ghader, 2009). Therefore,
the obtained results allowed it to be concluded that hydrazine acts not only as
reductant but also plays a key role in the control of nanoparticle shapes.

Drogat et al. (2010) proposed a protocol for the synthesis of colloidal silver
nanorings. The authors found that the synthesis conditions strongly affect the final
shape of the nanoparticles. For example, silver nanorings were obtained at
temperatures between 19-22°C. Meanwhile, the increment of the temperature
resulted in the formation of hollow spherical silver nanoparticles. In order to reveal
the formation mechanism of silver nanotriangles, NaOH, sodium tri-citrate and
AgNO; were mixed and the obtained solution was quickly cryogenised in liquid
nitrogen. The sample was characterised by Cryo-electron microscopy (Cryo-SEM).
The results showed that Ag,O particles resulted from the reaction of AgNO; and
NaOH tend to produce ring-shaped aggregates. Therefore, such aggregates must be
further reduced by NaBH, in order to obtain SERS-active silver nanorings.

In 2014, Zhang et al. reviewed several multistep approaches such as the double
reduction method, etching technique and construction of core-shell composite
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structures for the chemical synthesis of silver nanostructures with well-controlled
shapes. The authors discussed the nanoparticle shapes transformation depending on
the reactions conditions such as reagent concentrations or types of reducing agents.
Solid SERS substrates. Sol-gel technigue is a wet chemical process involving
the formation of colloidal system and its gelation. It is a promising route for the
formation of 3D silica porous matrixes serving as template substrates for the
immobilisation of metal nanoparticles in order to obtain SERS-active films. In
general, the sol-gel process can be described in three reactions: hydrolysis, water
condensation and alcohol condensation, as shown in equations 1.2, 1.3, 1.4 and 1.5:

OR OR
Hydrolysis
RO—Si—OR + HOH RO —Si— OH + ROH (1.2)
Reestirification Alcohol

OR OR
Alkoxysilane Silanol

OR OR Water OR OR

‘ | condensation |
RO—Si—OH + HO—Si—OR RO—Si—O—Si—OR + HOH (1.3)

Hydrolysis | | Water '
OR OR OR OR
Silanol Silanol Siloxane

OR OR Alcohol OR OR

‘ ) condensation | (1 4)
RO—Si—OH + RO—Sj—OR =———= RO—Si— O0—Si—OR +ROH .

| Alcolysis | | Alcohol
OR OR OR OR
Silanol Alkoxysilane Siloxane
OR OH
RO—Si—OR + 4 HOH—HO —Si—OH + 4 ROH (1.5)
OR OH

Where R = C,H;5

This process contains three main stages: the polymerisation of the monomers
to form particles, the growth of the particles and the formation of the polymeric
network. The sol-gel process starts with a solution containing alkoxysilane, water as
the hydrolysis agent, alcohol as the solvent and the base or acid as the catalyst.
During the hydrolysis reaction, the alkoxysilane ligands are replaced with hydroxyl
groups and release the alcohol molecules (equation 1.2). Further, the condensation
reactions occur between the already formed silanols (equation 1.3) or silanol and
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alkoxysilane (equation 1.4). During this stage the molecular weight of the product is
increasing. Complete hydrolysis of alkoxysilane (equation 1.5) occurs in the case
when the stoichiometric molar ratio of water to alkoxysilane is 1:4 respectively
(Milea, Bogatu and Duta, 2011).

In order to use the sol-gel process for the synthesis of porous silica films, the
careful control of the synthesis parameters such as temperature or pH is required.
For example, the final structure of the film fabricated by sol-gel technique depends
on the hydrolysis and condensation reactions that are particularly controlled by pH
(Milea et al., 2011). Under the acid-catalysed conditions, the silica tends to form
linear molecules that are occasionally cross-linked. Meanwhile, in alkali-catalysed
reactions a highly branched cluster formation takes place. Fardad (2000) studied the
effect of different catalysts on the porosity of the films produced by sol-gel
technology. He found that H,SO, and HsPO, increase the hydrolysis rate of the
TEOS ethoxy groups and leads to the formation of low porosity films. The porosity
of the silica films can be increased by using organic templates. Previously, Dultta,
Ellateif and Maitra (2011) synthesised porous silica films by the sol-gel process
under alkaline conditions in the presence of glycerol. In another study, 3D arrays
were prepared by the template directed sol-gel method. In this work the authors used
poly-methyl methacrylate (PMMA) spheres as the template for the preparation of the
well-ordered three-dimensional structures (Li, Lin and Guliants, 2010). Such
structures are very promising for SERS applications because the incorporation of
plasmonic nanoparticles (e.g. directly from the colloidal solution or evaporation)
into such matrix allows the fabrication of 3D SERS-active nanoarchitectures.

Another important parameter for the formation of porous structures is the
thermal treatment of the fabricated films. When the hydrolysis and condensation
reactions are not completed, reactive silanols remain in the system or wet film.
Therefore, thermal treatment is required for the removal of residual solvents and the
formation of covalent Si-O-Si bonds. These bonds are not stable at a temperature
below 450°C. For this reason, temperatures higher than 1000°C are required to
achieve bonding energy close to the bulk fracture one. However, the extremely high
temperatures (600°C) lead to the shrinkage of the pores (Sinko, 2010; Dutta et al.,
2011) resulting in the formation of dense silica film.

1.2.5. The synthesis of the SERS substrates

There are a number of ways used for the preparation of the SERS substrates.
Their synthesis is usually based on physical, biological and chemical methods
(Table 1.1). All these methods allow nanostructures of desirable sizes or shapes to
be obtained, which are the key factors for high-sensitive SERS measurements.
Iravani et al. (2014) published a review of the above-mentioned approaches for the
preparation of plasmonic silver nanoparticles. They identified several advantages of
the physical synthesis over the chemical processes. For example, the production of
the nanoparticles by the most common methods such as laser ablation,
evaporation/condensation or magnetron sputtering allows the residual reagents on
their surfaces to be avoided. This ensures the cleanness of the SERS substrate and
the quality of the measurements. As environmental pollution is a huge problem that
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the world is facing today, the mentioned methods allow the usage of hazard
chemicals to be avoided. However, these arguments do not diminish the chemical
methods being superior in the fabrication of 3D nanoarchitectures. In order to avoid
toxic chemicals, modern chemical or biochemical synthesis of plasmonic
nanostructures is based on natural agents, such as sugars, plant extracts, honey, fungi
or microorganisms. Moreover, most of the chemical methods do not require
sophisticated systems, equipment or special skills, and in many cases are cheaper
than the mentioned physical methods. Another important aspect is that chemical
synthesis allows for the functionalisation of the nanoparticles straight in the reaction
pot, while for physical synthesis it should be an additional action.

Table 1.1. The most common approaches for the synthesis of plasmonic
nanoparticles and nanostructures

Physical Chemical Biological
Evaporation/condensation Traditional reduction (tri-sodium citrate, Bacteria
approach sodium borohydride)

Laser ablation Green reduc_tlon (Polymers and Fungi
polysaccharides)

Sputtering Photochemical reduction Yeast

Lithography Micro-emulsion technique Plants

Laser induced etching Sol-gel technology

Electrochemical synthesis

Microwave assisted synthesis

Tollens method

1.2.5.1. Physical approach

Within a few years, the researchers demonstrated the synthesis of colloidal
nanoparticles and nanostructured SERS substrates by laser ablation. Highly
monodisperse silver and gold nanoparticles were fabricated in water by Vinod and
Gopchandran (2014). The authors reported spherical-shaped nanostructures that
were inclined to join with each other thus forming the “hot spots”. The same method
was used for the preparation of 3D micro-square silicon arrays decorated with silver
nanoparticles (Yang et al., 2014). The EF of the above mentioned structures was
found to be in the range of 10°-10°. Pulsed laser ablation, for the preparation of
plasmonic nanoarchitectures, was also selected by other researchers who studied
their ability to enhance the Raman signal (Herrera, Padilla and Hernandez-Rivera,
2013; Agarwal et al., 2011). One of the latest works was published by Xu et al.
(2015) who prepared the hybrid substrate of graphene and silver nanoparticles. They
demonstrated that the fabricated substrate showed an EF of 10% for R6G molecules.

Previously, SERS-active substrates were prepared by sputtering gold
nanotubes on polycarbonate-track etched membranes. The prepared SERS substrates
were tested with R6G dye of 0.1 nM and demonstrated an EF of 10° (Rodriguez,
Andrade and Temperini, 2013). In 2011, Li et al. applied unusual substrate for SERS
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measurements. The substrate was based on nickel film fabricated by magnetron
sputtering. Nickel has been chosen because it is cheaper than silver or gold and less
reactive than copper. According to the authors, the sputtering technology allowed
them to obtain the higher EF compared to that observed on an electrochemical nickel
electrode.

Other physical methods used for the production of SERS substrates also
include a laser induced dry etching technique (Csizmadia et al., 2013), physical
vapour deposition (Yan et al., 2015) or electronic beam lithography (Huebner et al.,
2010; Petti et al., 2016) allowing the fabrication of regular nanostructures due to
their ability to precisely control the shapes and sizes of the nanoparticles. Despite
the high sensitivity of such prepared SERS substrates, these techniques are time-
consuming and expensive.

1.2.5.2. Chemical approach

The most common method for the synthesis of the plasmonic nanoparticles or
nanostructures is a chemical reduction of metal ions by organic or inorganic agents.
Given that most of the reduction reactions are carried out in the solutions, the SERS
measurements can be performed in two ways. One of them is a wet method when the
analyte is introduced straight into the colloidal solution. In such case, a drop of the
nanoparticles-analyte solution can be placed on the solid substrate (silicon, mica,
glass, etc.) and SERS spectra can be recorded in solution. This method is essential
while working with biological samples, such as proteins or peptides because it
allows their conformational changes that occur when the measurements are carried
out under dry conditions to be avoided. Another way is to dry the drop of
nanoparticles-analyte solution on the solid substrate. This method allows for the
concentration of the analyte. It is important in these cases when the concentration of
the analyte is nanomolar (10°), picomolar (10™*%), femtomolar (10™%) or even
zeptomolar (10%).

A classic way to synthesise spherical-shaped colloidal gold or silver
nanoparticles is known as the Turkevich method introduced in the early 1950s
(Turkevich, Stevenson and Hillier, 1951). Gold (lll) chloride trihydrate or silver
nitrate is used as a precursor that reacts with tri-sodium citrate and reduces gold or
silver ions respectively. In such synthesis, sodium citrate act both as a reducing and
capping agent. The final oxidation products of citrate anions adsorb on the surface of
the synthesised nanoparticles thus preventing them from aggregation (Creanga et
al., 2013). The general reduction reaction of silver ions can be expressed as follows

3 Na'(aq) + 2 Ag” (aq) + CH,0,” (aq) —= 2 Ag’(s) + C,H,0, > (ag) + CO, (g) + 3 Na (aq) + H (aq) (1.6)

Previously, the Turkevich method has been applied not only for the synthesis
of gold and silver nanoparticles (Li et al., 2011; Krpeti¢ et al. 2012; Rashid, Bhuiyan
and Quayum, 2013), but also for hybrid nanostructures such as silver/gold
nanoshells (Stevenson et al., 2012; Samal et al., 2013) or the SiO,/Au nanoparticles
(Saini et al., 2015). Moreover, Shulz et al. (2014) proposed the modification of the
Turkevich method which allowed them to improve the shape uniformity of the gold
nanoparticles. However, the citrate colloids are known to have a broad size
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distribution of the synthesised metallic nanoparticles. Therefore, the sodium
borohydride (NaBH,) or ascorbic acid (C¢HgOg) can be used as reducing agents
instead of tri-sodium citrate (Mikac et al., 2014). The reduction of silver or gold by
ice-cold NaBH, is one of the most popular and well known chemical methods for the
preparation of the nanoparticles in solution. In such synthesis, an excess of NaBH, is
required both for the reduction of ionic silver and for the stabilisation of the
nanoparticles (Mavani, Shah, 2013). The reduction reaction of silver ions by NaBH,
can be written as follows:

AgNOj; (aq) + NaBH, (aq) ——= Ag° (s) + 1/2 H, (g)*+ 1/2 B,H, (g) + NaNO,(aq)L.7)

Despite its popularity, sodium borohydride is a highly toxic and irritating
agent having a negative impact on health and the environment. The harmful
properties are also common for hydrazine (Nickel et al., 2000) and N, N-
dimethylformamide (Pastoriza-Santos, Liz-Marzan, 1999) which is used for the
synthesis of SERS-active nanoparticles as well. With regard to their toxicity, the
classic chemical approaches were modernised in order to reduce or completely
eliminate the hazardous reagents. Therefore, as an alternative, bio-friendly reducing
reagents such as carbohydrates (Boitor et al., 2015; Osorio-Roman et al., 2011;
Sivera et al., 2014), polyethylene glycols (Stiufiuc et al., 2013; Leopold et al., 2013;)
or amino acids (Yang et al., 2014; Li et al., 2016) have been proposed. The eco- and
bio- friendly protocols are highly desirable because of the possibility of avoiding the
adverse effects of the nanoparticles or nanostructures, especially in biomedical
applications. Such protocols have been proposed by a number of researchers. For
example, the extracts obtained from different kind of leaves (Gaware, Kamble and
Ankamwar, 2012; Loo et al., 2012; Sathyavathi, Krishna and Rao, 2011) have been
used for the synthesis of nanoparticles. In such bio-synthesis, the reducing agents are
glucose, ascorbic acid or proteins. The latest review, focused on the plant extract
mediated synthesis of silver nanoparticles, has been published by Ahmed et al.
(2016) and perfectly reflects the diversity of the plants used for the preparation of
silver nanoparticles.

Another “green” reduction of ionic silver has been carried out by hyaluronic
acid (HA) (Xia et al., 2011). This glycosaminoglycan is a natural compound found
in the human body. HA has -OH groups which are responsible for the reduction of
silver ions. Recently, it has been proposed to perform the bio-direct synthesis of
gold nanoparticles by using honey (Philip, 2009; Haiza et al., 2013) as a “green”
reducing and capping agent. Honey contains fructose and vitamin C possibly
responsible for the gold ions reduction. Unusual “green materials” recently applied
for the synthesis of spherical and triangular silver nanoparticles are the extracts of
various mushrooms (Anthony et al., 2014; Sen et al., 2013). They contain different
aromatic and bio-active compounds acting as reductants. Another interesting
approach for the synthesis of the SERS-active nanoparticles is the usage of
microorganisms (Shivaji, Madhu and Singh, 2011). Under the alkaline conditions, in
the bio-reduction system, [Ag(NH3),]" reacts with the hydroxyl groups thus forming
AQ,0. Silver (1) oxide is further metabolised and finally reduced to Ag® by the
biomass (Iravani, 2014).
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The chemical synthesis of the SERS substrates also includes sol-gel
technology (Kang et al., 2003; Fan, Brolo, 2009; Garcia-Macedo et al., 2004),
attractive for many authors because of its inexpensiveness and simplicity. This
method allows the fabrication of the films on different surfaces directly from the
solution; controls the porosity of the films by varying synthesis parameters or using
organic templates, functionalisation of the films with nanoparticles as well as the
formation of self-assembled nanostructures. Moreover, the sol-gel method allows
the fabrication of 3D plasmonic substrates leading to the extension of the hot spots
in the third dimension along the z-axis. Most recently, Yang et al. (2016) reported a
new generation of the solid SERS substrates the fabrication process of which
includes the sol-gel technique. They demonstrated a unique SERS platform allowing
the detection of the analytes down to femtomolar concentrations with a high
sensitivity and specificity in liquid, solid or air.

Regardless of the synthesis method selected, the effective SERS substrate must
meet the certain parameters such as high EF, repeatability of the nanostructure,
stability on storage, applicability to various analytes and low cost. One of such
chemical methods has been proposed by Khlebtsov et al. (2015). In the proposed
protocol, gold nanoparticles are seeded on thiols modified silicon surface. After that,
a standard reduction of gold (111) chloride trihydrate by AA is carried out in order to
overgrow the seeds in the nano islands. The advantages of the proposed method
include the possibility to control the size of the nano islands by controlling the
concentrations of AA or gold (I11) chloride trihydrate; it is also possible to prepare
the SERS substrates on the transparent surfaces such as cover slips or microscopic
objective glasses.

The method known as “silver mirror reaction” or the Tollens process has also
been applied for the preparation of the SERS substrates (Leng et al., 2006; Kvitek et
al., 2005). The reaction for silver ions reduction can be expressed as follows
(Macijauskiené and Griskonis, 2015):

2 AgNO; (aq) +2 KOH (aq) —»Ag,0 (5) + 2 KNO, (aq)

Agy0 (s) + 4 NH,(aq)+ H,0 (I) —=2[Ag(NHj),] (aq) + 2 OH(aq)
CeH 504 (aq) + 2[Ag(NH,), ] (aq) +3 OH (aq) — CgH;; 0, (aq)+2 H,O () +4 NH; (ag) + 2 Ag’s)
D-glucose gluconate ion (18)

This approach allows the control of silver nanoparticles size (from tens to
hundreds of nanometres) by change the ammonia concentration in the reaction
system as well as to use a broad range of reducing sugars — glucose, fructose,
maltose, ribose, galactose or xylose.

One of the possible methods to obtain bimetallic Ag-Au SERS substrates is the
galvanic replacement reaction between silver nanoparticles and HAuCl, (Zhang et
al., 2007). Given that the reduction potential of AuCl4/Au is higher than that of
Ag’/Ag, the silver nanoparticles synthesised in the presence of the reducing agent
are oxidised to Ag" by aqueous HAUCI, solution as follows:
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This method is advantageous because of the possibility to synthesise different
shapes of bimetallic composites such as Ag-Au hollow nanostructures (Yang et al.,
2014) or triangular Ag-Au frameworks (Yi et al., 2011).

Plasmonic nanoparticles can be synthesised by the photochemical reduction of
metal ions. This approach is a clean process allowing the synthesis of plasmonic
nanoparticles in various mediums such as emulsions, polymer films or even cells
(Iravani et al., 2014). Moreover, the control of the irradiation time opens the
possibility to control the size and shape of the nanoparticles and the density of the
SERS-active films. Sato-Berru et al. (2008) reported the photochemical reduction of
silver ions in the presence of sodium citrate using different light sources, while
Dong et al. (2004) studied the formation of gold nanoparticles under sunlight
radiation. Another protocol proposed in the literature was found to be suitable for
the synthesis of various shapes of gold nanoparticles (pentagonal, hexagonal,
spherical and triangular) in the presence of ethylene glycol (Hsu, El-Sayed and
Eustis, 2004). In such reaction, the gold salt absorbs the ultraviolet light to generate
an excited electronic state and reacts with ethylene glycol. This organic compound
acts as a solvent and reducing agent. After the formation of nucleation sites, gold
nanoparticles grow until the polyvinylpyrrolidone (PVP) is introduced into the
reaction solution. PVP terminates the further growth of the nanoparticles and
stabilise the colloidal system.

The microwave assisted synthesis has also been utilised for the preparation of
metallic nanoparticles (Seol et al., 2013; Manikprabhu and Lingappa, 2013).
Microwave reactors allow high pressures and temperatures to be maintained (the
driving force for the chemical reaction) that can replace the traditional heating
process. Using microwave irradiation, it is possible to obtain nanoparticles of exact
sizes or shapes in a short time. Recently, it has been shown that silver nanoparticles
can be prepared using microwave irradiation in the presence of orange peel extract
acting as a reducing and capping agent (Kabhrilas et al., 2013). Another example
demonstrates that the usage of a microwave reactor allows the synthesising of gold
nanoparticles in a two-phase system in the presence of 1-dodecanethiol. According
to this protocol, the gold nanoparticles of 1.8 nm in size tend to form self-supported
superstructures (> 1 um) which can be further used for SERS applications. In such
synthesis, the energy supplied from the microwave source induce the formation of
reducing species obtained from the dissociation of the chemicals capable of reducing
Au® to Au’.

1.2.6. Commercial SERS substrates

There are several types of the commercially available SERS substrates offered
by the different companies (Fig. 1.5).
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Fig. 1.5. The companies offering the SERS substrates

Horiba Scientific proposes SERS substrates with a high reproducibility and
significant enhancement. These substrates are coated with gold and are of different
sizes. Gold coated SERS sensors are also offered by Ocean Optics. According to
this manufacturer, these substrates allow the performance of fast and repeatable
SERS measurements for a wide range of analytes with a concentration sensitivity
from one part per million (ppm) to one part per billion (ppb). The similar detection
limits of various analytes are demonstrated on the silver and gold SERS substrates
suggested by Silmeco. According to the manufacturer, the majority of the
commercial SERS sensors fabrication techniques involve polymer mask deposition
(lithography) or complex chemistry which dramatically increases the manufacturing
costs. Meanwhile, Silmeco nanofabrication technology excludes lithography. It is
important to mention that the methods, materials, equipment and other details
relevant for the fabrication of the SERS substrates is “know-how ”. Therefore, the
comprehensive comparison of the fabrication techniques used by the different
manufacturers is limited. In 2015, Owens et al. reported the comparison of Raman
signal intensity of 2-naphthalene-thiol deposited on the different commercial SERS
substrates. The highest Raman signal (10%) of this organic material has been
observed on the silver SERS substrate obtained from Silmeco (Owens et al., 2015).

Another example of the commercially available SERS substrates is Klarite®
sensors. The surface of the Klarite® substrates is of a regular structure consisting of
the uniform silicon pyramids with roughened gold deposited on their internal walls.
As it was demonstrated before, the SERS spectra of benzenethiol and ibuprofen
obtained from Klarite® showed the EF at least two orders of magnitude higher than
the competitor SERS substrate consisting of randomly distributed gold aggregates.
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The Solas SERS substrates are proposed by APl Technologies. According to
the manufacturer these SERS substrates can be applied for the detection of
molecular traces, contaminants in water, drugs, melamine in milk or explosive
residues. One of the major advantages of the proposed substrates is that they are
designed in such a way that can be used with different Raman systems including
portable Raman spectrometers. Therefore, this advantage allows the analysis to be
performed immediately after sampling.

Lithuanian companies have also joined the SERS market. “Altechna”
collaborates with Swinburne University (Australia) and develops the SERS
substrates known as ripples. They fabricate the periodic nanostructures using ultra-
short laser pulses. Recently, it has been shown that ripples demonstrated higher
sensitivity and reproducibility compared to other commercial SERS substrates
fabricated by lithography (Buividas, Stoddart and Juodkazis, 2012). For example,
the SERS spectra of thiophenol monolayer were recorded on different, commercially
available SERS substrates, under the same conditions. The highest intensity of
Raman signal was observed on gold ripples, which was found to be 10° (Buividas,
Day and Juodkazis, 2012).

Another example is ATO ID, a Lithuanian Start-up Company offering gold
SERS substrates applicable for molecular detection and analysis in the red and NIR
excitation wavelength range. The manufacturer claims that they fabricated the SERS
substrates allowing them to obtain 8 times higher Raman intensity compared to other
SERS substrates proposed in the market.

However, despite the high number of patents proposing novel SERS-active
substrates, commercial sensors are still expensive; most of them are not highly
sensitive, they also require special storage conditions in controlled atmospheres and
rigorous handling to maintain their enhancement properties.
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1.2.7. SERS applications in analytical chemistry

Detecting target analytes with a high sensitivity and specificity is of
fundamental importance to analytical chemistry. Due to its sensitivity and the
possibility to observe the molecular fingerprints of particular analytes of low
concentrations, the SERS technique has been used for the detection of additives and
antibiotics in food (He et al., 2015; Xie et al., 2012), the pollutants in water (Wang
et al., 2014), drugs in body fluids (Han et al., 2015), explosives (Chou et al., 2012)
as well as for the determination of the freshness of fruits and vegetables (Gopal et
al., 2016). Recently, an interesting report has been published proposing the
application of the SERS technique in the field of forensic analysis (Kurouski and
Van Duyne, 2015). The authors suggested a protocol that allows the determination
of whether hair is coloured or not and even to reveal the brand of the artificial dyes.
SERS has been also used for the identification and analysis of pigments in historic
paintings (Frano et al., 2014) and for the detection of surface contamination in
spacecraft.

In recent years, a significant step has been made towards the investigation of
the causes that determine Parkinson’s and Alzheimer’s diseases (Lee et al., 2011;
Chou et al., 2008). Those diseases are directly connected to the conformational
transitions and aggregation of amyloidogenic proteins (such as a-synuclein) on the
brain lipid bilayer. The SERS technique is one of the analytical techniques finding
great applications for studying structural changes of molecules based on vibrational
fingerprints of separate amino acids (Podstawka, Ozaki and Proniewicz, 2005),
peptides (Seballos et al., 2007) or proteins (Domenici, Bizzarri and
Cannistraro, 2012) at low concentrations or/and for the analysis of interaction
mechanisms at bio-nano interfaces. Researchers prefer several types of rough metal
surfaces, such as Au, Cu or Ag not only because they generate the highest
enhancement in the visible and NIR wavelength range, but also because they provide
a better understanding of how and which molecular species bind to the surface and
what is the orientation of an adsorbate (Castro et al., 2003). The understanding of the
binding mechanism of amino acids or short peptides is significant for the
development of the fundamental knowledge of peptide or protein conformational
changes induced by nanoparticles or nanostructured surfaces that are important for
the study of the causes of neurodegenerative disorders.

The development of the sensitive SERS sensors has led the possibility of
extending the SERS technique into trace detection applications within the
pharmaceutical field as well. With the advantage of easy sampling, the high
measurement speed and the possibility to perform the analysis in liquids, SERS has
become a promising technique for the analysis of pharmaceuticals. The method
provides a possibility to determine the distribution of active pharmaceutical
ingredients in the tablets as well as studying the drugs penetration through the cell
membranes by applying Raman mapping (Gordon and McGoverin, 2011). Recently,
the SERS technique has been successfully applied for the analysis of
pharmaceuticals such as modafinil (Caglayan et al., 2015), doxorubicin
(Abrahamsson, 2001), vitamins (Cinta Pinzaru et al., 2004) and not only as
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individual substances, but also in different matrixes such as urine (Dong et al., 2015)
or saliva (Farquharson et al., 2011). Given that the SERS sensors or colloidal
nanoparticles can be functionalised with the molecules having the affinity for the
particular compound, the SERS technique opens up the possibility to identify drugs
of a similar structure.

1.2.8. Plasmon driven chemical reactions

Surface plasmon chemistry is becoming a fast-growing branch of catalysis
chemistry. This is because surface plasmons can strongly harvest electromagnetic
energy via LSPR when light hits the metal nanostructures (Zhang et al., 2014). In
general, the irradiation of plasmonic nanoparticles contributes to significant heating
which can be used to drive the chemical reactions. Plasmons are able not only to
drive the chemical synthesis but also to cleave the chemical bonds as nano- scissors
via plasmonic hot electrons (Cui et al., 2014).

LSP, as collective oscillations of free electrons, can be generated in the
nanoparticles of noble metals and result in strong localised electric fields. 3D nano-
architectures are known to produce stronger LSP than two-dimensional ones because
3D nanoparticles exhibit larger optical cross-sections and can selectively channel
photon energy into “hot spots”. For this reason, chemical reactions can be facilitated
and improved by the use of LSP. In recent years, it was demonstrated that LSP plays
a key role in chemical reactions revealed by surface or tip—enhanced Raman
spectroscopies (TERS). For example, Zhang et al. (2014) reported a plasmon
induced sequential chemical reaction in which 4-nitrothioanisole (4NTA) adsorbed
on rough silver surface was reduced to 4-nitrobenzenethiol (4NBT) via the
dissociation of the CH3 group of 4NTA. Meanwhile, another group demonstrated the
dimerisation reaction of 4NBT to dimercaptoazobenzene (DMAB) using high
vacuum TERS (Sun et al., 2012).

Over the last years, a number of reports were published demonstrating the use
of LSP for the stimulation of the chemical reactions (Oshikiri, Ueno and Misawa,
2014; Zong et al., 2014; Kang et al., 2015; Dai et al., 2015). One of such examples is
shown in Fig 1.6. It represents the mechanism of the plasmon assisted conversion of
4NBT to DMAB (Dong et al. 2011). In such synthesis, the four electrons (4e),
required in the chemical reaction, are proposed to be “hot electrons” arising from the
plasmon decay. These electrons have a high kinetic energy which is a “driving
force” required for the performance of the chemical reaction.

T .

/’/./ ‘I‘H\\‘\
//' "hot" electrons from plasmon decay ™ M=Au, Ag or Cu
/ P
/" hv+de’!
/~ O 0o = / hvtde N\
m-s— YN+ NA s M Ms— N o~
N e} o Y = N—4, JS—M

Fig. 1.6. Mechanism of the Plasmon-Assisted conversion of ANBT to DMAB
(Dong et al., 2011)
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However, the application of both SERS and TERS methods for the realisation
of plasmon assisted chemical reactions is a challenge. First, plasmonic
nanostructures, as SERS substrates, must be fabricated in such a way that they have
specific features, such as shape and the arrangement of nanoparticles due to the high
density of “hot spots”. Secondly, one of the major difficulties of producing TERS
probes is the low reproducibility of the plasmon-active coated metal (Ag or Au) tips
with a fixed-size diameter since only the sharp tip in TERS can create a “hot site” to
excite strong plasmon resonance at the tip apex. Despite these difficulties, LSP
stimulated chemical reactions using both techniques are promising ways for the
disruption of toxic pollutants or the local modification of molecules thus opening
new routes for the development of the next generation molecular semiconductors.
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2. MATERIALS AND METHODS

2.1. Materials

All the reagents used in the experiments (Table 2.1.) were used without further

purification.

Table 2.1. The list of reagents and materials used in the experiments

Materials/Reagents Manufacturer Formula
(lI,DZ(-Dllalg)leoyl-sn-gchero-3-phosphochol|ne Sigma Aldrich CasHauNOGP
%S'g d?&‘r’:]e;’g’l't)f%%)'g‘éero 3-phospho-L-serine Sigma Aldrich | CuHyNO;PNa
11-mercaptoundecanoic acid 95% Sigma Aldrich HS(CH,),,CO,H
ﬁ;j;\fr;rl)no-Z—hydroxymethylpropane-1,3—d|ol (Tris Sigma Aldrich (HOCH,):CNH,
Benzylpenicillin (penicillin G) Sandoz GmbH Ci6H17N,NaO,S
Chloroform Sigma Aldrich CHCI,
Cover slips Menzel Glaser —
Crystal violet (dye) Sigma Aldrich CosH3oN3Cl
Ethyl alcohol Sigma Aldrich CH;CH,OH
Ethylenediaminetetraacetic acid (EDTA) Sigma Aldrich C1oH16N,Og
Gold (I11) chloride trihydrate Sigma Aldrich HAuCI,x3H,0

. Graphene
Graphene oxide Supermarket C.OyH,
Hydrochloric acid (36.5-38.0%) Sigma Aldrich HCI
Hydrofluoric acid (48 wt. % in H,0) Sigma Aldrich HF
Hydrogen peroxide (30 wt. % in H,O) Sigma Aldrich H,0,
L-alanyl-L-tryptophan dipeptide Sigma Aldrich C14H17N3O4
Microscopic glass Menzel Glaser —
Nitrogen gas AGA N,
Pentacene Sigma Aldrich CyoHis
Phosphate Buffered Saline System (PBS) Sigma Aldrich —
Polyethylene glycol (400) Sigma Aldrich | H(OCH,CH,),OH
Rhodamine 6G Sigma Aldrich CygH31N,O5ClI
Silicone isolators
20 mm ® 20 mm * 1 mm; Grace Bio-Labs -
8mm = 8mm * 1 mm
Silver nitrate Sigma Aldrich AgNO;
Sulphuric acid Sigma Aldrich H,SO,
Tetraethyl orthosilicate (TEOS) Acros Organics Si(OC,Hs),
Water Sigma Aldrich H,O
a-Synuclein A30P human, lyophilized powder Sigma Aldrich -
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2.2. The methods for the synthesis of SERS-active substrates
2.2.1. Synthesis of silver SERS substrates based on the sol-gel technique

The sol was prepared by mixing TEQS, ethanol and water in a flask with the
ratios 0.2:0.4:1 respectively. Reaction was carried out under acidic conditions:
hydrochloric acid was used to reach the pH value of 2.3. The solution was mixed for
one hour maintaining a constant temperature of 60°C and finally divided into three
flasks. Pure PEG 400 was added to reach sol/PEG 400 ratios of 1:0.05 (v:v), 1:0.10
(v:v) and 1:0.15 (v:v) in each flask respectively. All PEG 400 modified sols were
aged for 48 hours at room temperature. The films were formed on the ethanol
cleaned microscopic objective glasses by the spin coating method with a spin speed
of 1,500 rpm and a spin time of 10 s, dried at room temperature and heated in air at
300°C for 2 hours. After the thermal treatment, all the films were cooled to room
temperature, immersed in freshly prepared 1 M AgNO; solution for 17 hours, then
removed from the solution and dried under the nitrogen flow. Schematic illustration
of the synthesis is represented in Fig. 2.1.

Sols ageing; o Drying; . _———— 17 hours @
Films formati:)n 0\ Annealing,{ g, Immersion - > {q{‘:{h}
= 5 JRN —> (L1 M AgNOs
I Porous :EtRSt
films substrates
Spin
coating

Fig. 2.1. A scheme illustrating the synthesis of silver SERS substrates based on sol-gel
technique

2.2.2. Synthesis of silver and gold SERS substrates on silicon wafers

The preparation of silicon wafers. The synthesis of gold and silver SERS
substrates was based on direct metal ion reduction by elemental silicon. Silicon
wafers [111] were cut into small pieces (1.5 % 1.5 cm), cleaned by immersing them
in pure ethanol and dried under the nitrogen flow. Such prepared silicon wafers were
kept in the closed Petri dishes until use.

The synthesis of silver SERS substrates based (protocol No. 1). Hydrofluoric
acid (HF) was diluted with water to the final concentration of 24%. The solution of
silver precursor was prepared by dissolving AgNO; in water to the final
concentration of 10 mM. The prepared HF (24%) and AgNO; (10 mM) solutions
were mixed in a ratio of 1:1 (v:v). The silicon wafers were immersed in the reaction
solution for 10 s, then immediately transferred to pure water and finally dried under
the nitrogen flow.

The synthesis of silver SERS substrates (protocol No. 2). The solution of silver
precursor was prepared by dissolving AgNOQOs in water to the final concentration of
2.5 mM. The prepared HF (24%) and AgNO; (2.5 mM) solutions were mixed in a
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ratio of 1:1 (v:v). The silicon wafers were immersed in the reaction mixture for 5 s,
then immediately transferred to pure water and finally dried under the nitrogen flow.

The synthesis of gold SERS substrates. The solution of gold precursor was
prepared by dissolving gold (lIl) chloride trihydrate in water to the final
concentration of 2.5 mM. The prepared HF (24%) and HAuCl, (2.5 mM) solutions
were mixed in a ratio of 1:1 (v:v). The silicon wafers were immersed in the reaction
mixture for 60 s, then immediately transferred to pure water and finally dried under
the nitrogen flow.

The illustration of the synthesis of silver and gold SERS substrates is presented
in Fig. 2.2. The synthesis conditions used for the preparation of the SERS substrates
are listed in Table 2.2.

A | Silicon
wafer

Immersion

Transfer
—

Drying under
N2 flow

Ag SERS

B Silicon
wafer

Immersion

i Au SERS

Fig. 2.2. The illustration of the synthesis of silver (A) and gold (B) SERS substrates
on the silicon wafers
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Table 2.2. The synthesis conditions for the preparation of silver and gold SERS
substrates on silicon wafers

Silver SERS substrates
Synthesis HF AgNO; HF to AQNO; | Immersion
protocol . - . .
No concentration, % concentration, mM ratio time, s
1 24 10 1:1 10
2 24 2.5 1:1 5
Gold SERS substrates
HF concentration, % HAu_CI4 HF to I—!AuCI4 Immersmn
concentration, mM ratio time, s
24 2.5 1:1 60

2.3. Sample preparation for the experiments

2.3.1. The deposition of crystal violet analyte on the SERS substrates
synthesised by the sol-gel technique

Silver nanoparticle decorated silica films were tested as substrates for Surface
Enhanced Raman spectroscopy using 1% aqueous solution of crystal violet dye.
20 pl of the prepared solution was dropped on the surfaces of the SERS substrates.
The prepared samples were dried at room temperature.

2.3.2. The deposition of pentacene monolayer on silver and gold SERS
substrates

The monolayer of pentacene was deposited by vacuum evaporation on silver
and gold SERS substrates. The thickness of the monolayer was 1-1.5 nm. The
deposition of pentacene was performed at Istituto Officina dei Materiali - CNR
(Trieste, Italy) in collaboration with Dr Denys Naumenko.

2.3.3. The deposition of R6G monolayer on silver and gold SERS substrates

The solution of R6G (1 mM) was prepared in methanol. The silver/gold SERS
substrates were immersed in the R6G solution for 2 h. After 2 h, the SERS
substrates were washed in methanol in order to remove the excess dye molecules.
The method for the preparation of R6G monolayer was based on previous work
reported by Sweetenham and Notingher (2011).

2.3.4. The preparation of the samples for the trace detection of a-Synuclein
molecules in water

In order to avoid the additional peaks in SERS spectra characteristic for
buffers, the stock solution (100 uM) of a-synuclein A30P human was prepared by
dissolving it in water. The further dilutions with water were carried out in order to
obtain the concentrations of a-synuclein A30P human of:

a) 100 nM

b) 1 nM;

c)1pM;

d) 1 fM.
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The schematic illustration of the protein measurements is presented in Fig. 2.3.
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Fig. 2.3. lllustration of SERS measuring methodology

The samples preparation for SERS measurements were carried out as follows:
The silicon isolators (8 mm x 8 mm x 1 mm) were attached to the silver SERS
surfaces. 100 ul of the prepared a-synuclein A30P human solution was injected into
the cavity of the silicone isolator and covered with the cover slip in order to avoid
evaporation.

2.3.5. The preparation of L-alanyl-L-tryptophan samples for the investigation
of dipeptide interaction with SERS surface

Agueous solution of L-alanyl-L-tryptophan dipeptide was prepared by
dissolving dipeptide in water to the final concentration of 10 mM. The pH of the
prepared solution was found to be 6.3.

A silicon isolator (20 mm = 20 mm x 1 mm) was carefully attached to the
surface of the silver SERS substrate. 0.5 ml of L-alanyl-L-tryptophan solution was
injected into the cavity of the silicon isolator and covered with cover slip in order to
avoid evaporation of the sample.

2.3.6. The deposition of lipid membrane on silver SERS substrates

Lipid membranes were deposited on the silver triangular nanoparticle
decorated SERS substrates. The deposition was performed based on the modified
methodology presented previously (Grinceviciute, Verdes and Snitka, 2015).
Briefly, DOPS and DOPC in chloroform were used as received and mixed at a ratio
of 1:4. The lipid was dried to remove the solvent and then resuspended in Tris buffer
(149 mM NaCl, 5 mM CaCl,, 10 mM Tris) to a final concentration of 0.1 g/l. The
resulting solution was extruded 27 times through a membrane (pore size 0.1 um) to
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produce unilamellar vesicles. The vesicle solution was introduced directly in the
measurement cell containing blank microscopic glass (control sample) or silver
SERS substrate (test sample). The substrates were kept in the solution for 1 h, then it
was replaced by pure Tris buffer. Subsequently, the solution was exchanged again
by a Ca** free Tris buffer (10 mM Tris, 133 mM NaCl) containing 5 mM EDTA in
order to remove the Ca** ions and finally by PBS. All buffers (pH 7.4) contained
0.05% NaNs. The formation of the lipid membrane was carried out in collaboration
with PhD student Nora Grinceviciute.

2.3.7. The preparation of the samples for the trace detection of benzylpenicillin
molecules in cow’s milk

The preparation of benzylpenicillin (BP) samples. Five solutions of different
concentrations of BP (Table 2.3.) were prepared by dissolving it in water. 20 ul of
each solution was deposited on the silver SERS substrates and dried at room
temperature. The reference Raman spectra of BP was obtained from the
concentrated solution of BP (1 M) deposited on the blank Si wafer (100 pl) and
dried at room temperature.

The preparation of blank milk samples. Two types of cow’s milk were selected
for the experiment: raw milk obtained from an ecological farm and pasteurised
commercial milk obtained from a supermarket. The untreated milk from the
ecological farm was derived from healthy cows by the milking equipment; this kind
of milk was selected as a reference. No further treatment of both types of milk has
been performed. 20 pl of each type of milk was deposited on SERS substrates
decorated with triangular silver nanoparticles. The samples were dried at room
temperature.

The preparation of spiked milk samples. In order to identify Raman bands of
BP in milk, the reference milk was spiked with different concentrations of aqueous
BP solutions (Table 2.3.). The amount of spiking solutions to be added to the milk
samples were calculated according to the following formula:

Cyq XV
Vsta = =¢ (2.1)

Where V4 - volume of spike solution;
C, — selected spike concentration;

Vy — volume of the sample;

Cstq — concentration of spike solution.

Table 2.3. The concentrations of BP used in the experiment

Concentration of BP in H,O, pM | Concentration of BP in milk, pM
0.25 0.25
0.5 0.5
1 1
2.5 2.5
5 5
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2.3.8. The preparation of the samples for the implementation of local chemical
reaction on the silver SERS substrate

The concentrated GO (5 mg/l) solution was diluted with water in order to
obtain a GO/H,0 ratio of 1/100. A diluted GO solution of 0.025 ml was placed on
the triangular silver nanoparticle decorated SERS substrate. The prepared sample
was kept at room temperature for 10 min in order to precipitate the GO on the SERS
surface. For the control experiment the described procedure was repeated only on a
blank silicon wafer.

2.4. Analytical methods
2.4.1. Structural characterisation

2.4.1.1. The structural analysis of the synthesised SERS substrates was carried
out by Atomic Force Microscope (AFM) (NT-MDT Inc., Russia) using commercial
silicon cantilevers (resonant frequency 150 kHz, tip radius < 10 nm, force constant
5N/m). AFM was also used for the measurements of current-voltage (I-V)
characteristics. -V curves were obtained with spreading resistance mode AFM using
commercial silicon cantilevers with conductive TiN coating (resonant frequency 150
kHz, tip radius: 35 nm, force constant 5.1 N/m).

2.4.1.2. A scanning electron microscope (SEM) (Helios NanoLab 650 FEl,
Holland) was used for the structural investigation of the silver nanoparticle
decorated silica films. The measurements were carried out at the Centre for Physical
Sciences and Technology (Vilnius). A scanning electron microscope (FEI Quanta
200 FEG) was used for the structural characterisation of the SERS substrates
prepared on the silicon wafers. The energy dispersive X-ray spectroscopy (EDX)
was used for the elemental analysis of the SERS substrates. The analysis was
performed using a spectrometer equipped with a Bruker XFlash® 4030 detector
(Bruker AXS).

2.4.2. Optical characterisation

2.4.2.1. Optical characterisation of all the types of SERS substrates and
colloidal silver solutions were performed using a UV-Vis USB 2000 optic
spectrometer (Ocean-Optics Inc.).

2.4.2.2. Raman and SERS spectra were recorded using a Raman spectrometer
(NTEGRA Spectra, NT-MDT Inc.). The objective magnification was 100 x ,
numerical aperture NA = 1.49 and optical beam focus spot diameter — 500 nm. The
excitation source was a laser with A =532 nm and optical beam power of 25 mW.
The laser power on the samples was 1.7 mW.

2.4.3. Theoretical computation

The theoretical simulation of the EM field enhancement on the silver nanoring
decorated silica films and silver nanotriangle decorated Si substrates, as well as the
determination of their EF were performed using COMSOL Multiphysics® v4.3 (RF
Module) software. The simulations were carried out in collaboration with
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Dr Xu Huizhong at the Department of Physics, St. John’s University (USA). The
theoretical SERS enhancement was calculated with the following equation (Choi et
al., 2010):

|Eloc(wex)|2 |Eloc(ws)|2
EEsers = gy wenl TEotws)P? (22)

Where Ej,.(wey) - the amplitude of the enhanced local electric field at the
laser excitation frequency;

Ey(wey) - the amplitude of the incident electric field provided by the laser at
the laser excitation frequency;

Ejoc(ws) - the amplitude of the enhanced local electric field at the Raman

scattered frequency;

Ey(ws) - the amplitude of the electric field at the Raman scattered frequency

resulted by the analyte.

The wavelength of the incident light was 532 nm. Perfectly matched layer
(PML) boundary conditions were used.

2.4.4. Software for data processing

The results were processed using Origin Pro 8.5.1, Nova MT-MDT SPM,
Image J (2006), Jmol, HyperChem (Molecular Modeling System 5.0.2),
ChemSketch (ACD 2012), SPIP Image Processing (V4. 02) and Crystal Sleuth
(2008) software.
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3. RESULTS AND DISCUSSION

3.1. The synthesis of the SERS substrates based on the sol-gel technique
3.1.1. The synthesis of PEG 400 modified porous hybrid silica films

The sol-gel technique is a promising way for the fabrication of 3D SERS
substrates. Moreover, the usage of organic templates makes this method desirable
because of the possibility to use organic templates allowing the size of the pores to
be controlled and to immobilise nanoparticles directly from colloidal solutions. In
the current experiment, the polyethylene glycol 400 (PEG 400) has been chosen as
the porogen and the reducing agent of silver ions. Recently, a number of
publications represented polyethylene glycol as a perfect substance for “green
reduction” of silver ions and for the stabilisation of the silver nanoparticles (Stiufiuc
et al.,, 2013; Luo et al., 2005). It also became attractive for its solubility in an
aqueous medium, low toxicity and wide selection of molecular weights (Shameli et
al., 2012). Recently, two publications dealing with the current experiment and the
topic of the dissertation were published (Snitka et al., 2012; Snitka et al., 2011). It
has been shown that the combination of the sol-gel technique and the usage of honey
allow the synthesis of SERS-active hybrid silica films decorated with gold
nanoparticles. In such synthesis, the “green” reduction of gold ions has been carried
out using honey. It was demonstrated that the bio-active ingredients of honey, such
as reducing sugars or proteins, can act as reducing agents and produce the gold
nanoparticles.

The aim of the current experiment was to synthesise novel plasmonic
nanostructures of controllable shapes by combining the sol-gel technique and direct
silver ions reduction. The sol-gel process involves hydrolysis of the alkoxides, water
and alcohol condensation. In a general case, hydrolysis of the TEOS is based on the
replacement of alkoxide ligand by the hydroxyl group. During the condensation
stage occurring between two silanols or silanol and alkoxide, the molecular weight
of the synthesis product increases. When PEG 400 is introduced into the reaction
system it interacts chemically with the sol particles and results in the formation of a
hybrid polymeric network (Kuraoka et al., 2005), where part of the PEG 400 interacts
physically with the sol particles and remains inside the pores and channels (Sun et al.,
1998) (Fig. 3.1).

During the thermal annealing of hybrid silica films chemically unreacted PEG
400 is not fully removed from the polymeric matrix. This was confirmed by Raman
measurements performed after thermal treatment of the films (Fig. 3.2).
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Fig. 3.2. Raman spectrum of PEG 400 modified silica films after thermal treatment at 300°C:
(A) a film prepared at a volume ratio of sol:PEG 1:0.05 (1); a film prepared at a volume ratio
of sol:PEG 1:0.10 (2); a film prepared at a volume ratio of sol:PEG 1:0.15 (3); (B) a film
prepared at a volume ratio of sol:PEG 1:0.10 before the deposition of silver nanoparticles (1)
and after the deposition of silver nanoparticles (2)
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Raman spectra of organically modified silicates strongly depend on the hybrid
materials preparation technique, molecular weight, concentration and nature of the
modifying polymer. Considering this, the peaks at ~ 830 cm™ and 881 cm™ as well
as at 1053 cm™ and 1129 cm™ were assigned to CH, bands from pure polyethylene
glycol (Jung et al., 2005) (Fig. 3.2, A). The presence of the residual PEG 400 in
porous silica matrix can be explained by insufficient temperature for the total
removal of the organic template. More recently, other researchers showed that total
elimination of PEG from the composites is available at the temperatures above 400°C
(Fan et al., 2006; Ramirez-Santos, Acevedo-Pefia and Cordoba, 2012). Thermal
stability of PEG-silica hybrid systems is influenced by a strong interaction between
PEG and silica. Therefore, silica prevents the heat transfer to the inner parts of PEG
(Oh et al., 2009). For this reason, the vibrations of incorporated polymer chains are
well expressed in the Raman spectra. The peaks observed at 1,462 cm™ correspond to
C-H vibrations while bands at 1,246 cm™ and 1,280 cm™ are assigned to C-O-C bonds
of PEG 400. A broad band rising from 500-550 cm™ represents mixed stretching and
bending modes of Si-O-Si (Manara, Grandjean and Neuville, 2009). As seen in Fig.
3.2 (B), a shoulder at 3,484 cm™ corresponding to -OH vibrations of PEG 400 is
visible in the Raman spectra of the film before its immersion in the silver nitrate
solution. However, this band disappears after the exposure of silica film in AgNO;
solution for 17 h. This suggests that -OH groups of PEG 400 are responsible for the
reduction of silver ions.

3.1.2. The modification of hybrid porous silica films with silver nanoparticles

The results of Raman measurements allowed the hypothesis that residual PEG
400 could act as a reducing agent for silver cations and results in the formation of
silver nanoparticles on the films surface. Therefore, when such films were introduced
into a silver nitrate solution, the reduction of silver ions occurred through the oxidation
of PEG 400 hydroxyl groups to aldehyde groups (Nam et al., 2011). In order to
confirm that PEG 400 is able to act as a reducing agent, 1 M AgNO; solution was
mixed with pure PEG 400 (volume ratio 1:1). The reaction was monitored in real-
time by using UV-Vis spectroscopy (Fig. 3.3). At the beginning of the reaction, no
absorption peak characteristic for silver nanoparticles was recorded. However, a
broad plasmon occurred in the spectra after 20 minutes from the moment when
AgNO; and PEG 400 were mixed. The plasmon increased with an increase in the
reaction time and was found to be located at 428 nm. The peak reached the
maximum after 50 minutes and did not rise with a longer reaction time that indicated
that the reduction reaction was completed. The colour of the reaction solution
changed from colourless to yellowish that also suggested the successful formation of
silver nanoparticles.
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Fig. 3.3. Time-dependent UV-Vis spectra showing the reduction of silver ions with PEG 400

The reduction of silver ions both in the solution and on the surface of the films
can be expressed by the following reaction:

Ag'aq) +e —> Ag'(s)
NO,(aq) + ¢ + 2H'(aq)—>NO,A+ H,0 } (reduction half-reactions)

*PEGy(aq) - 2¢" —>**Aldehyde-PEG,-Aldehyde (aq) + 2H+(aq)(oxidation half-reaction)

Ag'(aq) + NO;(aq) + *PEG,,(aq) — Ag’(s) + #* Aldehyde-PEG,-Aldehyde (aq) + H20+N02*

(overall redox reaction)

*PEG,p,~ HO™"00 T}~ O

##Aldehyde-PEG,  -Aldehyd L

' SRYCELDM fg- elyde ™ 0] 0
o ob Ty

Fig. 3.4 shows the morphological characterisation of the films by AFM before
(A, C, E) and after (B, D, F) their immersion in the silver nitrate solution. AFM
characterisation revealed that the change of PEG 400 amount in the sol resulted in
the different structures of silver nanoparticles formed on the films surfaces. Silica
films, prepared by using a sol/PEG 400 ratio 1:0.05 (v:v) were decorated with
nanosized silver rings, while the films prepared using a sol/PEG 400 ratio 1:0.10
(v:v) were found to have spherical silver nanoparticles on the surface. The third type
of the films (sol/PEG 400 ratio 1:0.15 (v:v) was found to have the network of silver
nanoparticles formed on the surface of the film.

In all the cases, the reduction of silver ions starts inside the pores, where the
formation of primary nanoparticles takes place. Those particles are the nucleation
centres and catalyse the reduction of other Ag cations around them. The lowest
amount of organic template leads to the growth of silver nanoparticles along the
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edges of the pores thus resulting in nanosized ring-like silver structures. When the
amount of PEG 400 is increased, reduction continues and results in spherical silver
nanoparticle filled pores. The high amount of polyethylene glycol template
influences the increase of interconnections between pores (Ramirez-Santos,
Acevedo-Pefia and Cordoba, 2012) and self-assembled structures of silver
nanoparticles are formed on the surface of the third type of film.

The formation of nanosized silver rings, spherical and self-assembled silver
nanoparticles on the films surfaces were also confirmed by the SEM measurements
(Fig. 3.5.,, A, B, C).
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Fig. 3.4. AFM images showing the morphology of the films: (A) a film prepared at a volume
ratio of sol:PEG 1:0.05 after thermal treatment and (B) after exposure in silver nitrate
solution for 17 hours (C) a film prepared at a volume ratio of sol:PEG 1:0.10 after thermal
treatment and (D) after exposure in silver nitrate solution for 17 hours; (E) a film prepared at
a volume ratio of sol:PEG 1:0.15 after thermal treatment and (F) after exposure in silver
nitrate solution for 17 hours
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Fig. 3.5. SEM images of silver nanoparticle decorated silica films: (A) SEM image of a
nanosized silver ring; (B) SEM image of spherical silver nanoparticle decorated silica film;
(C) SEM image of a self-assembled silver nanoparticle decorated silica film

The optical characterisation of all types of films is presented in Fig. 3.6. Broad
shoulders located at around 472-478 nm are typical for silver nanostructures.
Recently, it has been shown that various nanostructures, such as silver spheres, rods,
discs, triangles or truncated structures exhibit mono-, di-, tri-, tetra- or multiple
surface plasmon resonances in UV-Vis absorption spectra respectively that result
from individual dipole and/or quadrupole plasmon modes (Jiang, Zeng and Yu,
2006). Due to the size and/or the shapes of the nanoparticles the resonance
conditions change and result in a shifted or broadened UV-Vis spectra.

— A control film prepared without PEG 400

0.6 — A film decorated with nanosized Ag rings

— A film decorated with spherical Ag nanoparticles

- A film decorated with self-assembled Ag nanoparticles
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Fig.3.6. UV-Vis spectra of the films fabricated by the sol-gel technique: a control film
prepared without PEG 400 (A); a film decorated with silver nanorings (B); a film decorated
with spherical silver nanoparticles (C); a film decorated with self-assembled silver
nanoparticles (D)

It is obvious from the UV-Vis measurements that the absorption of the hybrid
films increases with an increase in the amount of PEG 400. The reason for such
phenomenon is that after the thermal treatment of the films more residual PEG 400
remains entrapped in the pore channels and results in an increase in the density of
the silver nanoparticles on the films surface. In order to confirm that silver ions are
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reduced by PEG 400, the control UV-Vis spectra of PEG 400-free film was
recorded. No plasmon in the range common for silver nanoparticles was observed.
This result confirmed that PEG 400 is responsible for the reduction of silver ions.

3.1.3. Statistical evaluation of nanostructures repeatability

In order to determine the repeatability of the silver nanostructures formed on
the silica films, grain analysis was performed using NT-MDT software. The grain
analysis function provides automatic grains determination and evaluation. For the
evaluation of the repeatability of the obtained silver nanorings and spherical
nanostructures the “grain diameter parameter” was selected. As seen in Fig. 3.7 (B)
and 3.8 (B) such parameter allowed the mean diameter of the silver nanorings and
spherical nanoparticles formed on the silica films to be calculated. For the statistical
evaluation of the nanostructures repeatability, 5 samples of silver nanorings and 5
samples of spherical silver nanoparticle decorated silica films were prepared. The
threshold level was selected according to the nanoparticles height histograms (Fig.
3.7, A (1) and Fig. 3.8, A (1)). The average height histogram of silver nanorings was
found to be ~19 nm and for silver spherical nanoparticles ~53 nm. The average
diameter of silver nanorings of all 5 samples was found to be ~95 nm and the
calculated standard deviation (SD) was 9.8 nm. The average diameter of spherical
silver nanoparticles of all 5 samples was found to be ~170 nm and the calculated SD
was 8.3 nm. The SD was calculated according to the following equation:

Where:

SD = /Z("_"Z)z (3.1)
N-1
SD — standard deviation;

N — number of value in the data set;
x — each value of the selected evaluation parameter;
x — mean value of the selected evaluation parameter of all the samples.
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Fig. 3.7. The statistical evaluation of silver nanoring formation repeatability: (A) AFM
image of silver nanorings and their height histogram (1); (B) grain image of silver nanorings;
(C) a graph showing the average diameter of silver nanorings on 5 samples
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Fig. 3.8. The statistical evaluation of spherical silver nanoparticle formation repeatability:
(A) AFM image of spherical silver nanoparticles and their height histogram (1); (B) grain
image of spherical silver nanoparticles; (C) a graph showing the average diameter of
spherical silver nanoparticles on 5 samples

Given that the nanoparticles on the silica films (prepared using the highest
concentration of PEG 400) tend to form self-assembled networks the traditional
statistical analysis for the evaluation of the repeatability of such structures is
complicated. Therefore, for this purpose the fractal dimension was calculated using
SPIP Image Processing software. The fractal dimension is an index describing the
fractal patterns by assessing their complexity. This index is an indication of the
statistical self-similarity. As seen in Fig. 3.9, the values of fractal dimensions of all 5
samples are similar indicating good repeatability of the nanostructures.
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Fig 3.9. The statistical evaluation of silver self-assembled networks: (A) AFM image of self-
assembled silver nanoparticles formed on the silica film; (B) fractal dimensions of roughness
of 5 samples
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3.1.4. The testing of the hybrid porous silica films decorated with silver
nanoparticles for SERS

In order to evaluate the EF distribution on the SERS substrate and the EF, the
theoretical simulation was performed for silver nanoring decorated SERS substrate.
The results are presented in Fig. 3.10.

D=107 nm

Fig. 3.10. The simulation of EM distribution: for a single silver nanoring (A); for a system
consisting of three silver nanorings (B)

As seen in Fig. 3.10, the highest intensity of EM of the silver nanoring
decorated SERS substrate occurs inside the rings. The theoretical enhancement of
the Raman signal calculated according to the equation (2.2) was found to be 250
times. The experimental SERS measurements showed a relative enhancement of
crystal violet analyte of around 200 times compared to the normal Raman Fig. 3.11
(B). Therefore, the experimental results agreed with theoretical calculations. The
relatively low enhancement factor of nanosized silver rings can be explained by the
large inner diameter of the nanorings (~35 nm) as well as the large distance between
the separate nanorings (Fig. 3.4, B).

The SERS substrate decorated with spherical nanoparticles demonstrated an
enhancement of the Raman signal for crystal violet analyte up to 100 times
(Fig. 3.11, C), while the highest enhancement (around 270 times) was observed on
the film decorated with self-assembled silver nanostructures (Fig. 3.11, D). The
highest concentration of PEG 400 leads to the formation of close-packed silver
nanoparticles and increases the content of the hot spots.

It is important to note that the Raman and SERS spectra presented in Fig. 3.11
show the relative enhancement of the Raman signal for a crystal violet analyte. It is
not a “single molecule” enhancement spectrum.
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Fig. 3.11. The average spectra of crystal violet analyte collected at 50 randomly selected
points of the sample: (A) Raman spectra obtained on microscopic glass; (B) SERS spectra
obtained on silver nanoring decorated SERS substrate; (C) SERS spectra obtained on silver
nanosphere decorated SERS substrate; (D) SERS spectra obtained on silver self-assembled
nanoparticle decorated SERS substrate. The acquisition time for the collection of Raman and
SERS spectra was 1s

Conclusions. A novel approach for the synthesis of silica films decorated with
silver nanoparticles was demonstrated. It was found that the variation of PEG 400
concentrations in the sols allowed for the fabrication of different arrangements of
silver nanoparticles on the films surfaces. The proposed method allowed for the
synthesising of silver nanorings, spherical and networked self-assembled structures
of silver nanoparticles. The fabricated films were applied for the SERS
measurements using crystal violet dye as the target analyte. It was demonstrated that
the highest relative enhancement of Raman signal (~270 times) can be obtained on
the films decorated with a self-assembled network of silver nanoparticles. A similar
result was observed on the silica films decorated with silver nanorings (~200). The
synthesised silver nanostructures as the bifunctional film can be applied not only for
SERS measurements. As the theoretical computation results show, the highest EM
field is generated inside the silver nanorings. Therefore, such structures can act as
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nanoreactors and open the possibility to perform local chemical reactions inside the
nanorings.

3.2. The synthesis and characterisation of the SERS substrates prepared on
silicon wafers

The synthesis of silver and gold SERS substrates was based on the direct
silver/gold ion reduction on the HF etched silicon wafers. The selection of the
method for the synthesis of the SERS substrates was based on the following factors:

A. Easy, inexpensive and fast preparation of the SERS sensors.

B. Minimum usage of chemical reagents allowing additional procedures for
the removal of the residual reagents from the SERS substrate to be avoided. This is
important for the trace detection because the additional reagents, such as organic
reductants, stabilisers may have their own Raman spectra leading to the complicated
identification of the analytes.

3.2.1. Silver nanoparticle decorated SERS substrates

The synthesis of silver SERS substrates was based on the direct silver ion
reduction on HF etched silicon wafers. In the first case, the SERS substrates were
prepared by synthesis protocol No. 1. (Table 2.2). In the first stage, HF dissolves the
SiO, layer according to the following equation:

Si0,(s) + 6HF(aq) —= H,SiF(aq) + 2H,0(aq)

After the removal of the SiO, layer, silver ions capture electrons from the
elemental silicon leading to the formation of silver atoms. Meanwhile, silicon is
oxidised and lightly etched by the HF (Zaghouani et al., 2015). The formation
mechanism of the silver nanoparticles can be described by the following equations:

Ag'(ag) + & —=Ag’(s)[x 2
2H'(aq) + 2¢” — H_}
Si%(s) + 6F(aq) —» SiF 52'(aq) + 4" (oxidation half-reaction)

} (reduction half-reactions)

Si%(s) + 2Ag (aq) + 6F (aq) + 2H (aq) — SiF,"(aq) + 2Ag” () + HA
(overall redox reaction)

In order to determine their morphology, the synthesised silver SERS substrates
were characterised by AFM. For the evaluation of the nanoparticles shapes
repeatability, 10 SERS samples were prepared according to synthesis protocol No. 1.
The AFM images and the height histograms of all 10 samples are presented in
Fig. 3.12.
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Fig. 3.12. The AFM images of the silver SERS substrates and the height histograms of silver
nanoparticles distribution. For the evaluation of nanoparticles shapes and height
repeatability, 10 samples (marked 1-10) were characterised in the scanning area of 3 x 3um

As seen in Fig. 3.12, the silver nanoparticles of irregular shapes were formed
on the silicon surface. The standard deviation (SD) of the nanoparticles height
distribution of the SERS substrates was found to be 4 nm. The calculated average
height of the nanoparticles of all 10 samples was ~61 nm. The SD was calculated
according to the equation (3.1).
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The SEM analysis confirmed the presence of the irregular-shaped silver
nanoparticles and the EDX spectra revealed the presence of the silver element (Fig.
3.13, A and B). Meanwhile, UV-Vis spectra showed a plasmon at around 447 nm
(Fig. 3.13, C), which is typical for the silver nanoparticles (Prabu and Johnson,
2015).
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Fig. 3.13. EDX spectrum of silver SERS substrate (A); SEM image of the SERS substrate
demonstrating the silver nanoparticles of irregular shapes (B) (magnification: 30000 x; high
vacuum mode ((30.00 kV)); UV-Vis spectra showing a plasmon at 447 nm that confirms
the presence of silver nanoparticles

Under the particular conditions (such as reagents concentrations) the growth of
silver nanoparticles on [111] oriented silicon wafers prefer the triangular shape with
respect to the substrate lattice (Wall et al., 2011). Such nanostructures have edges at
their vertexes that can concentrate the optical field within the narrow gaps between
them leading to a high density of “hot spots”. Therefore, silver nanotriangles have an
advantage for the SERS applications compared to the spherical or irregular-shaped
nanoparticles. However, no triangular nanoparticles were observed in the case when
silver SERS substrates were prepared according to synthesis protocol No. 1 (Table
2.2). The reason for that can be explained by the high concentration of AgNO; and
long exposure time of the silicon wafers in the reaction solution. The high
concentration of AgNO; (10 mM) leads to the rapid formation of the primary silver
nanoparticles (nucleation centres), whereas a long exposure time (10 s) determines
the growth of irregular-shaped silver nanoparticles. In order to synthesise triangular
silver nanoparticles, the next batch of SERS substrates was prepared according to
synthesis protocol No. 2 (Table 2.2.). In this case, the concentration of AgNO; was
reduced from 10 mM to 2.5 mM and the exposure time of the silicon wafers in the
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synthesis solution was shortened from 10 s to 5 s. As seen in Fig. 3.14, the formation
of silver nanotriangles on the silicon wafers was confirmed by AFM measurements.

°.

nm

1234567 8

Sample number

9 10

Fig. 3.14. The AFM images of the silver SERS substrates and the height histograms of silver
nanoparticles distribution. For the evaluation of nanoparticles shapes and height
repeatability, 10 samples (marked 1-10) were characterised in the scanning area of 3 x 3um

The lower concentration of AgNO; leads to the slower formation of the
primary silver nanoparticles that grow in accordance with the substrate lattice. After
5 seconds the SERS substrate is transferred to pure water that terminates any further
growth of the silver nanoparticles thus preventing the formation of silver aggregates
or irregular shapes. In order to evaluate the repeatability of the silver nanoparticles
shape distribution, 10 SERS samples were prepared according to synthesis protocol
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No. 2. The SD of the nanoparticles height distribution of the SERS substrates was
found to be 5 nm. The calculated average height of the nanoparticles of all 10
samples was ~96 nm.

The SEM analysis confirmed the presence of the triangular nanoparticles, the
EDX measurements revealed the presence of the silver element (Fig. 3.15, A and B)
and UV-Vis spectra showed a plasmon at around 490 nm (Fig. 3.15, C). A broad
peak in the UV-Vis spectra suggests the formation of the aggregates. However, in
this case the broadened UV-Vis spectra can be a result of multiple plasmon
resonances due to the specific shape of the silver nanoparticles.
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Fig. 3.15. EDX spectrum of silver SERS substrate (A); SEM image of silver nanotriangle
(magnification: 400000 x; high vacuum mode ((30.00 kV)); (B) UV-Vis spectra showing a
plasmon at 490 nm that confirms the presence of silver nanoparticles

In order to determine the efficiency of the SERS substrates decorated with triangular
silver nanoparticles, the theoretical simulation of the electromagnetic field
distribution on such nanostructures has been performed. As seen in Fig. 3.16., the
enhancement varies with height and is much greater in the z = 50 nm plane (B and
D) than in the z = 0 plane (A and C). The enhancement also depends on polarisation:
y-polarised light (C and D) produces a greater enhancement than the x-polarised
light (A and B). The theoretical simulation results revealed that the intensity
enhan(éement inside the gap for y-polarised light can result in Raman EF as high as
4 x 10°.
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Fig. 3.16. Enhancement of electromagnetic field intensity in a logarithmic scale for a pair of
nanotriangles in two cross-sections: (A) and (C) in the z = 0 plane, (B) and (D) in the z =50
nm plane. The incident light is polarised in the x-axis for (A) and (B) and in the y-axis
for (C) and (D)

3.2.2. Gold nanoparticle decorated SERS substrates

The synthesis of gold SERS substrates was based on the direct gold ions
reduction on HF etched silicon wafers according to the method presented in
Table 2.2. After the HF dissolves the SiO, layer, the elemental silicon reduces the
metal complex leading to the formation of gold nanoparticles. The deposition of
gold nanoparticles on the silicon wafers can be described by the following
equations:

AuCl (aq) + 3= —= Au’(s) +4Cl(aq)
{29 (reduction half-reactions)
2H (aq)y+ 26 —= H,4[x 12

Si’(s) +6F(aq) —= SiF63'(aq)+4e' (oxidation half-reaction)

Si%(s) + AuCl, (aq) + 6F (aq) +H'(aq) —= SiF*(aq) + Au’(s)+4Cl(aq) + 1/2HA
(overall redox reaction)

In order to determine their morphology, the synthesised gold SERS substrates
were characterised by AFM. For the evaluation of the nanoparticles shapes
repeatability, 10 gold SERS samples were prepared according to the synthesis
protocol presented in Section 2.2.2. The AFM images and the height histograms of
all 10 samples are presented in Fig. 3.17. As seen in Fig. 3.17, gold nanoparticles of
irregular shapes were formed on the silicon wafers. The SD of the nanoparticles
height distribution of the SERS substrates was found to be 8 nm. The calculated
average height of the nanoparticles of all 10 samples was ~84 nm.
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Fig. 3.17 The AFM images of the gold SERS substrates and the height histograms of gold
nanoparticles distribution. For the evaluation of nanoparticles shapes and height
repeatability, 10 samples (marked 1-10) were characterised in the scanning area of 3 x 3um
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The SEM analysis confirmed the presence of spherical nanoparticles formed
on the silicon wafers, while the EDX spectra revealed the presence of the gold
element (Fig. 3.18, A and B). The UV-Vis spectra of the synthesised gold SERS
substrates showed a plasmon at around 544 nm (C), which is common for gold
nanoparticles.
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Fig. 3.18. EDX spectrum of gold SERS substrate (A); SEM image of gold SERS substrate
(magnification: 30000 x; high vacuum mode ((30.00 kV)); (B) UV-Vis spectra showing a
plasmon at 490 nm that confirms the presence of silver nanoparticles
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3.3. The determination of the relative enhancement factor of the silver and
gold SERS substrates

In order to determine which type of SERS substrate shows the highest relative
Raman signal enhancement, the pentacene monolayer was deposited on gold and
silver SERS substrates. The results presented in Fig. 3.19 revealed that the highest
relative enhancement of the Raman signal of pentacene was observed on the silver
nanotriangle decorated SERS substrate (2.73 x 10°). The SERS substrate decorated
with irregular-shaped silver nanoparticles demonstrated the relative enhancement of
the Raman signal of pentacene analyte of around 1.62 x 10°, while the gold SERS
substrate was 6.0 x 10°.
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Fig. 3.19. Raman spectra of pentacene obtained on a blank silicon wafer (A); the SERS
spectra of pentacene obtained on gold SERS substrate (B); the SERS spectra of pentacene
obtained on a SERS substrate decorated with irregular shapes of silver nanoparticles (C); the
SERS spectra of pentacene obtained on triangular silver nanoparticle decorated SERS
substrate (D). In all the cases the acquisition time for Raman signal collection was 1 s

The synthesised SERS substrates were also tested with another analyte - R6G
dye (Fig. 3.20). Again, the highest relative enhancement of the Raman signal of
R6G dye was obtained on the silver nanotriangle decorated SERS substrate
(2.25 x 10").
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Fig. 3.20. Raman spectra of R6G obtained on a blank silicon wafer (A); the SERS spectra of
R6G obtained on gold SERS substrate (B); the SERS spectra of R6G obtained on SERS
substrate decorated with irregular shapes of silver nanoparticles (C); the SERS spectra of
R6G obtained on triangular silver nanoparticle decorated SERS substrate (D). In all the cases
the acquisition time for Raman signal collection was 1 s

Conclusions. In summary, it was determined that the highest relative
enhancement of the Raman signal for pentacene and R6G analytes was observed on
triangular silver nanoparticle decorated SERS substrates (Table 3.1).

Table 3.1. The relative enhancement of the Raman signal for pentacene and R6G
analytes obtained on the different SERS substrates

Relative enhancement

SERS substrate Analyte of Raman signal
Decorated with irregular shapes of silver Pentacene 1.62 x 10°
nanoparticles R6G 1.65 x 10”
. . . Pentacene 6.0 x 10°
Decorated with spherical gold nanoparticles R6G 17 x 10°
Decorated with triangular silver Pentacene 2.73 x 10°
nanoparticles R6G 2.25 x 10’
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3.4. Surface enhanced Raman spectroscopy of biomolecules
3.4.1. SERS-based detection of a-synuclein traces in liquid

The increasing amount of production using nanoparticles, such as cosmetics or
household chemicals, causes concern on how they influence human health at the
cellular level. When cells are exposed to nanoparticles, the cellular proteins tend to
form aggregates and finally insoluble fibrils. The fibrillation may have significant
effects on the induction/propagation of neurodegenerative diseases such as
Parkinson’s. a-synuclein is a Parkinson’s disease-related protein abundant in the
brain. It is not yet clearly understood what triggers the misfolding and aggregation
of a-synuclein in the fibre like structures. Therefore, there is a need to develop new
methodologies for the detection of its aggregates at low concentrations close to the
physiological ones (nM). The SERS technique is an analytical tool finding a great
application to study structural changes of biomolecules. Moreover, it provides
information about the processes occurring at the bio-nano interface, such as
nanoparticle interactions with lipid membranes.

In the living body, proteins are found in the biological fluids, such as blood,
plasma, urine etc. Therefore, the aim of the current experiment was to detect and
identify o-synuclein traces in water. As SERS substrates, triangular silver
nanoparticle decorated silicon wafers were chosen because of their ability to exhibit
a high SERS effect (10°). The results revealed that the synthesised SERS substrates
decorated with triangular silver nanoparticles are able to detect a-synuclein of
femtomolar concentration in aqueous medium (Fig. 3.21). As seen in Fig.3.21, the
spectra of a-synuclein slightly differ comparing them to each other. For example,
amide | band observed at 1,652 cm™ is well expressed in the control sample (dry),
while in all the test samples this band is not clearly visible. This phenomenon is
related to the motion of the protein: given that the SERS measurements are carried
out in the solution, the protein does not lie in the plane. For this reason, the protein
can easily move in the space. It means that at one point of the sample a particular
fragment is located in close proximity (1-2 nm) to the SERS surface, while at
another point the same fragment can be away (tens of nanometers) from the SERS
surface. In this case, the particular vibrations of such fragment will be absent in the
SERS spectra.
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Fig. 3.21. SERS spectra of a-synuclein of different concentrations in aqueous solutions

Conclusion. The experiment has shown that silver SERS substrates decorated
with triangular silver nanoparticles are able to detect the traces (1 fM) of a-synuclein
in liquid.

3.4.2. The interaction of L-alanyl-L-tryptophan dipeptide with SERS surface

The detection of protein traces is as important as their interaction with the
nanoparticles or nanostructured surfaces. The understanding of the protein binding
mechanism is important for the development of the fundamental knowledge about
their conformational changes induced by nanoparticles or nanostructured surfaces.
The analysis of the protein-nanoparticle interaction mechanism is complicated due
to the long chains of amino acid residues. Therefore, for the investigation of the
interaction mechanism at the bio-nano interface, L-alanyl-L-tryptophan dipeptide
was selected as the model biomolecule and triangular silver nanoparticle decorated
SERS substrate, as a nanostructured surface. Few scientific publications include the
study of the photo dissociation process (Fujihara et al., 2008) or fluorescence decay
(Fleming et al., 1978) of L-alanyl-L-tryptophan. However, there are no publications
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describing the structural characterisation of this dipeptide by Raman spectroscopy
and its possible interaction with nanostructured surfaces. According to the Human
Metabolome Database (HMD), L-alanyl-L-tryptophan is an incomplete destruction
product of protein digestion or protein catabolism and has not yet been identified in
human tissues or biofluids. For this reason it is referred to as an “expected”
metabolite. However, peptides are assembled to form large polypeptides and
proteins. Therefore, the investigation of short segments is a significant step towards
the understanding of proteomics.

Proteins adsorption on nanostructured surfaces is mediated by several forces
such as hydrogen bonds, solvation, Wan der Waals or electrostatic interaction
between protein molecules and nanoparticles. These interactions may be strongly
influenced by the morphology (Rechendorff et al., 2006; Scopelliti et al., 2010) and
nature of nanostructured surfaces, the conditions of their preparation as well as the
concentration and type of protein / peptide and pH value. It is important to mention
that no acidification or alkalisation of dipeptide solution has been carried out in the
current experiment. The change of pH by adding salts or acid results in the change
of hydrogen ion concentrations in the solution and affects the hydrogen bonding
within the dipeptide. Therefore, the structure of the dipeptide can be changed as well
as its interaction with the nanostructured silver surface.

As seen in Fig. 3.22, the distances between silver triangular nanoparticles vary
from ~120 to ~200 nm, this led to raise a hypothesis that dipeptide adsorption can
take place both on the surface of nanoparticles and in the gaps between them.
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Fig. 3.22. AFM images of the silver nanotriangle decorated SERS substrate: (A) height
image of silver nanotriangles measured at the first randomly selected point of the sample and
the cross section between separate silver nanotriangles (B); (C) height image of silver
nanotriangles measured at the second randomly selected point of the sample and the cross
section between separate silver nanotriangles (D)
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Fig. 3.23 shows Raman (control) and SERS spectra of the L-alanyl-L-
tryptophan dipeptide recorded at 5 different randomly selected points of the sample.
The proposed vibrational assignments of L-alanyl-L-tryptophan are represented in
Table 3.2.
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Fig. 3.23. Raman and SERS spectra of L-alanyl-L-tryptophan dipeptide recorded in liquid at
randomly selected points of the sample. The acquisition time for the collection
of Raman signal: 1 s

As seen in Fig. 3.23 all SERS spectra clearly demonstrate the difference in
peak positions and intensities determined by the dipeptide orientation on the rough
silver surface. Amide bands associated with vibrational modes of the peptide bond
are the marker bands in the Raman and SERS spectra representing the secondary
structure of peptides or proteins. However, the presence or absence of the amide |
region at 1,640-1,678 cm™ in SERS spectra also suggest the possible orientation of
biomolecules on the nanostructured surfaces. In micro-Raman spectra, the amide |
band is represented by a low intensity band at 1,666 cm™, whereas all SERS spectra
show the silence of these vibrations. This phenomenon has been analysed before by
other researchers both in SERS and TERS spectra (Kurouski et al., 2013; Blum et al.,
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2012) of peptides and proteins. The amide I band is due to C = O stretching and N-H
in plane bending modes and should be apparent in SERS spectra even if the peptide
underwent conformational changes after adsorption on the rough silver surface.
Considering this, the structural changes of the dipeptide should not determine the
absence of the amide | band in SERS spectra. In the case of L-alanyl-L-tryptophan,
the absence of the amide I band in SERS spectra can be determined by the large side
chain of tryptophan that shields the peptide bond from the SERS surface (Kurouski
et al., 2013). Other important regions in SERS spectra suggesting the possible
arrangement of dipeptide molecules are located at 1,381-1,396 cm™ and 1,570-1,608
cm™ that correspond to -COO™ and indole ring vibrations respectively. According to
the different intensities of these vibrations in all the SERS spectra, two possible
options for L-alanyl-L-tryptophan orientation on the substrate surface were proposed
(Fig. 3.24).

Table 3.2. Band assignments for Raman and SERS spectra of L-alanyl-L-tryptophan

Proposed Proposed

; - Peak position, cm™ Reference
assignment residue
Raman SERS

C—Cstr. alanine 702 - -
- tryptophan - 798-805 Zhuetal. (2011)

. Stewart and Fredericks
C-Cstr. alanine - 855 (1999)

q Stewart and Fredericks
C-Cstr. alanine 893 - (1999)
CH; def. alanine 967 962 Ushakumary et al. (2011)

. Stewart and Fredericks
C—N str. alanine - 1,030 (1999)

. Stewart and Fredericks
C—N str. alanine 1,084 - (1999)
;:t;N str., C-O tryptophan 1112 1,130-1,134 Aliaga et al. (2009)
pr def., tryptophan B 1.232-1.241 Aliaga et al. (2009)
indole
CH, wag. tryptophan 1,283 1,275-1,282 (Sltg‘g’;‘)” and Fredericks
COO" str. tryptophan - 1,378-1,381 ?I‘;‘é"g)” and Fredericks
CH, asym. alanine 1,459 1,451 Blum et al. (2012)
C=C, indole tryptophan - 1,570-1,620 Pernaet al. (2013)
amide | backbone 1,666 3 Stewart and Fredericks

(1999)

*Abbreviations: str. = stretching, def. = deformation, wag. = wagging.
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Fig. 3.24. The proposed L-alanyl-L-tryptophan dipeptide orientation on a silver SERS
substrate: (A) adsorbance takes place on the surface of nanoparticles; (B) adsorbance takes
place in between the nanoparticles

SERS spectra recorded at the first two points (Fig. 3.23, spectra 1 and 2)
demonstrate the most intensive bands of carboxyl at 1,381 cm™ and 1,378 cm™ and
suggest the close proximity of these groups to the SERS surface. In this case,
dipeptide molecules are probably located on the surface of silver nanoparticles as
shown in Fig. 3.24 (A). In SERS spectra obtained at the other three points (Fig. 3.23,
spectra 3-5) the most enhanced bands appear at 1,620 cm™, 1,605 cm™ and 1,570
cm™ that correspond to the C = C aromatic ring vibration of indole (Perna et al.,
2013). Increased intensity of aromatic ring vibrations suggests that L-alanyl-L-
tryptophan is supposedly located in between the nanoparticles as shown in Fig.3.24
(B). Given that the dipeptide size is ~1 nm (Fig. 3.25) it can easily penetrate through
the nanoscale gaps between silver nanoparticles. Therefore, it is very likely that the
aromatic part of the dipeptide is located between silver nanotriangles acting as
plasmonic dipole antennas and resulting in the enhanced Raman signal of indole ring
vibrations.
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Fig. 3.25. The size of L-alanyl-L-tryptophan dipeptide measured using Jmol software

The amide 1l region is located at 1,230-1,300 cm™ and arises from a
combination of C-N stretching and N-H bending vibrations (Kurouski et al., 2013).
However, the amide Il bands overlap with C-H bending (Aliaga et al., 2009) and
CH, wagging (Blum et al., 2012) vibrations. For this reason, the characterisation of
peptides/proteins secondary structure based on the amide Ill region becomes
complicated. In Raman spectra, no significant peaks in the amide Ill region are
observed whereas in all SERS spectra low intensity shoulders appear at 1,232-1,241
cm that are assigned for C-H vibrations of the indole fragment. This band is mostly
expressed in the 3-5 SERS spectra and supports the hypothesis that an aromatic ring
is situated in between the nanoparticles.

In SERS spectra, a marker band representing alanine residue is located at
855 cm™ (Stewart, Fredericks, 1999). Other characteristic peaks of alanine in SERS
spectra appear at ~1,030 cm™ and 1,450 cm™ and correspond to C-N stretching
(Stewart and Fredericks (1999) and CH; deformation (Blum et al., 2012) modes
respectively. A band at 967 cm™ represents the CH; deformation vibrations
(Ushakumary et al., 2011) that are visible both in Raman and SERS spectra. Alanine
vibration modes are mostly enhanced in 1 and 2 spectra. Therefore, alanine is
supposed to be very close (1-2 nm) to the nanostructured silver surface.

Conclusions. Raman and SERS spectra of the L-alanyl-L-tryptophan dipeptide
were recorded for the first time. The analysis of SERS spectra of L-alanyl-L-
tryptophan revealed that the dipeptide interacts with the nanostructured silver
surface through carboxyl terminus. It was found that the most enhanced bands in
SERS spectra correspond to carboxyl and indole ring vibrations. These results
allowed it to be concluded that the SERS spectra of the dipeptide vary depending on
which place of the SERS substrate (on the surface or in between the nanoparticles) it
is adsorbed. The absence of the amide I bands in SERS spectra recorded at different
points of the sample suggested that the peptide bond of L-alanyl-L-tryptophan has
no direct contact with silver nanoparticles when the measurements are carried out in
aqueous medium.
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3.4.3. SERS-based detection of lipid membrane deposited on silver SERS
substrate

Membranes are essential components of any living cell. The synthetic lipid
membranes fabricated in the laboratory are the simplified planar models mimicking
the natural ones. As it was shown before, Raman spectroscopy has been applied for
the investigation of bulk lipids (Baeten et al., 2005; Sweetenham and Notingher,
2010). However, the Raman signal even of bulk lipids was found to be intrinsically
weak and that complicates the analysis of the membranes at the nanoscale. SERS, as
a non-destructive method, allows the investigation of the lipid membranes at a nano
level and provides a better understanding of the influence of drugs, bacteria,
nanoparticles etc.,, for membrane structures. Moreover, most of the
neurodegenerative diseases, such as Alzheimer’s, cystic fibrosis, muscular dystrophy
or Parkinson’s, are believed to be the result of cell membrane damage (Taylor et al.,
2014). Therefore, the application of the SERS technique opens up the possibility to
investigate such damage with a high sensitivity, which is essential for the analysis of
the causes as well as for the early diagnostics of the above-mentioned diseases.

The aim of the current experiment was to apply triangular silver nanoparticle
decorated SERS substrate for the detection of a synthetic lipid membrane. Therefore,
the lipid membrane was deposited on the microscopic glass (control sample) and the
silver SERS substrate (test sample) respectively. As seen in Fig. 3.26 (A), no peaks
common for the lipid membrane deposited on blank microscopic glass were
detected, while they were clearly seen in the SERS spectra (Fig. 3.26, B). The
assignments of the bands in the SERS spectra characteristic for lipid membrane are
listed in Table 3.3.

Lipid membrane on blank microscopic glass
Lipid membrane on silver SERS substrate
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Fig. 3.26. Raman and SERS spectra of lipid membrane deposited on: (A) blank microscopic
glass; (B) triangular silver nanoparticle decorated SERS substrate.
The acquisition time was 1 s
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Table 3.3. Band assignments for Raman bands of phospholipids
Peak position in SERS

1 Proposed assignment Reference
spectra, cm

800-920 C-C str.
945-970 C=C in plane bend.
1,060-1,136 C-C stretch.
1,250-1,280 =C-H bend. Gunstone,
1,295-1,305 C-H twist. def. Harwood and
1,400-1,500 C-H sciss. def. Padley (1994)
1,640-1,680 C=C stretch.
1,730-1,750 C=0 stretch.
2700-3015 C-H stretch.

*Abbreviations: bend. = bending, def. = deformation str. = stretching, sciss.
= scissoring, twist. = twisting

Conclusion. The experiment has shown that the vibrations of lipid membrane
deposited on blank microscopic glass were not detected in the Raman spectra.
Meanwhile, the vibrations characteristic for a lipid membrane were clearly
expressed in the SERS spectra. The results of the Raman and SERS measurements
allowed it to be concluded that the SERS substrates decorated with triangular silver
nanoparticles enhanced the spectra of lipid membrane thus opening the possibility
for further structural analysis.

3.5. The detection of benzylpenicillin traces in cow’s milk

Food quality and its safety is one of the most important issues of the modern
food industry. The primary factor determining the quality of food products is raw
materials. For example, milk is the main raw material for the production of cheese,
yoghurt, butter etc. Moreover, milk as a nutritious drink, is used by most adults and
children every day. However, is it really pure and safe?

Kang’ethe and Lang’a (2009) published an article in which they presented the
shocking results of a milk investigation. Milk samples were obtained from urban
centres in Kenya. Researchers found that 72% (315/439) of the milk from dairy
farmers, 84% (71/85) from large and medium scale farmers and 99% (88/89) of the
pasteurised marketed milk were positive for aflatoxin! Aflatoxin is a mycotoxin that
is highly toxic and included in the list of carcinogenic substances. The reason
aflatoxin was present in milk was the contaminated cow feed.

Other substances that can be found in milk and cause concern for human
health is antibiotics. Antibiotics are used in most farms to treat the cows suffering
from infections, such as mastitis. Milk obtained from the cows that were treated with
antibiotics may have the residues of the antibiotics. Several types of the veterinary
antibiotics are prohibited because of the side effects in humans. More recently, the
residues of antibiotics were detected not only in milk but also in meat (Kennedy et
al., 1998). Myllyniemi et al. (2000) analysed muscle and kidney taken from animals
treated with antibiotics. They found that 68 out of 89 samples were positive for
penicillin and enrofloxacin residues.
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Andreou et al. (2015) successfully applied the SERS technique for the
detection of ampicillin in milk. In their research, they proposed microfluidic-based
SERS methodology and were able to detect ampicillin in low concentrations in milk
(30 nM). In order to avoid the accumulation of lipid aggregates that impede the flow
of the fluid, they removed the lipids from the milk. The experiment revealed that
SERS is a sensitive technique for the detection and identification of ampicillin
residues in the complex liquids such as milk.

Benzylpenicillin (known as penicillin G) is also a common antibiotic used in
veterinary treatment. Therefore, the aim of the current experiment was to detect and
identify the residues of benzylpenicillin (BP) in cow’s milk obtained from the
supermarket. In order to determine whether the vibrations of BP of trace
concentrations (pM) are well expressed in the SERS spectra, the aqueous solutions
of 5 pM, 2.5 pM, 1 pM, 0.5 pM and 0.25 pM of the antibiotic were prepared and
SERS spectra were recorded. As seen in Fig. 3.27, the peaks common for BP
(Table 3.4) are well seen even at the concentration of 0.25 pM. Therefore, the SERS
measurements confirmed that selected SERS substrate is able to detect BP traces in
water.
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Fig. 3.27. Raman (control) and SERS spectra of BP. The acquisition time for Raman and
SERS spectra collection was 1 s
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Table 3.4. The assignments of BP vibrations observed in Raman and SERS spectra

Peak position, cm™ Proposed assignment Reference
750 C-H benzene out of plane bend.
778 CH; wag.
948 C-C stretch.
1,004 Benzene ring breath.
1,160 CCH in plane bend., benzene
1,204 C—N stretch. .
! Reipa,
1,237 C-C stretch., benzene
1,204 Amide 111 Horvath, 1992
1,383 COOQO" symmetric stretch.
1,505 C-C in plane stretch.
1,584 C-C stretch., benzene
1,654 Amide I, Benzene ring

*Abbreviations: bend. = bending, breath. = breathing, stretch. = stretching, wag. =
wagging.
The next step was to record the SERS spectra of milk. Two kinds of milk
samples were selected:
e untreated raw milk of healthy cows obtained from an ecological farm
(reference);
o pasteurised milk obtained from a supermarket.
The SERS measurements revealed that the SERS spectra of the milk obtained
from the supermarket had strong fluorescence background (Fig. 3.28, A), whereas
SERS spectra of the farm’s milk did not (Fig. 3.28 B).
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Fig. 3.28. The SERS spectra of (A) milk obtained from the supermarket and (B) obtained
from the farmer recorded at five different points of the samples. The acquisition time for
Raman and SERS spectra collection was 1 s

The fluorescence background in the Raman spectra of milk was also observed
by other researchers (El-Abassy et al., 2012). However, what is the reason
determining the presence of this phenomenon? In the milk industry, the raw cow’s
milk is processed before it is consumed. For example, commercial milk is
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pasteurised at ultra-high temperatures in order to kill bacteria. However, this process
induces the isomerisation and degradation reactions of lactose leading to the
formation of fluorescent compounds in the milk (Morales, Romero and Jiménez-
Pérez, 1996; Berg, 1993). Therefore, the presence of these compounds in
commercial milk can be one of the reasons for the observation of the fluorescence
background in SERS spectra. Additionally, the food additives such as preservatives
or whitening agents can also give rise to the fluorescence background in Raman or
SERS spectra. However, in order to determine the real reason for the presence of
this phenomenon, detailed experiments and analyses must be carried out. Though, it
is not one of the tasks of the current experiment.

In order to identify the peaks observed in milk SERS spectra, the fluorescent
backgrounds were removed by CrystalSleuth software. As seen in Fig 3.29, the
peaks observed at 878 cm™ were assigned to tryptophan vibrations, while the bands
at 1,072 cm™, 1,134 cm™, 1,450 cm™®, and 2,858-2,911 cm™ were characteristic for
C-S, C-C, C-H and lipids respectively (Li-Chan, 2007). The bands representing the
vibrations of peptide bonds were found to be located at 1,297 cm™ (amide 111) and
1,662 cm™ (amide I).
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Fig. 3.29 The SERS spectra of milk with marked band positions and assignments. The
backgrounds of the SERS spectra were removed by Crystal Sleuth software

The next step was to detect and identify the peaks of BP in milk. According to
the milk obtained from the ecological farm in which the healthy cows are on natural
feed, this kind of milk was selected as the reference. Milk samples were spiked with
aqueous solutions of benzylpenicillin with trace concentrations of 5 pM, 2.5 pM, 1
pM, 0.5 pM and 0.25 pM. As seen in Fig. 3.30, four peaks, characteristic of
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benzylpenicillin (at 778 cm™, 1,004 cm™, 1,204 cm™and 1,584 cm™), were detected
in the spiked milk samples and not detected in the reference (control) milk sample.
The marker band of BP showing its presence in milk was found to be located at
1,004 cm™ which represents the vibrations of the benzene ring in BP molecules.

Benzene ring

CH3 wag. C-N stretching  C-C stretching, benzene
1584
778 1004 1204

Milk spiked with
BP of 0,25 pM

Milk spiked with
BP of 0,5 pM
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BP of 1 pM J
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BP of 2,5 pM

Raman intensity

Milk spiked with -
BP of 5 pM

1 M of BP on Si (control) ]

900 1200 1500 1800 2100 2400
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Fig. 3.30. Raman and SERS spectra of BP and milk spiked with trace concentrations of
aqueous BP solutions respectively. The acquisition time for Raman and SERS spectra
collection was 1 s

The final step of the experiment was to identify whether there are BP residues
in the commercial milk. As shown in Fig 3.31, no BP peaks were detected in the test
milk samples. However, the amide | and amide 11l band positions of BP were close
to the amide I and amide 11l positions of milk. Accordingly, the peptide bond is
common both for BP and milk, these bands were not the marker bands for the
evaluation of BP traces in the milk.
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Fig. 3.31. The detection of BP traces in milk: SERS spectra of BP, commercial milk and
milk obtained from the ecological farm. The acquisition time for Raman and SERS spectra
collectionwas 1's

Conclusions. In summary, the experiment was designed for the detection of
BP traces in commercial milk obtained from the supermarket. As a reference, the
untreated raw milk obtained from the ecological farm was selected. It was found that
no traces of BP are present in the commercial milk. However, the strong
fluorescence background was observed during the SERS measurements of the
commercial milk. This phenomenon can be related to the degradation products of
lactose occurring during the processing procedures of the milk, such as
pasteurisation. However, the confirmation of this hypothesis requires detailed
analysis and additional tests, which were not one of the tasks of the current
experiment. The experiment confirmed that the silver SERS substrates decorated
with triangular silver nanoparticles are able to detect trace concentration of BP
(0.25 pM) in water as well as in milk.

3.6. Localised plasmon stimulated nanochemistry of graphene oxide on a SERS
substrate

Graphene oxide (GO) is a carbon-based nanomaterial that can also be
described as a monomolecular layer of graphite containing oxygen-rich species on
its basal planes and edges. The presence of various functional groups (-hydroxyl, -
epoxy, -carboxyl) makes GO attractive for the chemical functionalisation and further
application in biology (Mei et al., 2015) optics (Loh et al., 2010) and medicine (Liu,
Cui and Losic, 2013). However, contrary to graphene, the use of GO in the field of
electronics, is restricted due to the disruption of its sp? bonding networks. In order to
restore sp” structure and improve its electrical conductivity properties, the
deoxygenation is required, which can be realised by the thermal (Song et al., 2014),
electrochemical (Zhanget al., 2012) or chemical (Chua, Pumera, 2013) reduction of
GO. Usually, these methods demand high temperatures and hazardous chemical
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agents, such as hydrazine or sodium borohydride. Therefore, alternative, less time-
consuming and cost-effective methods are desirable for the reduction, or even for the
conversion of non-conductive GO to a material(s) with improved electrical
properties. Recently, several groups have demonstrated that GO can be reduced by
photoirradiation treatment, such as photocatalytic reduction under UV irradiation
(Ding et al., 2011) or photothermal reduction upon exposure to a pulsed Xenon flash
(Cote, Cruz-Silva and Huang, 2009). The advantage of these methods is that
photoirradiation processes do not require the use of chemicals or long durations for
the reaction to be completed. However, the energy generated by laser power is too
low to disrupt the GO structure and produce, for example, polyaromatic
hydrocarbons (PAHS), exhibiting semi-conducting behaviour (Feng, Pisula and
Mdillen, 2009). However, the local modification of GO deposited on the surface still
remains a challenge.

In the current experiment, a new approach for the reduction of GO, deposited
on a rough silver surface, and its further destruction to PAH-like compounds
(similar to PAHs but with additional -OH or -COOH groups) driven by LSP is
proposed. LSP, as collective oscillations of free electrons, can be generated in the
nanometre-sized gaps between separate nanoparticles of noble metals and result in
strong localised electric fields inside the gap. Three-dimensional (3D) nano-
structures produce stronger LSP compared to two-dimensional ones. Therefore,
chemical reactions can be facilitated and improved by the use of LSP. SERS and
TERS techniques are the promising ways enabling the local modification of
molecular features, thus opening new routes for the development of molecular
semiconductors.

The aim of the current experiment was to perform the reduction and
destruction of GO leading to the synthesis of PAHs on a SERS substrate. As a SERS
substrate, the silver nanotriangle decorated silicon wafer was selected. As it has been
shown in the previous experiments (Sections 3.3, 3.4.1 and 3.5), the silver SERS
substrates decorated with triangular silver nanoparticles are able to detect trace
concentrations of the substances and exhibit a relative enhancement of the Raman
signal of 10’. Therefore, it was hypothesised that GO, entrapped inside the nano-
gaps acting as dipole-type nanoantennas and producing an electromagnetic field of
high intensity, could be reduced and moreover, decomposed to PAH-like
compounds. For this purpose, GO was deposited on the SERS substrate from an
aqueous medium and fifty Raman spectra have been collected every second at the
same point of the sample. As seen in Fig.3.32 (A), the GO spectra changed
completely after 12 seconds of irradiation indicating the essential changes of GO
structure, while these changes were not observed when GO was deposited on the
blank silicon wafer (Fig. 3.32, B and C).
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Fig. 3.32. (A) Raman spectra of GO deposited on a SERS substrate showing the changes of
GO structure during irradiation with the laser; (B) Raman spectra of GO deposited on a blank
Si wafer showing no changes of the GO spectra during irradiation with the laser and
indicating that the reduction of GO and the synthesis of PAHs-like compounds do not take
place; (C) the enlarged Raman spectra of GO deposited on a blank Si wafer
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The mechanism via which the structure of GO changes during the irradiation
involves two possible steps: first, the reduction and then the destruction of GO. An
important agent playing a key role in these processes is water. According to Pei and
Cheng (2012), the partial removal of GO functional groups could be influenced by
the superheated supercritical (SC) water occurring in a sealed system, where the
solvent (water) is brought to a temperature above its boiling point by the increase of
pressure resulting from heating. Similar conditions could be obtained on a SERS
substrate in cases when water molecules are located inside the nano-gaps and
covered by GO flakes. Another interesting mechanism for the reduction and
breakage of GO was suggested by Concalves et al. (2014) who proposed that under
the ultrasound treatment, the thermal reduction of GO is mainly governed through
the formation of radicals by the decomposition of water. In the case of the current
experiment, the high energy induced by LSP promotes the decomposition of water
molecules to hydroxyl radicals which have a great potential to reduce oxygen-rich
species of GO (Concalves et al., 2014). In order to confirm the raised hypothesis,
there was a need to confirm the presence of water, possibly remaining inside the
nano-gaps after the deposition of GO from aqueous medium, in the reaction system.
As seen in Fig. 3.33 (A), two peaks were observed in Raman spectra at ~3,362 cm™
and ~3,456 cm™ that are assigned to hydroxyl stretching and hydrogen bond
vibrations of water molecules, respectively. Therefore, the appearance of these peaks
in SERS spectra supports the idea that hydroxyl radicals induce the reduction of GO.
The presence of water was also detected on the control sample where GO was
deposited on the blank Si wafer (Fig. 3.33, B). The reduction process of GO can
manifest itself in Raman spectra by the changes in relative intensity of its D and G
peaks (Sobon et al., 2012). A progressive decrease of ID/IG ratio shown in
Fig. 3.34 (A) suggests the GO conversion to reduced GO (rGO), while these
observations are absent in the control sample (Fig. 3.34 B). Obvious changes of
ID/IG ratio are also observed in Raman spectra until the 10™ second of irradiation.
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Fig. 3.33. Raman spectra of water obtained on the same spot of the sample where the
irradiation of GO has been carried out: (A) on a SERS substrate (B) on a blank Si wafer

Afterwards, hydroxyl radicals as a part of the photocatalytic reaction continue
attacking the already formed rGO which finally undergo the fragmentation to the

82



PAH-like compounds (Fig. 3.32, A (12 s)). These compounds were found to be the
final products of the reaction because no further changes have been observed after
the 12 seconds of irradiation. The schematic illustration of the reduction and
decomposition processes of GO is represented in Fig. 3.35.
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Fig.3.34. Graphical illustration of GO ID/IG ratio evolution on a SERS substrate (A) and on
the blank Si wafer (B) indicating and not indicating the changes in GO structure during the
laser irradiation respectively

PAH-like compounds

Fig. 3.35. The mechanism of GO reduction and its further decomposition to PAH-like
compounds

The reduction and decomposition of GO were carried out in the area with a
diameter of about 500 nm in the plane where the laser beam is focused. However,
the destruction of GO and the synthesis of PAHs were observed only in the
“hot spots” where the distance between separate silver nanoparticles was < 10 nm
(Fig. 3.36).
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Fig. 3.36. Raman spectra of GO recorded through real-time in the different sizes of nanogaps
between triangular silver nanoparticles: (A) AFM image of two silver nanotriangles with a
gap of *200 nm and Raman spectra of GO showing no spectral changes after 12 seconds of
irradiation with a laser in this nanogap (B); AFM image of two silver nanotriangles with a

gap of < 10 nm (C) and Raman spectra of GO showing the presence of new compounds
formed after 12 seconds of irradiation with a laser in this nanogap (D)

The clear identification of individual compounds was complicated due to the
limits of the instruments and the methods allowing measurements to be made at the
same point of the sample. However, the vibrations common for PAHs (Alajtal et al.,
2010; Leyton et al., 2005; Adil and Guha, 2012; Zhou et al., 2012; Pouchaname
et al., 2012; Colangeli et al., 1992) were assigned and are presented in Table 3.5.

84



Table 3.5. Band assignments for Raman spectra of PAH-like compounds

Peak position, cm™ Proposed assignment Proposed molecule
463 Out of plane C-H bend. Ethylnaphtalene

741 Out of plane C-H bend. Pentacene

829 C-C stretch. Phenanthrene

881 Out of plane C-H bend. Chrysene

1,155 C-H in plane bend. Pentacene

1,176 C-H in plane bend. Pentacene, benzene
1,235 C-H in plane def. Pyrene

1,353 C-C stretch. H-C-C bend. Phenanthrene, coronene
1,406 C-C aromatic stretch. Pentacene, phenanthrene
1,516 COQO stretch. -

1,573 C-C aromatic stretch. pC: rr;;ze;r;e, phenanthrene,
1,634 C=C stretch. E;gﬁ)”[zﬁg;i'e?:

*Abbreviations: bend. = bending, def. = deformation, stretch. = stretching.

In order to elucidate the changes of electrical properties of GO after its
decomposition, the measurements of the local 1-V characteristics in the area of the
laser spot were performed. The integrated Raman and AFM platform allowed the
Raman laser spot and AFM cantilevers tip position to be controlled. As shown in
Fig. 3.37 (A), experimentally obtained I-V characteristics of the blank SERS
substrate coated with Ag nanoparticles, demonstrate a strong linear behaviour with
applied voltage indicating an ohmic conductivity, common for noble metals. Fig.
3.37 (B) shows the |-V characteristics of GO, deposited on a SERS substrate before
the irradiation. As it is seen, the conductivity is in the range of pA, typical for GO,
while slight nonlinearity is probably due to the current sensitivity to contact force.
The dramatic changes of 1-V curves occur after the decomposition of GO. As seen in
Fig. 3.34 (C), all the curves obtained at three points of the sample show the increase
of conductivity (more than 10 times) which confirms the changes of GO structure
and formation of molecular conductivity, likely PAHSs, as supported by Raman
spectra. 1-V curves are asymmetrical indicating unequal flow of the current in
opposite directions. This phenomenon can be due to the spatial symmetry of the
molecules, formed after the destruction of GO: I-Vs of the symmetric molecules are
usually highly symmetric, while the I-Vs of the asymmetric molecules are clearly
asymmetric (Reichert et al., 2002). Similar results of 1-V measurements of PAHs
have been shown in the previous work (Béhme et al., 2007) where the increase of
asymmetry in |-V curves has been explained as a result of the increased size of the
aromatic core.
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Fig. 3.37. I-V characteristics of blank SERS substrate (A), GO deposited on a SERS
substrate before (B) and after (C) the laser irradiation. In all cases, the measurements were
carried out at three randomly selected points where irradiation has been carried out

Conclusions. In summary, a novel way stimulated by LSP for the reduction
and destruction of GO to PAH-like compounds on a SERS substrate has been
demonstrated. It was found that «OH radicals as a result of water decomposition
induce the reduction of GO and the synthesis of PAHs. This was confirmed by
Raman measurements and I-V characteristics which were found to be common for
PAHSs. The used method allowed the local modification of electrical conductivity of
GO which can be used for the further development of nanostructured organic
semiconductors on graphene substrate.
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CONCLUSIONS

1. A novel approach for the sol-gel based 3D nanostructured hybrid film
synthesis decorated with silver nanoparticles has been developed. It was
demonstrated that the control of PEG 400 concentrations in the sols allows the
synthesising of the SERS substrates decorated with ring-shaped, spherical and self—
assembled silver nanoparticles. The formation of such structures was confirmed by
AFM and SEM measurements. The presence of silver nanoparticles was confirmed
by UV-Vis measurements showing the plasmon at 472-478 nm common for silver
nanoparticles. The highest relative enhancement of Raman signal for crystal violet
analyte was observed on self-assembled silver nanoparticle decorated SERS
substrate (~270 times), while the SERS substrates decorated with silver nanorings
and spherical nanoparticles exhibited the relative enhancement of the Raman signal
for the same analyte of ~200 and 120 times, respectively.

2. A novel methodology for the synthesis of silver and gold plasmonic
nanostructures (SERS substrates) based on the direct silver ions reduction on HF
etched silicon wafers has been developed. It was demonstrated that the control of
AgNO; concentration as well as exposure time of the silicon wafers in the reaction
solution allows the synthesising of the SERS substrates decorated with irregular-
shapes and triangular silver nanoparticles. The fabricated SERS substrates were
characterised by AFM and SEM that confirmed the formation of such
nanostructures. The EDX and UV-Vis measurements revealed the presence of
silver/gold nanoparticles formed on the silicon wafers. The relative enhancement of
the Raman signal was tested with two target analytes: pentacene and R6G. It was
demonstrated that the highest enhancement for both analytes was observed on silver
nanotriangle decorated SERS substrates: 2.73 x 10°for pentacene and 2.25 x 10 for
R6G.

3. It has been shown that silver SERS substrates decorated with triangular silver
nanoparticles are able to detect the traces of a-synuclein in water (up to 1 fM). It was
also demonstrated that the same substrates are able to detect trace concentrations (up
to 0.25 pM) of benzylpenicillin in water and milk samples. It was demonstrated that
the silver SERS substrates decorated with triangular silver nanoparticles are able to
detect the vibrations of the lipid membrane on which it is deposited.

4. The interaction of L-alanyl-L-tryptophan dipeptide with a nanostructured
silver surface has been investigated. The characterisation of L-alanyl-L-tryptophan
dipeptide by Raman and surface enhanced Raman spectroscopies has been carried
out for the first time. It was found that the SERS spectra of the dipeptide differ at the
different points of the sample when the measurements are carried out in water. It
was determined that this phenomenon is related to the orientation as well as its
location on the SERS surface. SERS measurements revealed that in the case when
the dipeptide is adsorbed on the silver nanoparticle, the most enhanced vibrations of
carboxyl in the SERS spectra are observed; in the case when the dipeptide is located
in between the nanoparticles, the most enhanced vibrations of the indole ring are
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seen in the SERS spectra. The absence of amide | vibrations in all the SERS spectra
revealed that the dipeptide has no direct contact with the silver SERS surface.

5. A mechanism of the nanochemical reactions driven by LSP has been
investigated. A novel approach for the local reduction of graphene oxide on silver
SERS substrate has been developed. It was found that the reduction of GO and the
synthesis of PAHs was driven by LSP. The key ingredient inducing the reduction of
GO and the synthesis of PAHs was found to be *OH radicals. The presence of new
compounds was confirmed by the appearance of new peaks in the SERS spectra as
well as by the measurements of 1-V characteristics.
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