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Abstract

Electrochemical Surface-enhanced Raman spectroscopy (EC-SERS) is a
promising analytical tool for monitoring and rapid detection of analytes with high
sensitivity. Compared with non-electrochemical SERS, EC-SERS takes the advantages
of manipulating analyte on the surface through electrochemical modulation. Benefited
from the adjustable potential of the electrode, the orientation and adsorption modes of
the molecule on the surface change that can affect SERS intensity. Besides, oxidation
or reduction process may occur due to the applied positive or negative potential which
also influences the enhancement of SERS signal. Therefore, EC-SERS technology
provides an enhanced signal and more selective peaks. Besides, EC-SERS detection is
useful for biological analysis which is possible for observing the change of orientation
and molecule-surface bonding by applied different potentials. Instrumentation of EC-
SERS measurements consists of SERS-active electrode, potential-stat device, and
Raman spectroscopy. This dissertation comprises of five chapters. The content of each
chapter is described in the following paragraph.

The first chapter covers the general information of electrochemical surface-
enhanced Raman spectroscopy including the history and basic theory. Also, then, the
nanofabrication methods used for SERS-active substrate will be introduced. Finally,
the motivation of bio-analysis and perspective for this dissertation will be mentioned.

In the second chapter, the original method has been proposed for rapid and highly

productive fabricating SERS-active screen-printed electrode (SPE) by sputtering



deposition which is introduced. Silver nanoparticles successfully deposited two kinds
of working electrodes of SPE which were carbon electrode and the gold electrode.
Besides, the sputtering experiments of different substrates (paper, glass epoxy and
polyethylene terephthalate) of the SPE were also conducted. The comparison of SERS
enhancement of rhodamine 6G (R6G) on different kinds of SERS-active SPEs was
introduced. Also, the relationship between the surface roughness (observed through
AFM and SEM images) and SERS enhancement has been investigated. Compared with
the classical citrate reduction method, the sputtering method guaranteed low SERS
background signal and a maximum of surface absorption for target analytes because
there was no other material except pure silver directly deposited on the working
electrode. These results demonstrated the applicability of this mass producible
fabrication method for producing SERS-active SPEs, as well as, highlighting the future
potential of commercial bio-applications.

The third and fourth chapter move the focus on the application of EC-SERS
technology to biosensors. It is a label-free technique as the Raman signal arises from
the vibration peaks of the chemical bonds in the molecules of interest. Furthermore, it
has excellent potential for multi-component detection. The benefits brought by this
method include simple experimental process, fast detection time and highly sensitive
detection. For chapter three, there are two applications which are for the diagnosis of
preeclampsia and jaundice. For the first example, the uric acid, as an important

biomarker in urine for early diagnosis of preeclampsia, was used for EC-SERS bio-



analysis. It could be observed that the intensity signal was gradually enhanced with
more negative applied potential until the applied potential reached -1400 mV.

For the fourth chapter, quantitative detection of aminoglutethimide (AGI) has been
investigated based on its adsorption on the SERS-active electrode employing the EC-
SERS technology. EC-SERS spectra of AGI molecule exhibited different adsorption
mode onto the substrate with different potentials applied. When the applied potential
reaches to -400 mV, the intensities of the EC-SERS peaks donated by both aniline
moiety and glutarimide moiety are significantly enhanced, this suggests the bidentate
interaction of AGI molecule with the substrate. A linear dependence occurs in the range
of 1 x 10° M to 2 x 10”7 M. The limit of detection (LOD) is 40 ng/mL and the R squared
of the linear curve is 0.98. Compared with the SERS technique, these adsorption modes
offer the advantages of enhanced signal intensity and more selectivity of the AGI
molecule. In the future, the EC-SERS sensor may become a useful tool for rapid and
routine analysis in anti-doping detection and patient biomarkers for on-site use.

The fifth chapter provides the EC-SERS experiments of pyridine to
comprehensively explain SERS and investigate EC-SERS spectra from the chemical
and physical enhancement mechanisms. The essential information is presented for
exhibiting the mechanisms of electrochemical adsorption and reaction. The results are
discussed for investigating the SERS mechanisms and characterization of adsorption

configuration to an elucidation of electrochemical reaction mechanisms.



The sixth chapter summarizes this dissertation. Prospective developments of EC-
SERS in substrates, methods, theory and future remarks will be mentioned in this

chapter.
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Chapter 1. Introduction
1.1 Biotechnology
1.1.1 Biosensor

Biosensors are principally employed in extensive fields of biotechnology such as
medicine, agriculture, environment and so on. Biosensors are used for these purposes
when the concentration of target analytes are monitored or evaluated. In the following

paragraphs, the history, principle, different types of biosensors will be introduced.

1.1.2.1 History

The history of biosensors is back to as early as 1906. The concentration of an acid
in a liquid is proportional to the electric potential was demonstrated by M. Cremer [1].
After three years, the concept of pH (hydrogen ion concentration) was introduced by
Soren Peder Lauritz Sorensen. Before 1922, Griffin and Nelson first introduced
immobilization of the enzyme invertase on charcoal and aluminum hydroxide [2], [3].
In the year 1922, W.S. Hughes put forward an electrode for pH measurements [4]. The
first acknowledged biosensor was developed by Leland C. Clark, Jr in 1956. His
invention was used for oxygen detection and named ‘Clark electrode’ [5]. In 1962,
Leland Clark developed an amperometric enzyme electrode for the detection of glucose.
Updike and Hicks discovered the first enzyme-based sensor which was reported by in
1967 [6]-[12]. Two years later, the potentiometric biosensor was developed by
Guilbault and Montalvo Jr which was used for detecting urea [13]. In 1970, the ion-

sensitive field effective transistor was discovered by Bergveld [14]. In 1975, the first
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commercial biosensor was eventually produced by Yellow Spring Instruments (YSI)
[15]. In the same year, Lubbers and Opitz developed the fiber-optic biosensor for
oxygen detection [16], and Suzuki et al. invented first microbe-based immunosensor
[17]. In the year 1978, the first tissue based sensor for the determination of amino acid
arginine was reported by Rechnitz [18]. Schultz achieved the fiber-optic biosensor for
glucose detection in 1982 and surface plasmon resonance immunosensor was invented
by Liedberg et al. in the next year [19]. In the following year, first mediated
amperometric biosensor was developed for glucose detection [20]. The SPR-based
biosensor was developed by Pharmacia Biacore [21] in 1990, and then Handheld blood
biosensor was reported by i-STAT in 1992 [21]. Table 1 shows the historical overview
of biosensors.

Table 1.1 Important cornerstones in the development of biosensors

An amperometric enzyme electrode for the detection of glucose by Leland Clark [6]-[12]
The first enzyme-based sensor reported by Updike and Hicks [6]-]12]

Potentiometric biosensor to detect urea was reported by Guilbault and Montalvo Jr. [13]
Discovery of ion-sensitive field-effect transistor (ISFET) by Bergveld [14]

First commercial biosensor for glucose detection by YSI [15]

Fibre-optic biosensor for carbon dioxide and oxygen detection by Lubbers and Opitz [16]
First microbe-based immunosensor by Suzuki et al. [17]

First tissue based sensor for the determination of amino acid arginine by Rechnitz [18]
Fibre-optic biosensor for glucose detection by Schultz [19]

Surface plasmon resonance (SPR) immunosensor by Liedberg et al. [20]

First mediated amperometric biosensor: ferrocene used with glucose oxidase for glucose detection [20]
SPR-based biosensor by Pharmacia Biacore [21]

Handheld blood biosensor by i-STAT [21]
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1.2.2.2 Principle of biosensor

A biosensor is an analytical device incorporating a deliberate and intimate
combination of a specific biological element [16], [22]-[24]. Biosensors are employed
in applications such as disease monitoring [25]-[33], drug discovery [34]—[41], and
detection of pollutants [42]-[50], disease-causing [51]-[59] and so on. A typical
biosensor is represented in the graph of Fig. 1, it consists of the following components
which are bioreceptor and transducer. The analyte is the detection target which reacts
with bioreceptor to generate the signals in the form of light, heat, current, pH change
and so on. There are two different kinds of bioreceptor: nanostructure (nanoparticle,
nanotube, and nanotip) and biomaterial (enzymes, cells, DNA and antibodies). The
transducer is an element such as a photodiode, thermistor, electrode, quartz electrode
etc. that converts bio-recognition into a measurable signal. Combination of electronics

parts, display and software generates the result of the biosensor.

Bioreceptor Transducer Application
Nanostructure Biomaterial
. Combined
light
Analyte : with
‘ Enzyme Photo diode alsotrenics Photosensors
Nanoparticles heat . and display
’ ’ Cells Thermistor Thermometer
¢ \anvivhe * *
’ DNA Electrode Glucose meter
’ Nano-tip current
'. ’ Antibody Quartz
phchange | glectrode ph fheter

Fig 1.1 Schematic representation of a biosensor.
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1.2.2.3 Different types of biosensors

The biosensors can be of many types such as: resonant biosensors [60]—[64],
optical-detection biosensors [24], [65]—[68], thermal-detection biosensors [69], [70],
ion-sensitive FET (ISFET) biosensors [14], [71]—-[73] and electrochemical biosensors

[74]-[76].

Resonant biosensors are usually coupled with antibodies as bioreceptor. When the
analyte (antigen) gets attached to the antibodies, the changes of the resonant frequency
can be measured. For optical biosensor, extensively wide biomaterials can be used such
as enzymes, receptors, antibodies, nucleic acids and so on. It is a compact analytical
device containing an optical transducer system, which detects the light change of the
analyte during the reaction and proportionate to the concentration. Thermal-detection
biosensors composed by immobilized enzyme molecules as bioreceptor and
temperature sensors as a transducer. During the biological reactions, heat is absorbed
or produced which leads to the changes in temperature. Sensors measure the changes
in temperature, and the relationship between temperature changes and the concentration
of the analyte can be evaluated. These are semiconductor FETs having an ion-sensitive
surface. The surface electrical potential changes when the ions and the semiconductor
interact. This change in the potential can be subsequently measured. The
electrochemical biosensors are mainly used for the detection of hybridized DNA, DNA-

binding drugs, glucose concentration, etc. The chemical reactions of electrochemical
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biosensors generate the electron or consume ions which affect the electrical properties

of the solution. Finally, the change of the electrical properties can be detected.

1.1.2 Bioanalytical techniques

Bioanalysis is comprising the classification and quantification of analytes in
biological samples such as blood, plasma, serum, saliva, urine, feces, skin, hair, and
organ tissue [77]-[82]. Bioanalysis is not only to detect small molecules such as drugs
and metabolites but also to recognize large molecules such as proteins and peptides.
There are several bioanalytical techniques commonly used in bioanalysis studies which
are listed in table 1.2. It is recognized that bioanalytical methods and techniques are
continually undergoing changes and improvements. It is necessary to indicate that each
bioanalytical method has its features, which will diversify from analyte to analyte. In
these situations, validation standards may need to be generated for each analyte.
Furthermore, the suitability of the method may also be affected by the terminal purpose

of the investigation.

1.1.2.1 Hyphenated techniques

The hyphenated techniques include liquid chromatography-mass spectrometry
(LC-MS), gas chromatography-mass spectrometry (GC-MS), liquid chromatography-
diode array detection (LC-DAD) and capillary electrophoresis—mass spectrometry (CE-
MS). Liquid chromatography-mass spectrometry (LC-MS) is an analytical chemistry

technique that couples the physical division capacities of liquid chromatography (or
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HPLC) with the mass analysis capacities of mass spectrometry (MS) [83]—[87]. Gas
chromatography-mass spectrometry (GC-MS) is an analytical method that combines
the features of gas-chromatography and mass spectrometry to identify different
substances within a test sample [84], [88]-[93]. Capillary electrophoresis-mass
spectrometry (CE-MS) is an analytical chemistry technique formed by the combination
of the liquid separation process of capillary electrophoresis with mass spectrometry

[94]-[100].

1.1.2.2 Chromatographic methods

Chromatography is a laboratory technique for the separation of a mixture [101].
The mixture is dissolved in a fluid called the mobile phase, which carries it through a
structure holding another material called the stationary phase. The idea of preparative
chromatography is to segregate the components of a compound for the following use
and is thus a sort of purification [102], [103]. Analytical chromatography is done
generally with fewer amounts of substance and is for setting the presence or detecting
the appropriate proportions of analytes in a mixture [104]. There are several kinds of
chromatography techniques such as Liquid chromatography (LC) [105], [106] [107]
[86], Gas chromatography (GC) [108] [109] [110]-[113] and Supercritical fluid

chromatography [114] [115], [116].

1.1.2.3 Electrophoresis

Electrophoresis is the motion of dispersed particles relative to a fluid under the
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influence of a spatially uniform electric field [117]-[121]. Electrophoresis of positively
charged particles (cations) is named as cataphoresis, while electrophoresis of negatively
charged particles (anions) is called as anaphoresis. Electrophoresis is implemented in
labs to isolate macromolecules based on size. The procedure uses a negative charge, so
proteins move towards a positive charge which is applied for both DNA and RNA

analysis.

1.1.2.4 Ligand binding assays

Ligand binding assays (LBA) is an analytic procedure, which relies on the binding
of ligand molecules to receptors, antibodies or other macromolecules [122]. A detection
process is employed to ascertain the presence and amount of the ligand-receptor
complexes produced, and this is typically prepared electrochemically or through a
fluorescence detection technique [123]. This sort of analytic examination can be
managed to examine for the occupation of target molecules in a sample that is identified
to bind to the receptor [124]. There are numerous types of ligand binding assays such
as dual polarisation interferometry (DPI) [125]-[128]. enzyme-linked immunosorbent
assay (ELISA) [129]-[134], magnetic immunoassay (MIA) [135], [136] and

Radioimmunoassay (RIA) [137], [138].

1.1.2.5 Optical Spectrometry

Optical spectrometry is the subject of the interaction between object and

electromagnetic radiation. Historically, spectroscopy founded through the investigation
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of visible light dispersed according to its wavelength by a prism. Next, the idea was

significantly extended to involve any interaction with radiative energy as a role of its

wavelength or frequency. Spectroscopy is a power bioanalytical tool for bioanalysis

such as Electrochemi-luminescence (ECL) [139]-[142], UltraViolet - Near InfraRed

(UV-NIR) [143], [144], Fluorescence detection, Raman spectroscopy and Localized

Surface Plasmon Resonance (LSPR). Raman spectroscopy and localized surface

plasmon resonance are related to the main topic of the dissertation. The details will be

introduced from chapter 1.2.

Table 1.2 Some techniques commonly used in bioanalytical studies

Bioanalysis

Hyphenated
techniques

Chromatographic
methods

Electrophoresis
Ligand binding

assays

Optical
Spectrometry

Techniques and Methods

Liquid chromatography-mass spectrometry (LC-MS)
Gas chromatography-mass spectrometry (GC-MS)

Capillary electrophoresis—mass spectrometry (CE-MS)
High performance liquid chromatography (HPLC)

Gas chromatography (GC)

Ultra performance liquid chromatography (UPLC)

Supercritical fluid chromatography

Dual polarisation interferometry
Enzyme-linked immunosorbent assay (ELISA)

magnetic immunoassay (MIA )
Radioimmunoassay (RIA)
Electrochemiluminescence (ECL)
Ultraviolet—visible spectroscopy (UV-VIS)
Fluorescence detection

Raman spectroscopy

Localized Surface Plasmon Resonance (LSPR)
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1.1.3 Bio-applications

There are various applications of the biosensor which cover their use for food
quality and safety, disease detection, environmental monitoring, plant biology,
biodefense biosensing and many more. In the food processing industry, the
development of biosensors is required to respond to the demand for quality and safety
of food with real-time, selective, simple and inexpensive techniques [145]. Enzymatic
biosensors which reported by Ghasemi-Varnamkhasti et al. are used for monitoring of
aging of beer based on cobalt phthalocyanine [146]. Presence of Escherichia coli in
vegetables is a bioindicator of fecal contamination in food [147]. In the medical field,
the demands of biosensors are increasing significantly. Glucose biosensor is widely
used by diabetes patients who require precise control over blood-glucose levels [148],
[149]. Besides, a promising biosensor used for urinary inspection is under study. For
environmental monitoring, the portable, rapid, and smart biosensors are required [150].
The cost-effective, fast, in situ and real-time biosensing device for multiplexed
pollutant detection, shows the recent achievement of biosensors with the technique of
new materials and nanotechnology. In plant biology, the revolution of new DNA
sequencing technology achieves the significant improvement in plant science [151].
Cellular, subcellular localization and metabolite levels can be observed through the
methods of mass spectroscopy. For biodefense applications, the biosensor is demanded

to sensitively and real-timely detect the bacteria, toxins, and viruses. The nucleic acid-
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based sensor can reach high sensitive detection without utilizing amplification steps

[152].

1.2 Raman scattering

Raman scattering is the inelastic scattering of a photon by molecules which are
excited to different vibrations or rotational energy levels. When the incident light strikes
on the molecule, most of the photon are elastically scattered which called Rayleigh
scattering [153]. The tiny minority of the scattered photons are scattered inelastically
by an excitation. The energy and frequency of scattered photons are different from those

of incident photons [154].
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Fig. 1.2 Introduction of scattered radiation and Raman scattering
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1.2.1 History

The inelastic scattering of light was predicted by Adolf Smekal in 1923 [155]. In
1922, Indian physicist C. V. Raman published his work on the "Molecular Diffraction
of Light," which led to his discovery of the radiation effect. The Raman effect was first
reported by C. V. Raman and K. S. Krishnan [156] on 21 February 1928. Raman
received the Nobel Prize in 1930 [157]. In 1998 the Raman effect was designated

a National Historic Chemical Landmark by the American Chemical Society.

1.2.2 Mechanism of Raman scattering

As shown in Fig 1.3, the photon from the laser beam produces an oscillating
polarization in the molecules, exciting them to a virtual energy state. Also, then the
photon is re-emitted as scattered light. Several kinds of the possible polarizations can
be coupled with the oscillating polarization of the molecule such as vibrational and
electronic excitations [158]. The following equations can calculate the dipole moment

in a molecule:

p = aE (M

where p is induced electric dipole moment of a molecule, a is polarizability and E is

electric field.

Ja
@ =ag+ (GOby 2)
AY = YmaxCos (2mvt) 3)
E = Eycos (2mv,yt) 4)
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p = ayE, cos(2mv,yt) + % (Z—z) (cos(Znt(vO + v)) + cos(Znt(vo — v)) (5)

where @ is molecule equilibrium polarizability, E, is a maximum electric field,
vy 1s excitation frequency, v is vibrational frequency and V., maximum
vibrational amplitude. The vibrational state will change if the polarization in the
molecule couples with these possible polarizations. On the contrary situation, the
scattered photon will have the same energy as the incident photon which called
Rayleigh scattering.

When the polarization in the molecule couples to the higher or lower vibrational
state, the energy of a scattered photon is different from that of the incident photon. The
energy difference between the absorbed and emitted photon corresponds to the energy
difference between two resonant states of the material and is independent of the
absolute energy of the photon. Raman scattering can be classified as two types, Stokes
Raman scattering, and anti-Stokes Raman scattering. If the energy of a scattered photon
is higher than an incident photon, this type of scattering is known as Stokes Raman
scattering. By contrast, anti-Stokes Raman scattering is a process that electron is excited

from the vibrational level to the ground level as shown in Fig 1.3.
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Fig. 1.3 Relationship between energy level and molecule vibrations
1.2.3 Surface-enhanced Raman spectroscopy (SERS)

Surface-enhanced Raman spectroscopy (SERS) is a surface-sensitive technique
that enhances Raman scattering on rough (or nanostructures) metal surfaces. The
enhancement factor can be as much as 10'° to 10'* [159]-[165], which means the
technique is available for detecting single molecules.

Martin Fleischmann first observed SERS from the pyridine adsorbed on the
electrochemically roughened silver electrode in 1973 [166]. In the year 1977, two
groups independently proposed a mechanism of explaining the SERS effect. Jeanmaire
and Van Duyne introduced an electromagnetic effect [167], while Albrecht and
Creighton noted a charge-transfer effect [168]. The electromagnetic theory proposes
the excitation of localized surface plasmons, while the chemical theory proposes the

formation of charge-transfer complexes.
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1.2.3.1  Electromagnetic enhancement

Surface-enhanced Raman scattering is a phenomenon including the light—molecule
interaction shown in Fig 1.4 a and the light—metal interaction shown in Fig 1.4 b. When
the light strikes on the surface, the dipolar of metal nanoparticle contributes to the
plasmon oscillations, the localized surface plasmons resonance (LSPR) is excited when
the frequency of the incident light matches with an inherent oscillation frequency of
free electrons in the metal [160]. It leads to an electric field on the metal nanoparticle.
The metallic nanoparticles such as Ag, Au, and Cu can generate a strong LSPR effect
in the visible to near-infrared region. As a result, the energy is enhanced for 2 to 5

orders of magnitude [169]-[171].

(@)  Normal Raman (b) LSPR
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@ Metal . Positive gty
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Fig. 1.4 Schematics of (a) normal Raman, (b) localized surface plasmon resonance
(LSPR), and (c) electromagnetic enhancement mechanism in SERS, including the two-
step enhancements [172].
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The SERS process can be considered by a two-step enhancement process, as shown
in Fig 1.4c. The first step results from the enhanced local field (near field) surrounding
the nanoparticles at the exciting wavelength
(Aex): Eioc (Aex) = G1Eo (6)

where G is the enhancement factor of the electromagnetic field in the near field at
Aex, and Eo the exciting light with Aex. The nanoparticles serve as transmitting optical
antennae to transfer the Raman signal as the second step, which is from the near field
to the far field. The Raman signal is proportionate to the enhanced local electric field
at the Raman emission wavelength of
Aem: Eloc (Aem) = G2Eo. (7)

Therefore, the overall SERS enhancement depends on the “exciting” and “emitting”
field:

Gsers % [Eioc (Aex)/Eo]*[Eioc (Aem)/Eo]?> = G1°G2? (8)

The optimal SERS enhancement requires a delicate balance between exciting and
emitting wavelengths with the plasmon peak of the metal nanostructure. The SERS
enhancement factor is approximately proportional to the fourth power of the
enhancement of the local electric field when the wavelengths of incident laser and
Stokes Raman scattering signal are close to each other.

Because the strength of the local electric field depends on the distance between the
molecule and the metal surface (r) by

E(r) o (1 + 1/a) > 9)
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the SERS enhancement may scale with r roughly by (1 + r/a) "', where a is the radius
of NP. SERS intensity will decrease significantly if the distance increases (see Fig 1.5
b) [173], [174]. Therefore, the highest sensitivity in SERS measurements can be
achieved when the molecules are anchored at the surface. There are several strategies
for anchoring the molecules on the surface which are electrostatic and hydrophobic
interactions [175], Host-guest interaction [176]-[178] and Biomolecular recognition
[179]-181].

Through the Fig 1.5b, the SERS signals can still be observed when the analyte does
not directly contact with the PNP surface. This phenomenon is called a long-range

effect, which is a central idea for the shell-isolated nanoparticle-enhanced Raman

spectroscopy (SHINERS) method [182]-[184].

(a) (b)

0 10 20 30 40nm
Fig. 1.5 (a) Finite difference time domain (FDTD) simulation of the electric field

distribution of an AuNP. (b) Dependence of SERS enhancement on the distance from

Au surfaces [185], [186].
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1.2.3.2 SERS Hot Spot

The significantly substantial SERS enhancement can be created when two
nanoparticles are brought close enough to each other, which is called a hot spot. The
hot spots usually exist in the gaps between nanoparticle aggregates. A model to describe
the highly enhanced EM field in the hot spot is shown in Fig 1.6a [172]. When two
nanoparticles with a diameter of D and a gap distance of d are arranged in a uniform
electrostatic field Eo polarized along the dimer axis, the local field in the gap can be

calculated to be

The EF, i.e. (D/d + 1), can be 6.7x10° for D=50nm and d=1nm, which is much higher
than the SERS enhancement from a single particle. Theoretical calculation of the
enhancement factor of an Ag dimer with 2 nm gap (~10°) is about 10* larger than that
of the Ag sphere (~10°) (see Fig 1.6b). The high enhancement makes the single-
molecule detection possible [187]. Therefore, for bioanalytical research, it is essential

to make the SERS substrates with high sensitivity [165], [188]-[191].
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Fig 1.6 (a) Simplified model to understand the high electromagnetic field inside the gap
of two nanoparticles. (b) Gap-size dependent SERS enhancement of AuNPs dimer

[172].

1233 Chemical enhancement

The chemical mechanism comes from the charge transfer between the chemisorbed
species and the metal surface [192], [193]. When a molecule is covalently bound to the
metal surface, the electron can be exchanged through a photo-excited electronic
transition, which generates a resonance Raman process in the molecule. This transition
is called a CT transition, and the enhancement of the Raman intensity by the resonance
is called CT effect. Fig 1.7 shows the schematic diagram of the CT effect of SERS.
Surface plasmon resonance generates the relative energies of excited electron-hole pairs
via in the metal nanoparticle relative to the highest occupied molecular orbital (HOMO)
to the lowest unoccupied molecular orbital (LUMO) of the chemisorbed molecule [213].
As aresult, the SERS signal of a chemisorbed molecule is strongly enhanced compared

with the Raman spectrum.
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Fig 1.7 Schematic diagram of chemical enhancement of SERS.

A theory of Raman intensities based on the Herzberg-Teller coupling mechanism
was presented by Lombardi et al. [194]. Both molecule-to-metal and metal-to-molecule
charge transfer are included in this theory. In equation (11), term B shows molecule-to-

metal charge transfer from the molecular ground state to one of the unfilled metal levels

M.

MchgmMpy szKhKMMﬁu] <ilk><klQ|f> [MthKMMI%I
h(wgr-w) h(wgr+w) hoyk h(wgr—w)

B = ZKiI Zk ZM:#K[

M,”MhKMM,%,] <ilQlk><k|f>
h(wgr+w) hoyk

(11)
In equation (12), term ¢ shows the metal-to-molecule charge transfer from one of the

filled metal levels M to the excited state K.

C=Yra T [MX‘/IKhIMMI'?I MI\[:IKhIMMI%I] <ilk><klQ|f> [MIUKhMIMI%M
K#I Lk LM=#] h(wg—w) hwgr+w) hwpm h(wg1—w)

M,"KhM,M,%M] <ilQ|k><k|f>

h(wgr+w)

(12)

hw,M
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where p and o each represent the three spatial directions in the tensor. I, K, F to be
vibronic in that they are assumed to be products of purely electronic functions with
purely nuclear functions. MIM and MMK representing molecule-to-metal and metal-
to-molecule charge transfer transitions to be zero.

The transition obtains its intensity via MMI through intensity borrowing from the
(assumed) allowed transition I->K as shown in equation (11). Equation (12) shows that
transition obtains its intensity via M,. through intensity borrowing from the allowed
I->K transition. The borrowing mechanism is vibronic coupling through h... It
represents the coupling of the metal to excited molecular states through some
vibrational mode. From the equation (11) and the equation (12), the enhancements are
considered that it comes through the resonance denominator w¥; — w? and wZ, —
w?, respectively.

1.3 Electrochemical Surface-enhanced Raman spectroscopy

The electrochemical surface-enhanced Raman scattering (EC-SERS) is like the
branches of SERS study. For the characterization, EC-SERS provides useful
information for revealing the adsorption configuration and electrochemical reaction of
the analyte. The electromagnetic field enhancement (EM) and chemical enhancement
(CE) contributes the SERS enhancement as mentioned above. The EM makes a great
effort to SERS signal in most SERS system. For EC-SERS system, the CE plays an
important role especially in the characterization of chemical species. There are several

features of EC-SERS study which are introduced below.
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1.3.1 Feature of EC-SERS

1.3.1.1 Two Fields of EC-SERS systems

When the light strike at the surface of the nanostructured electrode, there are two
kinds of electric fields are generated which is an electromagnetic field (EM-field)
caused by SERS process, and static electrochemical field (EC-field) lead by the applied
potential of the electrode [195]. It leads to the change of orientation of the molecule
and the interaction or bonding between adsorbate and surface, which influences the

SERS signals.

1.3.1.2 Potential dependent characterization

For EC-SERS analysis, the applied potential on the electrode causes the change of
coverage and adsorption orientation of the analyte. As shown in Fig 1.8, the 2-Amino-
5-(4-pyridinyl)-1,3,4-thiadiazole is measured on the silver-nanostructure electrode with
different potentials. The result shows the orientation of the molecule changes with

different applied potentials, which causes the change of the SERS intensity [196].
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Fig 1.8. Change of the orientation of 2-Amino-5-(4-pyridinyl)-1,3,4-thiadiazole with

different applied potentials of (a) -1200 mV and (b) -1800 mV.

Fig 1.9 shows the different adsorption modes of benzotriazole on an iron electrode
in sulfuric acid at three kinds of applied potentials which are positive to the potential of
zero charges, zero charge and negative to the potential of zero charges. The
phenomenon can be observed that the negative charged atom/moiety are close to the
surface when the positive potential applied on the electrode. On contrast, positive
charged atom/moiety are close to the surface [197]. There are two explanations for the
phenomenon which are the photon-driven charge transfer (CT) mechanism and bonding
interaction of the molecule-metal surface. For the photon-driven CT mechanism, there
are two directions which are metal to molecule and molecule to metal. It depends on
the electrode materials, the electronic structure of the adsorbed molecules and

excitation wavelength. On the other hand, in the case of bonding interaction, it
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influences the geometric and electronic structure of the molecule, which leads to the

change of bonding interaction.
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Fig. 1.9. Schematic of adsorption mode of benzotriazole on an iron electrode in sulfuric
acid at potentials. (a) Positive to potential of zero charge (PZC); (b) PZC; (c) Negative

to PZC.

1.3.1.3 Materials of the electrode

For most of the SERS-active substrates, coinage metals are extremely widely used.
These kinds of metals support the effective surface plasmon resonance (SPR) because
of the prominent optical property of free electron metals [198]. Compared with coinage
metals, transition metals (VIII B element group) have different electronic band
structures. It reduces the effectiveness of SPR because of the inter-band electronic
transition [199]. While, some transition metals are available for the research of
ultraviolet light (UV-SERS) such as Rh, Pd, Co and Ni [200]. The SERS intensities of

adsorbate can be enhanced due to the strong chemisorption interaction. If the strong
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binding interaction generated between molecule and transition metal surface, it might
cause the change of electronic distribution of the adsorbed molecule and shift of the
SPR frequency. Moreover, different enhancements for different vibrational modes will

happen because of the changes of the optical electric field at the metal surface [201].

1.3.1.4 Electrolyte solutions

The EC-SERS system is also related to the electrolyte solution. The electrochemical
window will be significantly expanded if organic solvents or ionic liquids are used,
which eliminates the hydrogen evolution of water and also changes the oxidation
potential of the electrode [202], [203]. Besides, the SPR frequency of the metal
nanostructures will be shifted, which is caused by the change of the refractive index of

the host solvent.

1.3.1.5 Electrochemical effects

The surface charge density of electrode is changed by applied different potentials
which results in a shift in the SPR frequency. When a negative potential is applied on
the electrode, it leads to the blueshift of the plasmon resonance band. By the contrary,
a positive potential leads to a redshift of plasmon resonance band [313]. The following
equation shows the charge density dependent plasmon frequency which can explain the

shift of plasmon resonance band with different applied potentials:

w, = 4mne®/me, (13)
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where e and m are the charge and mass of an electron, n is the number density of free
electrons, and ¢, is the permittivity of vacuum. The change of n will lead to a shift of
plasmon frequency. Besides, it will be easier to be polarized if the excess electrons exist
in the conductance band. That is why the negative potential can contribute to a
substantial enhancement effect than positive potential [204]—[207].

Fig 1.10 illustrates the change of SERS intensity with different applied potentials.
The molecular adsorption ground state and the photon-driven CT excited state are
shown in ¥4 (Vi) and Ycr(Vi), respectively. Vi notes the potential from a filled level
of the metal to the LUMO of the adsorbed molecule. At the applied potential of V1, it
is insufficient to produce the photon-driven CT states on the surface. When the potential
reaches V», the excitation energy matches the required CT energy which leads to
significant enhancement of SERS intensity. If the potential negatively moves to V3, the
excitation energy does not match the ideal resonance condition which causes a decrease

of the SERS signal.
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Fig. 1.10 The change of the surface vibrational energy of the adsorbate with the
electrode potential [208].
1.3.2 Brief summary of EC-SERS study

Table 1 shows the EC-SERS works in recent years. The analytes are divided into
three sections which are inorganic species, organic molecules, and biomolecules. The
materials of nanostructure are Ag, Au, Pt, Rh, Ru, Pd, Fe, Ni, and Co. Through the EC-
SERS bio-application, the meaningful information can be obtained such as chemical
bonding between analyte and surface, the orientation of the analyte on the surface and

electrochemical reaction of the molecule [199], [209]-[227].
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Table 1.3. Partial list of SERS study related to electrochemistry

Absorption

OO TN (ol SCN-: Ag, Au, Pt, Rh, Fe; CN-:Ag, Au, Pt; Cl-, Br-, I-:Au, Ag, Pt [199]

Pyridine: all known SERS substrates [199]

Benzotriazole, thiourea: Ag, Au, Pt, Pd, Rh, Ru [199]

Pyrazine: Ag, Au, Pt [199]

Benzene: Ag, Au, Pt, Pd, Rh, Ru [209]

[OIT T O T (ST (T8 Imidazole: Fe, Ni, Co, Ag [210]

Benzenethiol: Ag, Au, Pt [211]

Mercaptopyridine: Ag, Au [212]

Conducting polymers: Au, Ag; polypyrrole, polythiophene, polyaniline, polyacetylene [213]
Dyes: Au, Ag: R6G [214], Crystal violet [215], nile blue [216], N719 dye [217]

Ag: Cyt ¢ [218], hemoglobin [219] , enzymes [220], uric acid [221], amino acids [222], DNA
bases [222], melamine[223], aminoglutethimide [224]

Biomolecules

Au: hemoglobin [219], ssDNA [225], dsDNA[225], oligonucleotide [210], anti-IgG [226],
bilayer lipid membrane [227], NADH [210]
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Chapter 2. Fabrication of SERS-active Electrode

2.1 Introduction

2.1.1 Nanofabrications for SERS-active substrates

Researchers have developed many types of metallic nanostructures (NS) by
advanced nano-processing technology as SERS-active substrate. Fig 2.1 highlights
some milestones in the development of nanostructured SERS-active substrates.
Generally, NSs strategies for manufacturing can be classified as top-down, bottom-up,
or combinatorial techniques, which are summarized in Table 2.1. Details of these

techniques are as follows.
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Fig. 2.1. Nanofabrication used for fabricating SERS-active substrates in which [1]

from [228], [2] from [229], [3] from [230], [4] from [231], [5] from [232], [6] from

47



[183], [7] from [233], [8] from [234], [9] from [235], [10] from [236], [11] from

[237], [12] from [238], [13] from [239], [14] from [240], [15] from [241].

2.1.1.1 Top-down techniques

Although limited by production cost and speed, electron beam (E-beam) lithography
is still one of the most commonly used SERS active substrates, as it provides a well-
controlled nanoscale pattern. As shown in Fig 2.1, E-beam lithography with
combinatorial spectral was used to generate Au arrays of randomly generated cells with
different morphologies by Wells et al. Lin et al. applied focused ion beam (FIB) and
nanoindentation to fabricate nanostructured Au substrates, as shown in Fig 2.1 (7 and
8) [234]. The FIB technique was used to precisely fabricate patterned Au nanorods
(NRs). As shown in Fig 2.1 (12), Yang et al. developed an Ar-ion sputtering path for
manufacturing Ag nanoneedle arrays on a silicon substrate [239]. Dense Ag nanoneedle
arrays and sharp tips have made it possible to reproducibly achieve an average SERS
potentiator (EF) of more than 10'°. As shown in Figure 2.1 (13), the incomplete cover
of the Au layer can selectively lead the chemical etchant, resulting in a nano-forest
substrate which was demonstrated by Seol et al. The EF of these substrates was not
extraordinarily high, but this etching technique enables high throughput

nanofabrication compared to other top-down technique [239].
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Table 2.1. Fabrication technique, metal surface, and average EF for four

approaches to fabricate metal nanostructures.

Nanofabrication Techniques and Methods Average enhancement Metals
E-beam lithography 5x10"8 Au
Focus ion beam 1x1077 Au
Top-down Nano-indentation 5.85 x 1017 Au
fabrication

Metal-induced chemical 1x1077 Au
Ar ion sputtering 1x10710 Ag
Nanoparticle Immobilization 1x10"6 Au

Button-up : o o
assembly Oblique angle deposition 1x10%9 Ag
Galvanic displacement 1x10"8 Au
E-beam llthogl:aphy + Au 1x1078 RS

reduction
Dealloying + thermal
3x1078 AupA
Combination treatment X u79Ag2
E-beam lltho'gra'phy + particle 1x10°8 o
binding

UV-lithography + OAD 1x10%6 Ag
ZnO nanowires 2.19x 10%6 Au
Template- Nanoimprinted polymer 1x10710 Au
assisted Anodic aluminum oxide 1x10"9 Au
fabrication Carbon nanotube 1x1077 Au
Colloid assembly 1x1077 Au

2.1.1.2 Bottom-up techniques

Compared with most top-down methods, the bottom-up approach is usually
relatively simple and low cost. High throughput can also be easily achieved. However,
due to the low reproducibility, it is not easy to predict the location of hot spots and EFs.
The most straightforward is to fix the Au NPs to the substrate surface to a height of 10°
[242]. As shown in Fig 2.1 (3), Abell et al. integrated these assemblies into a multi-well
array for virus observation [230]. Researchers have fabricated interesting Au and Ag

NSs on various metallic substrates, such as Fe [227], Cu [229], Si [239] and Al foils.
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Compared to other manufacturing techniques, the galvanic displacement reaction is

simple and cost-effective.

2.1.1.3 Combination techniques

Manufacturing techniques that combine the advantages of top-down and bottom-
up technique have been developed. Gopinath et al. produced plasmonic nano galaxies
and the first hybrid multiscale aperiodic NS. Nanocylinder was fabricated by E-beam
lithography. As shown in Fig.1 (6), Yang et al. combined E-beam lithography and
immobilization of Au NPs to fabricate an Au NPs cluster arrays [232]. Through this
method, the enhancement factor reaches 108. Nanoporous AumAgy films with a
bicontinuous network structure using non-alloying method were introduced by Liu et
al. [240]. As shown in Fig. 1 (10) [236], the nanoporous films were treated with heat

shrinkage of the predicted polymer substrates. The EF is larger than 10°.

2.1.1.4 Template-assisted fabrication

Template-assisted manufacturing has been used to create various NSs which is also
widely used in the manufacture of SERS active substrates. Anodized aluminum oxide
(AAO) is one of the most commonly made through template-assisted fabrication. There
are several ways for making SERS-active substrate through metallic salts [250],
evaporation deposition [251], and electrochemical deposition [235]. Ag films over

nanosphere (AgFON) substrates are also widely used for SERS-active substrates [252]—
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[254]. Self-assembled nanoring cavity arrays based on AgFON is introduced by Im et

al. which is shown in Fig. 1(15) [241]. The average EF of cavity arrays is near 108[255].

2.1.2 SERS-active Screen-Printed Electrode (SSPE)

Screen printed electrodes (SPE) is not only taking advantage of cost-effectiveness
but also meeting the demands of portability. The versatility of screen-printed electrodes
is of essential importance in the field of analysis, the technique to modify electrodes
with efficiency through various inks commercially feasible for the reference, counter
and working electrode, supports for highly specific and finally calibrated electrodes to
be fabricated for particular target analytes [257]-[259]. Many classifications of screen-
printed electrode applications exist for environmental monitoring, proteins, enzymes
and DNA sequences [260]-[263]. Screen printed electrodes are portable, simple
handling, economical analytical methods [264]. Consequently, screen printed
electrodes can be efficiently applied for in situ environmental monitoring to accomplish
improved achievement, as has been illustrated over the past several years.

SERS-active screen-printed electrode (SSPE) technology, for portable
spectroelectrochemical detection, is rapidly developing and has been widely used in a
range of applications such as detection of melamine, pyridine, biodegradable ionic
liquids, and DNA as well as in a biomimetic membrane [219], [265]-[267]. The most
popular way of preparing SERS-active SPEs is based on the classical citrate reduction
method proposed by Lee and Meisel [266], [268], [269]. In brief, silver nitrate solution,

sodium citrate and citric acid are added into water. After centrifugation, the silver
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nanoparticle can be obtained, and then drop coated onto the working electrode. This is
indeed an effective and low-cost way of fabricating SERS-active electrodes. However,
undesired SERS background noise that comes from the trace citrate molecules limits
the adsorption sites and interferes with the detection of analytes. As an alternative, the
sputtering method was employed for fabricating the SERS-active SPEs. A low
background signal has been observed from the fabricated electrode, and a high signal-
to-noise ratio can be expected. Besides, larger surface adsorption area for target

molecules is present, and further surface modification can be quickly done if desired.

2.2 Fabrication of SSPE by Sputtering deposition

We proposed a rapid and highly productive way to fabricate SSPE by sputtering
deposition. The coating process time for one batch coating was within 15 minutes, and
more than ten thousand silver-deposited electrodes were able to be fabricated per hour.
Also, sputtering method guaranteed low SERS background signal and a maximum of
surface absorption for target analytes because there was no other material but pure silver
directly deposited on the working electrode. To our knowledge, this is the first work of
fabricating SERS-active SPEs through sputtering coating method among any other EC-
SERS studies.

Before sputtering deposition, the plastic specially-made mask was covered on the
electrode with a hole on the working electrode which was the only area needed to be

deposited. The diameter of the hole on the mask was slightly smaller than the diameter
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of working electrodes which prevented from the cases of the silver being deposited onto

the reference electrode or counter electrode.

Fig. 2.2. The photo of SPE used in this work which is composed by working electrode
(WE), counter electrode (CE) and reference electrode (RE). SEM image of two

different materials of working electrodes which are made by a) carbon and b) gold.

The SPEs are supplied by BioDeviceTechnology (Japan). The SPE consists of a
reference electrode (Ag / AgCl), a counter electrode (carbon) and a working electrode

(carbon/gold). There were two kinds of material of working electrode which were
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carbon (Fig 2.2a) and gold (Fig 2.2b). The customized mask mounted the SPEs in order

that only the working electrode areas were exposed for sputtering deposition.

Table 2.2. Design of experiments for silver sputtering deposition on carbon SPE

DOE | Vacuum level (Pa) Target Power (W) | Deposition time (sec) ‘ Ar Gas flow (sccm) Results
1 8x10" -4 500 24 I 200 . Film structure

T 8x10" -4 500 16 200 Film structure (rare gaps)
3 8x10" -4 500 12 200 Film structure (Less gaps)
4 8x10" -4 500 4.8 200 Film structure (many gaps)
§ 8x10" -4 250 24 200 Film structure (Less gaps)
6 8x10" -4 250 16 200 Film structure (many gaps)
7 8x10"-4 250 12 200 Island structure

Island structure

8 8§x10"-4 250 4.8 200 :
(few nanoparticles)

9 8x10~-4 50 24 200 Island structure
(few nanoparticles)

10 8x10 A4 50 16 200 Island structure
(few nanoparticles)

11 8x10"-4 50 12 200 None

12 8§x10~ -4 50 4.8 200 None

The silver-deposited SPEs were prepared by using the in-line sputtering machine
of Optorun.Co.Ltd (Japan) which was shown in Fig 2.3. The target power was set to
100 kW, 250 kW and 400kW for the sputtering process. The deposition time of the
sputtering process was 4.8 s, 12 s, 16.8 s and 24 s, which was shown in Table 2.1.
Considered avoiding to melting carbon electrode and plastic masks, the whole
sputtering process was under the temperature of 50 °C. Since the surface roughness on
working electrode of SPEs was challenging to be directly analyzed by an ellipsometer,
as reference, planar and smooth quartz glasses were fitted nearby the SPEs for each

coating processes.
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Fig 2.3. a) V0005 in-line sputtering machine. b) Schematic figure of V0005 in-line

sputtering machine.
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2.3 Fabrication of SSPE on different substrate

In order to investigate the applicability of the sputtering method for producing
SERS-active SPEs, three different substrates of SPE were used for the sputtering
process which was paper, glass epoxy and polyethylene terephthalate (PET) as shown
in Fig 2.4. Besides, the different structure of SPE with micro-chamber was also

deposited by silver film and analyzed at the next chapter..

Transparent SPE : - N Paper SPE

Carbon SPE

Fig 2.4. Silver-deposition on the screen-printed electrodes with different substrate.
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2.4 Results and discussion

2.4.1 SEM and AFM images

In our previous observation, we noticed that when charging the silver target with
high power (500 W), island structure became difficult to form due to the high depositing
rate of silver atoms. Besides, high kinetic energy atoms led to an increase in temperature
on the substrate which might damage the surface of the working electrode. On the other
hands, with the low target power (50 kW), it would be difficult to deposit silver onto
the substrate due to the low kinetic energy of the silver atoms. Therefore, the power

applied for the silver target was adjusted to a well-optimized condition.
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‘Raw d

Fig 2.5. SEM raw images of 200 k magnification ratio of silver-deposited carbon
working electrodes with different deposition time of (Raw a) 4.8 s, (Raw b) 12 s,
(Raw c) 16.8 s and (Raw d) 24 s, which corresponding to the zoom out images (a),
(b), (c) and (d), respectively. Silver target power of sputtering deposition: 250 kW.

E-beam of SEM image: 12 kV.

JEOL JSM-7500FA was used for SEM analysis of silver-deposited film on the
SPEs. The SEM images of a bare carbon electrode and Ag deposited carbon electrode
were shown in Fig 2.2a and Fig 2.5. By glancing Fig 2.5 from left to right, the growth
of the Ag films thicknesses on the carbon electrode could be observed. The island
formation which looked like Ag nanoparticles was observed on the Fig 2.5a and Fig
2.5b, while, for the Fig 2.5¢ and Fig 2.5d, the gaps among Ag nanoparticles were
gradually filled up and formed into the silver film structure. Compared with Fig 2.5a,
Ag nanoparticles of Fig 2.5b were more aggregated and extremely close to each other.

The quantities and diameter of deposited Ag nanoparticles were estimated as follow:
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assuming N stands for surface coverage of Ag nanoparticles, there were approximately
14 nanoparticles / (100 nm)? = 14 x 10'* N/ m? of Fig 2.5a and 25 nanoparticles / (100
nm)? = 25 x 10'* N / m? of Fig 2.5b. The sizes of Ag nanoparticles of Fig 2.5a were
hugely inconsistent that the diameter of bigger nanoparticles reached 25 nm while the
diameters of smaller ones were less than 10 nm.

On the other hand, diameters of Ag nanoparticles of Fig 2.5b were relatively
uniform which were observed in a range from 20 nm to 30 nm. The Ag-deposited film
structures of the gold working electrode shown in Fig 2.6 were similar to those of
carbon working electrode. The island structure could be observed through 12 s
sputtering deposition shown in Fig 2.6b. With longer deposition time, silver
nanoparticles progressively formed into the film structure shown in Fig 2.6c and Fig

2.6d.
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Raw a

Raw c

Fig 2.6. SEM raw images of 200 k magnification ratio of silver-deposited gold working
electrodes with different deposition time of (Raw a) 12 s, (Raw b) 16.8 s and (Raw c)
24 s, which corresponding to the zoom out images (a), (b) and (c), respectively. Silver

target power of sputtering deposition: 250 kW. E-beam of SEM image: 5 kV.



Atomic force microscope (SPA400-AFM, Seiko Instruments Inc., Japan) was used
for analyzing the surface of the SERS-active SPE which was equipped with a calibrated
20 pm xy-scan and 10 um z-scan range PZT-scanner. All AFM images were taken in
dynamic force mode (DFM mode, i.e., tapping mode) at optimal force. A silicon
cantilever (OMCL- AC160TS, OLYMPUS), which has a spring constant of 42 N/ m
and a frequency resonance of 300 kHz, was also used for imaging in the air at room
temperature. The cross-sectional image of the bare working electrode and silver-
deposited working electrode were obtained by an Atomic Force Microscope (AFM)
which was shown in Fig 2.7a and Fig 2.7b, respectively. Compared with the cross-
sectional image of the bare electrode, the roughness was considered which mainly came
from the screen-printed electrode. Through the AFM and SEM images, it was possible
to estimate for the size and the shape of the single silver nanoparticle (particle size:
approximately 24 nm for diameter and 4 nm for height averagely). By inspecting the
whole area, the shape of the cross-section appeared to be irregular, and the roughness
increased to over 13 nm which might be caused by the roughness of SPE. In conclusion,
because the roughness of the SPE substrate is larger than that of the silver nanoparticle,
it is considered that the roughness of the cross-sectional image mainly comes from the

SPE substrate rather than the silver nanoparticles.
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Fig. 2.7. The cross-sectional image of (a) bare carbon working electrode and (b) silver-
deposited carbon working electrode. The diameters of silver nanoparticles range from

approximately 20 nm to 30 nm.

2.4.2 Evaluation of silver film

Regard to the evaluation of silver film, it is difficult to directly evaluate the
deposited silver film on the carbon SPEs through ellipsometry measurements because
of the roughness of SPE. However, it is able to correctly estimate the deposited silver
film on the flat and smooth glass substrate. Fig 2.8 showed two proposed models of
different Ag film thicknesses on the reference glasses which were placed nearby the
SPEs during the sputtering processes. We can see that the substrate of Model b. (Fig
2.8) has acquired enough nanoparticles to create a layer of thin film, contrary to the
substrate of Model a. which merely has acquired a gathering of nanoparticles. For these

two situations, the refractive indices (n) and extinction coefficients (k) were different.
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The complex refractive index of surface roughness is like the case of Model b.
Effective medium approximation (EMA) method is widely applied which can make
calculation relatively easier. EMA pertains to analytical or theoretical modeling that
develops from averaging the multiple values of the constituents. At the constituent level,
the values of the materials vary and are inhomogeneous. EMA produces acceptable
approximations which can describe useful parameters and properties of the composite
material overall. Therefore, EMA is descriptions of a medium (composite material)
based on the properties and the relative fractions of its components and are derived from

calculations. The EMA method can be expressed by the following equation [270]—

[272]:
£a—€ Ep—& _
Bt -2 =0 (14)

In equation 1, f, and (1-f,) represent the volume fractions of phases a and b which
complex dielectric constants are €, and &, respectively. There are two solutions in
this quadratic equation. One solution can typically be considered as a physically
sensible solution; the other solution is generally negative or has other unphysical
features [273]. The calculation result of the refractive index and extinction

coefficients by the EMA method were shown in Fig 2.8.
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Model a. Model b.

Ag Nanoparticles Ag Thin Film
Substrate Substrate

Fig 2.8 Two proposed models of different structures of Ag-depostied film on the
reference glass substrates. Model a. island formation looked like Ag nanoparticles

on the glass substrate; Model b. Ag thin film on the glass substrate.

The ellipsometer of SEMILAB SE-2000 and fitting software of Spectroscopic
Ellipsometer Analyzer were used to analyze the surface roughness on the substrate.
The refractive index and extinction coefficient were estimated by the EMA method,
and the results were shown in Fig 2.9. The measuring and fitting results were shown
in Fig 2.10. The parameters used in the simulation are shown in appendix a and
appendix b. The measuring curve of 24 s silver-deposited film and fitting curve of
10 nm film were almost overlapped which mean the thin film model we assumed in
Model b. of Fig 2.8 closed to the coating result. Compared with the fitting results of
24 s silver-deposited film, the measuring curve of 12 s silver-deposited film and
fitting curve of 5 nm film were not great consistency. The reason for unperfected
fitting was considered that the random distributions and inconsistent sizes of Ag

nanoparticles on the surface caused, to some extents, the difference between
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calculated refractive indices and the actual coating results. While ¥ and A fitting
results of 5 nm film were consistent with the measuring results. According to the

measuring results, the thickness error was only 0.2 nm.

a. Ag - Refractive index ~—EMA - Refractive index
——Dispersionlaws - Refractive index
35
3
25
2
15 4
1 4
0.5 -
0
300 400 500 600 700 800 900
wavelength (nm)
b . —Ae - Extinction coefficient EMA - Extinction coefficient

——Dispersionlaws - Extinction coefficient
7

300 400 500 600 700 800 900
wavelength (nm)

Fig 2.9. Refractive index (a) and extinction coefficients (b) calculated by EMA

method.
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Fig 2.10. Measuring and fitting results of amplitude component Psi(‘¥) and phase

difference Delta(A) of 5Snm and 10nm Ag thin films.

To verify the reproducibility of silver nanostructure deposited by the sputtering

method, five continuous batches of 12 s silver deposition experiments were

conducted, and the analysis by ellipsometer was shown in Fig 2.11. The thicknesses

errors of these five coating experiments were £0.1 nm, which not only demonstrated

satisfying reproducibility by silver deposition but also showed the applicability and

feasibility of sputtering depositing method for fabrication of SERS-active electrodes.
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Fig 2.11. Measuring result of a) amplitude component ¥ and b) phase difference A

of continuous five batches Snm Ag deposition on reference glasses.

2.4.3 Comparison of SERS signal

The Raman spectra and Raman images were obtained with a laser Raman confocal
microscope (RAMAN-11, Nanophoton, Japan) equipped with a Nikon 100X, NA =0.9
objective lens and an Olympus 20X, NA = 1.0, water-immersion objective lens, which
were used for measuring the Raman spectral of AGI power and E-SERS spectral of

AGT in solution, respectively. The sample was illuminated with a line-shaped laser (532
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nm was about 2.8 mW / line (400 pixels) focused through the objective lens. The same
objective lens collected Raman scattering from the samples and guided to a
spectrophotometer with a slit width of 15 pm. The Raman signal was diffracted by a
600 grooves/mm grating (spectra resolution, 1.6 cm™) and detected by an air-cooled
CCD camera (-70 °C). Raman spectra were obtained from 1.25 ym x 167 um (3 x 400
pixels) area.

The SERS experiments were conducted to reveal the relationship between surface
roughness and enhancements of the SERS signal. The solution of 100 uM R6G was
dropped and dried on the carbon working electrodes of different surface roughness as
shown above (Fig 2.5a, Fig 2.5b, Fig 2.5¢, and Fig 2.5d) which corresponding to the
sputtering deposition time of 4.8 s, 12's, 16.8 s and 24 s. The absorption spectra of the
12 sec and 24 sec Ag-sputtered film were shown in Fig 2.12. Combined with Fig 2.5,
the silver island structure of 12 sec sputtering deposition generates the surface plasmon

resonance, which leads to stronger absorption than that on the 24 sec Ag-sputtered film.
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Fig 2.12. Absorption spectra of the 12 second and 24 second Ag-sputtered film.

The fluorescence intensity of R6G adsorbed on the SERS-active carbon electrode
was shown in Fig 2.13, and the SERS spectra were shown in Fig 2.14a. According to
the Raman spectra, the peaks at 1315 cm™!, 1366 cm™!, 1513 cm™!, 1581 cm™, and 1654
cm™!' were assigned to the C-C stretching vibrational mode of the aromatic ring; the
peak at 778 cm’! was assigned to the C-H out-of-plane bending vibrational mode; the
peak at 1188 cm™! was assigned to the C-H in-plane bending vibrational mode. The peak
at 617 cm’! was assigned to the C-C-C ring in-plane vibrational mode. These band

assignments were shown in Table 2.3 which were in good agreement with the previous

reports [274].
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Fig 2.13. Fluorescence intensity of R6G on the SERS-active carbon electrode.

The SERS peaks of R6G were obtained at the 12 s, 16.8s and 24 s Ag-deposited
film structure corresponding to the images of Fig 2.5b, Fig 2.5¢, and Fig 2.5d. While
combined with Fig 2.14a, there were no apparent peaks on the bare carbon electrode
and 4.8 s Ag-deposited film structure corresponding to the images of Fig 2.5a. The
results implied that the sparse Ag nanoparticles on the electrode like the case of Fig
2.5a were not benefited to the increases of SERS signals. Contrarily, for Ag-
deposited films structure of Fig 2.5b, the surface of concentrated Ag nanoparticles
benefited the increase of SERS signals. It is considered that more R6G molecules
were absorbed to contribution to SERS signals due to more silver nanoparticles of
Fig 2.5b than those of Fig 2.5a. When the deposition time increased, the gaps among
Ag nanoparticles were gradually filled up, and silver nanoparticle became the silver

film structure like Fig 2.5¢ and Fig 2.5d. As a result, the decrease of surface

640
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roughness led to the weakening of SERS signals of each peak which could be
conveniently observed through Fig 2.14b and Fig 2.14c. In conclusion, the
concentrated nanoparticle structure was better than sparse nanoparticle structures
and film structures for the enhancement of Raman signals, which could explain that
the most enhanced Raman signals were observed on the surface roughness of Fig
2.14b. Similarly, on the Ag-deposited gold working electrode, the most enhanced
SERS signals could be observed at 12 s Ag-deposited film structure shown in Fig
2.15b and Fig 2.15c, and the SERS signals became weakening with the increase of

silver deposition time.

Table 2.3. Raman band assignment of Rhodamine 6G

Wavenumber (cm-1) Assignment

617 C-C-C ring in-plane
776 C-H op bend
1125 C-H ip bend
1181 C-H ip bend
1316 arom C-C str
1366 arom C-C str
1512 arom C-C str
1578 arom C-C str
1653 arom C-C str
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Fig 2.14. (a) SERS signal of 100 pM rhodamine 6G measured at the silver-deposited
carbon working electrode on the glass epoxy substrate with different deposition time
of0s,4.8s,12s,16.8 s and 24 s. (b) Signal to noise of SERS spectral of each peak
on the silver-deposited carbon working electrode with different deposition time of
12 s, 16.8 s and 24 s. (¢) Relationship between deposition time and signal to noise

of SERS spectral of each peak. The acquisition time: 60 s and laser power: 0.5 mW.

Fig 2.15a showed the SERS spectra of six types of SERS-active SPEs.
Surprisingly, the SERS signals were able to be observed at all kinds of the substrate
even at the paper electrode which demonstrated the applicability of the sputtering
method for producing SERS-active SPEs. Intensities of peak height were calculated
and shown in Fig 2.15b. The result implied that SERS enhancement of R6G on the

Ag/Au SPEs was generally stronger than that on the Ag/C SPEs. Besides, the signal
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intensity of the SERS-active SPE on the PET substrate was the greatest among all

types of the substrate.
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Fig 2.15. a) SERS signal of 100 pM rhodamine 6G measured on the six kinds of
SERS-active SPEs which were Ag/Au SPE and Ag/C SPE on the PET substrate,
Ag/Au SPE and Ag/C SPE on the glass epoxy substrate, Ag/Au SPE and Ag/C SPE
on the paper substrate. b) Signal to noise of peak height at 1366 cm-1 of these six
kinds of SERS-active SPEs. (c¢) Relationship between deposition time and signal to
noise of SERS spectral of each peak. The silver deposition time was 12 s. The

acquisition time: 60 s and laser power: 0.5 mW.

The enhancement factors of 12 s Ag-deposited SPE was roughly estimated through
previous reports based on our experimental results [275]-[278]. The density of R6G is
1.26 g/cm? and the maximum surface area per R6G molecule on the surface is estimated
to 2.22 nm? [275]. The laser excitation volume was 51.8 um? in horizontal area and 1.4

um in depth. The normal Raman scattering spectra of solid rhodamine 6G were
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measured at the same condition as Fig. 2.14 a. The peak of normal Raman intensity at
1366 cm’! was approximately 1/35 of SERS signal at 12 s Ag-deposited SPE. The
number of molecules in the sampling volume for normal Raman and for the SERS was
estimated to be 1.2 x 10'* and 1.5 x 10'°, respectively. The surface roughness of SPE
was ignored in the estimation. The enhancement factor was roughly estimated as 2.8 %
10°, which was comparable to the result of enhancement factor by using colloidal silver
nanoparticles prepared by citrate reduction method in previous reports [278], [279]. Fig
2.16 showed the SERS spectral of SERS-active micro-chamber SPEs. This type of
SERS-active SPE will be implemented for the EC-SERS detection of multiple targets.
The diameter of each micro-chamber was around 200 um. SERS signal from micro-

chamber P1 to P6 can be observed which is shown in Fig 2.16b.

well WE

Fig 2.16. SERS signal of 100 uM rhodamine 6G measured on the SERS-active micro-

chamber SPEs. The acquisition time: 60 s and laser power: 0.5 mW.

Compared with the citrate reduction method [266][280], the background noise
of SERS-active SPEs was much better through the sputtering deposition method

which was shown in Fig 2.17. The result was considered that the citrate molecule
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absorbed on the surface donated a significant SERS background signal and limited
the surface absorption of target analytes through the citrate reduction method
[268]. While, through sputtering deposition, it promised low SERS background
signal and a maximum of surface absorption for target analytes because there was

no other material but pure silver directly deposited on the working electrode.
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Fig 2.17. a) SERS signals of rhodamine 6G at the 12 s Ag-deposited carbon SPE. b)

SERS signals of 12 s Ag-deposited carbon SPE (background signal).

2.5 Conclusion

The fabrications of SERS-active electrodes have been successfully conducted
through sputtering deposition. The island structures of silver nanoparticle were

observed on both carbon and gold working electrodes through 12 s sputtering
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deposition. The deposited film structure was analyzed by ellipsometer which indicated
that the actual deposited structure of Ag film was close to those of design. According
to the SERS experiments of R6G, the SERS signals of 12 s silver-deposited film were
the strongest among those at the other structure of silver-deposited films for both carbon
and gold working electrodes. Compared with Ag/C structure, the SERS enhancement
of Ag/Au structure was much stronger. The enhancement factors of Ag/C and Ag/Au
structure were estimated as 2.8 x 10° and 2.2 x 107, respectively. Among the three kinds
of substrates of SPE, SERS signals of R6G were the most enhanced on the PET
substrate. Low background noise of SERS signals could be observed on the SERS-
active SPE fabricated by sputtering deposition method. It is worth mentioning that
thickness errors of continuous 5 batches of silver sputtering coating are 0.1 nm which
shows reliable reproducibility by sputtering deposition. It is reasonable to conclude that
sputtering method is exceptionally applicable to the manufacture of SERS-active SPEs.
Through this rapid, reproducible and mass producible fabrication method, it is

acknowledged as a promising analysis platform.
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Chapter 3. Application for Uric acid using EC-SERS

3.1 Introduction

3.1.1 Uric acid

Uric acid is a heterocyclic compound of carbon, nitrogen, oxygen,
and hydrogen with the formula CsHsN4Os. Uric acid is a product of the metabolic
breakdown of purine nucleotides, and it is a standard component of urine. High blood
concentrations of uric acid can lead to gout and are associated with other medical
conditions including diabetes and the formation of ammonium acid urate kidney stones.

Uric acid is also a primary biomarker in urine for early diagnosis of preeclampsia [281].

3.1.2 Setup of the EC-SERS bio-analyzing system

The SERS and EC-SERS spectral were obtained via an objective 20X lens, and the
laser spot size was measured through the microscope images of the Raman-11. The
detail information was introduced in Chapter 2. The potentiostat system was a USB
portable device named BDTminiSTATIO0 which was available for several
voltammetric techniques methods such as chronoamperometry (CA), cyclic
voltammetry (CV), square wave voltammetry (SWYV), differential pulse voltammetry
(DPV) and linear sweep voltammetry (LSV). The potentiostat system and SPE were

both provided by BioDevice Technology. From Chapter 2, the 12 s silver-deposited
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film showed the best enhancement for Raman signals. Therefore, it was used for

electrochemical SERS measurements.
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Fig. 3.1 Setup of the EC-SERS bio-analyzing system.

3.2 Experimental preparation

The SERS-active SPEs were prepared by the sputtering method which was reported
in our previous chapter. In brief, the SPEs were mounted to a customized mask so that
only the areas of the working electrode were exposed for sputtering deposition by an
in-line sputtering machine. The silver nanoparticles were deposited onto the working
electrode of the screen-printed electrode. The power of silver target was set to 250 kW

for the sputtering process. The deposition time of the sputtering process was 12 s.
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The Raman spectrometer used for these studies was Raman-11 (Nanophoton, Japan)
which equipped with air-cool CCD of 1340 x 400 pixel and 532 nm laser and the
potentiostat system was a USB portable device named BDTminiSTAT100 provided by
BioDevice Technology which was introduced in Chapter 2. The laser wavelength, the
power at sample and acquisition time was 532 nm, 1.4 mV and 60 s, respectively. The
SERS and EC-SERS spectral were obtained via an objective 20X lens.

Uric acid was purchased from Wako Pure Chemical Industries, Ltd. For the E-
SERS experiment, 100 pM uric acid was added into 0.05 M NaF solution which was as
the supporting electrolyte. Besides, high-purity Milli-Q water with a resistivity of >18.2

MQ-cm was used for the experiments.

3.3 EC-SERS analysis of uric acid

3.3.1 Normal Raman of uric acid

Normal Raman spectra of uric acid were shown in Fig 3.2. The peaks of 619 cm™,
1033 cm!, 1115 ¢m™,1500 cm™!, and 1644 cm™ can be obviously observed which
represents the assignment of skeletal ring deformation, mixed vibration, ring vibration,

C-C stretching and C=0 stretching, respectively.
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Fig 3.2 Raman spectral of uric acid powder

3.3.2 Density functional theory (DFT) simulation

Theoretical calculations were made by using the Gaussian 09 software. Quantum-
chemical calculations were done in order to predict the infrared and Raman frequencies
and intensities. Combined with table 3.1, the calculated spectra shown in Fig 3.3 is
mostly consistent with the normal Raman spectra for uric acid (powder). The band

assignments are also in agreement with other previous researches.
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Fig 3.3 Quantum-chemical calculation of uric acid molecule by employing the B3LYP

functional, choosing a 6-311 + G basis set.

Table 3.1. DFT simulation, Raman and SERS band assignment of uric acid

Simulation Raman Assignment
457 466 490 C-N-C ring vibrations
549 496 526 CN bending
596 560 - Ring breathing mode
- 619 632 Skeletal ring deformation
- - 807 Ring vibrations
879 - 881 N-H bending
953 - - -
986 993 1013 Ring vibrations
- 1033 - Mixed vibrations: ring
1092 1115 1133 vibrations, C-O, C-C, C-N, and N-C-C
- 1229 1202 CN stretching, OH bending
1258 1282 = CN stretching
- - 1352 -
1405 1400 - -
1475 1500 - CC stretching
1585 - 1577 CN stretching
1658 1644 - C=0 stretching
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3.3.3 EC-SERS analysis

The EC-SERS spectral of 100 uM uric acid in aqueous solution were recorded by
collecting the spectrum at open circuit potential at first, and then stepping the applied

voltage in the negative direction from 0 mV to -2000 mV in 200 mV increment.

3.4 Results and discussion

The assignment of SERS bands for uric acid is displayed in Table 3.1. It could be
observed that the intensity signal was gradually enhanced with more negative applied
potential until the applied potential reached -1400 mV. The peak intensities of strongly
enhanced wavenumbers were calculated and shown in Fig 3.4 which were 632cm’!,
807cm™!, 88lcm’!, 1133cm™ and 1202 cm corresponding to the skeletal ring
deformation, ring vibration, N-H bending, C—O, C—C, C-N, and N-C—C stretching and
bending (Table 3.1). This phenomenon suggested that the uric acid molecule adopted
vertical mode and kept a distance from the surface [196]. When the potential was
applied up to -1600 mV, intensities of SERS bands were all weaken, which suggesting
that the detachment of the uric acid molecules from the surface occurred. Finally, all
bands could be hardly observed as the potential reaching -2000 mV. It suggested that
the uric acid molecules were away from the substrate because of the negative charge

density of uric acid molecule.
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Fig. 3.4 (a) SERS spectral of 100 uM uric acid in aqueous solution with different
potentials at the 12 s silver deposited carbon electrode on the PET substrate. The
potentials were stepped in 200 mV increment from 0 mV to -2000 mV vs Ag/AgCl.
Acquisition time: 60 s, laser power: 1.4 mW; (b) The peak intensities of SERS spectral
of uric acid at the wavenumber of 632 cm’!, 807 cm’!, 881 cm™', 1133 cm™! and 1202

cm’! when applied potential was -1400 mV. (c) The relationship between the SERS

intensity and applied potential. The acquisition time: 60 s and laser power: 0.5 mW.

Moreover, the potential-dependent behavior of uric acid absorbed on a SERS-
active surface is in line with the charge transfer mechanism [282], [283]. Different
applied potentials allowed alterations of the Fermi level of the metal. In this case, when
the applied potential was less negative than -1400 mV, it was insufficient to produce

the photon-driven CT state on the surface with excitation energy [273]. The bonding
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effect caused the change of relative SERS intensity [284], [285]. When the potential
was around -1400 mV, a significant enhancement in SERS intensity could be observed.
It implied that the excitation energy fitted with the required CT energy due to the
increase of the Fermi level. When the potential was more negative than -1400 mV, the
SERS signal decreased because the excitation energy did not fall into an ideal resonance
condition. Fig 3.4 ¢ shows the relationship between signal intensity and applied
potentials. The potential of -1400 mV shows the most enhanced SERS signal at the
peak of the curve which is consistent with the mechanism of charge transfer. As shown
in Fig 3.6, the limited of detection of uric acid reached 10 uM by EC-SERS
measurement which was 10 times more sensitive than that of previous work [274].
Cyclic voltammetry (CV) data was shown in Fig 3.5. It was interesting that the redox
peaks around -1400 mV in CV data were corresponding to the most enhanced EC-SERS

signal. This result was agreed with the work done by Goodall et al. [274].
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Fig 3.5 CV data of a) uric acid in 0.05M NaF solution on 12 sec deposited silver carbon
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Fig. 3.6 SERS spectral of I mM and 10 uM uric acid in aqueous solution with potentials
of -1400 mV vs Ag/AgCl. at the 12 s silver deposited carbon electrode on the PET

substrate. Acquisition time: 60 s, laser power: 1.4 mW.

3.5 Conclusion

The spectroelectrochemical investigation of uric acid indicated that applying a
proper negative potential on the electrode led to a significant effect on SERS signals
enhancements. Besides, limited of detection is 10 times better than previous EC-SERS

work which is considered as the benefit from the sputtering fabrication method.
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Chapter 4. EC-SERS Application for Aminoglutethimide
4.1 Introduction

Aminoglutethimide (AGI) is an aromatase inhibitor which is used clinically for the
treatment of hormone-dependent metastatic breast cancer [286]. For non-medical use,
it is abused by bodybuilders and other steroid users to minimize the levels of circulating
cortisol in the body and to prevent muscle loss. Also, the consumption of AGI by
athletes in official competitions is banned by the World Anti-Doping Agency [287].
With the growing global concern for drug abuse problems, alternative methods for
chemical identification that is efficient, easy-to-use, with simple instrumentation, but
still having excellent accuracy and high sensitivity are much desired.

Several approaches, for quantitatively detecting AGI, have been reported to control
its illegal use such as UV-VIS spectrophotometry, chromatography mass spectrometry
(LC-MS), capillary electrophoresis (CE) and surface-enhanced Raman spectroscopy
(SERS). UV-VIS spectrophotometry, LC-MS and CE require pre-treatment and have
low detection sensitivities (10 pg/mL, 100 pg/mL and 20 pg/mL, respectively) [85],
[88], [286]-[291]. SERS has gained much attention since 2010 because of the
combination of detailed structural information of the analyte with trace level sensitivity
down to a single molecule level with minimal sample preparation. However, certain
chemicals have weak SERS signal and thus modulation is needed.

SERS coupled with electrochemistry can be used to modulate the detected signal

of the analyte present on the metal surface at a chosen applied voltage. Compared with
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normal SERS, the electrochemical SERS (EC-SERS) technology provides enhanced
SERS signal and more ‘fingerprint” information of the molecular bonds and molecule-
surface bonds [208], [292]. Benefiting from the adjustable potentials on the electrode,
the orientation of the molecules on the substrate can be altered which affects the
intensity of the SERS signal. Both chemical and physical enhancements of SERS can
be influenced to a certain extent by applying an electrode potential. Also, the
electrochemical SERS sensor can be useful for detecting the signal of the analyte in a
biologically relevant environment, for observing how a molecular conformation and
orientation changes at different applied voltages, and also for measuring the
electrochemical stability of specific analytes.

In this chapter, EC-SERS as a satisfying method for the rapid and quantitative
detection of AGI is investigated. By several selected applied potentials, different
adsorption mode of AGI molecule interacting with the SERS-active substrate can be
observed, such as monodentate interaction through aniline or glutarimide moiety and
bidentate interaction through both moieties. Compared with the SERS technique, these
adsorption modes offer the advantages of enhanced signal intensity and more selectivity
of the AGI molecule. The EC-SERS sensor may become a useful tool for rapid and

routine analysis in anti-doping detection and patient biomarkers for on-site use.

4.2 Experimental Preparation

The potentiostat system and the preparation of SERS-active SPEs were the same

as those in Chapter 3.
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The Raman spectra and Raman images were obtained with a laser Raman confocal
microscope (RAMAN-11, Nanophoton, Japan) equipped with a Nikon 100X, NA =0.9
objective lens and an Olympus 20X, NA = 1.0, water-immersion objective lens, which
were used for measuring the Raman spectral of AGI power and E-SERS spectral of
AGTI in solution, respectively. The sample was illuminated with a line-shaped laser (532
nm) was about 2.8 mW / line (400 pixels) focused through the objective lens. Raman
scattering from the samples was collected by the same objective lens and guided to a
spectrophotometer with a slit width of 15 pm. The Raman signal was diffracted by a
600 grooves/mm grating (spectra resolution, 1.6 cm™) and detected by an air-cooled
CCD camera (-70 °C). Raman spectra were obtained from 1.25 pm x 167 um (3 x 400
pixels) area.

The AGI, sodium fluoride, and ethanol were purchased from Wako Pure Chemical
Industries, Ltd. A stock solution of AGI in ethanol at a concentration of 0.1 M was
prepared, and further dilutions were made under ethanol or Milli-Q water. Absolute
ethanol is of analytical grade (99.5% purity) and high-purity Milli-Q water has a
resistivity of >18.2 MQ-cm. For all EC-SERS measurements, 0.05 M NaF solution was
used as the supporting electrolyte and the volume of the solution was 30 uL. The pH
value of the buffer solution was 6.0.

Atomic force microscope (SPA400-AFM, Seiko Instruments Inc., Japan) was used
for analyzing the surface of the SERS-active SPE which was equipped with a calibrated

20 um xy-scan and 10 um z-scan range PZT-scanner. All AFM images were taken in
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dynamic force mode (DFM mode, i.e., tapping mode) at optimal force. A silicon
cantilever (OMCL- AC160TS, OLYMPUS), which has a spring constant of 42 N/ m
and a frequency resonance of 300 kHz, is also used for imaging in the air at room
temperature.

Theoretical calculations were made by using the Gaussian 09 software. Geometry
optimization is refined by employing the B3LYP functional, choosing a 6-311 + G basis
set. The Hessian was evaluated at the first geometry (opt = CalcFC) for the first level

in a series in order to aid geometry convergence.

4.3 Results and discussion

4.3.1 Normal Raman of AGI

Raman spectroscopy was used to characterize the solid AGI powder as shown in
Fig 4.1a. Analysis of the spectra shows the bands of C-C-C oop bending, C-H ip
bending / NH> rocking, C-NH stretching and C-H ip bending at 541, 1071, 1182 and
1200 cm™, respectively, suggesting that the aniline moiety exists in the powder form
of AGI. Meanwhile, the spectra show the bands of C-C aromatic oop, CH> rocking, C-
C-N bending / CHa, and C-H ip bending / C-NH: at 649, 720, 834 and 1216 cm’!,
separately, implying that the powder form of AGI contains glutarimide moiety. Normal
Raman spectroscopy exhibits poor sensitivity for the detection of analytes at low

concentration.
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Table 4.1 DFT simulation, Raman and SERS band assignment of AGI

. . . E-SERS with - E-SERS with -  E-SERS with AGI
Assignment Simulation Raman SERS 200mV 400mV 600mV Group
C-O bending 535w
€-C-C oop 541w 545w 566w 556w AN
bending
Ring ip bending 598m 602w 602w 609w 613w 607m
N—-C=0 bending 624w GI
CNC aromatic 638m 640w AN
bending
C-C aromgtlc 0op 649m GI
bending
CNC aromatic 658w 657m AN
bending
CHj; rocking 737w 720w 728m GI
764w 755w 759w 753m
793m 795m
CgHIj ii‘;j:;g / 802s 834s 840m Gl
C-H aromatic oop 889w 881m 891w 891w
bending
C(I;IH? ii‘g;‘;g / 956m 952w 954m 948m Ag-GI
987w 985w 985w 994w 972m
1003w 1009w Gl
1027w 1037w
C-C stretching/ 1060m 1045w 1053w
C-H ip bending / 1088w 107lm 1071w 1089m AN
NH; rocking
NH;* rocking 1113w 1115m
1129w 1131w
C-H ip bending / 1145m 1151w 1147s AN/GI
CH, twisting
1156m 1160w 1166w
C-NH stretching 1187w 1182w 1188m 1182w 1182m AN
C-H ip bending 1206w 1200w 1222w 1227w 1227m AN
C-H ip bending /
C-NH; aromatic 1216m GI
stretching
CH2 twisting 1259s 1245w GI
CH, wagging 1293m 1294m 1288w 1303m 1302s 1313s Ag-GI
¢ fﬁ;tjﬁ?;‘;a“" 1322w 13315 Ag-Gl
CHj; bending 1387w 1375m GI
CH; bending 1404w 1400w 1410m GI
CH; bending 1437m GI
CH; bending 1459w 1448m 1461w 1463w 1442m 1477w GI
%;%S:Ifgfi‘ﬁ?fg/ 1501w 1500m 1505w Ag-Gl
NH bending 1516w 1513w 1528w GI
NH;" rocking 1575s 1566m AN
C-C stretching 1605s 1596w 1607m AN
C-C stretching 1616s 1622s AN
C-0 asymmetric 16655 1682m Gl
stretching
C-O stretching 1704s GI
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In order to detect these analytes, surface-enhanced Raman spectroscopy (SERS)
was employed. The morphology of the silver island-structured film on the SPE is
recognized as the critical element of the SERS-based sensor. The nanostructured silver
surface is widely used for SERS technique which associates with the enhancement of
the electromagnetic field surrounding small objects optically excited near an intense
and sharp plasmon resonance [293]-[300]. The Raman signal is enhanced through the
localized surface plasmon resonance (LSPR) and chemical enhancement. The
adsorption of AGI on the different metallic NPs employed can be carefully studied by
analyzing the resulting SERS spectra. However, the measurement of a SERS signal
from AGI requires the adsorbate to approach the metal surface in order to benefit from
the electromagnetic near-field enhancement. This involves several processes: (a)
diffusion to the surface, (b) adsorption, which usually also implies the removal of other
chemical species adsorbed onto the surface, and (¢) self-assembly on the interface. The
adsorption is a crucial step since aqueous substrates impede the chemical interaction
with the surface, making the existence of chemical groups showing some affinity

toward the metal necessary.
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Fig 4.1 (a) Raman spectral of the AGI powder and (b) SERS signal of 0.1 mM AGI in
ethanol solution without applied potential. The acquisition time is 60 s and laser powers

are 0.5 mW and 2.8 mW, respectively.

AGI has two possible binding sites: aniline (AN) or glutarimide (GI), which
determine the interaction mechanism with the metal surface shown in Fig 4.2. Fig 4.2a

shows the interaction between AN moiety and silver nanoparticles. The NH3" rocking
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vibration from AN moiety is supposed to be enhanced under this type of adsorption
mode. Also, the SERS signals of N-H-N bending and CH> wagging will increase at the
adsorption mode from NH of GI moiety to the silver surface shown in Fig 4.2b. Fig
4.2¢ suggests the bidentate adsorption of AGI through both the AN and GI binding sites.
The SERS signals are predicted to be strongly enhancement through this adsorption

mode.

H,N

NH

H:N 0

silver surface
Fig 4.2 Different absorption methods which are a) aniline (AN) b) glutarimide (GI) and

¢) both aniline and glutarimide moieties interacting with the silver surface

In the present case, the SERS-active substrate is a modified screen-printed
electrode (SPE), as described in our previous work. The comparison of SERS spectra
in Fig 4.1b with the Raman spectrum of the power reveals an evident weakening or
disappearance of the C=0 stretching band 1704 cm™! (see Table 1 for assignment), thus
indicating that the interaction with the metal through the imide group is taking place.
The enhancement and appearance of CH, wagging and C-NH: aromatic can be

observed which correspond to the wavenumber 1288 and 1331 cm’!, respectively,
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manifesting a possible implication of GI moiety in the interaction with silver

nanoparticles on the SERS-active SPE.

4.3.2 Cyclic voltammetry

To investigate the surface interaction, cyclic voltammetry (CV) was performed.
The CV is a powerful tool for electrochemical study which reveals the electrochemical
properties of an analyte in solution or of a molecule that is adsorbed onto the electrode.
Fig 4.3 shows the CV graphs obtained from the buffer solution on the bare electrode
(blue curve), buffer solution on the silver sputtered electrode (red curve) and AGI
solution on the silver sputtered electrode (black curve). Compared with the two latter
CV data, it is apparent that the current significantly increases for the AGI solution on
the SER-active electrode. Moreover, the oxidation and reduction peaks can be observed
which are at the potentials of 200 mV and -160mV marked as the star () and solid
circle (®), respectively. It suggests that these two peaks are associated with the
protonation of the amino group placed in the aniline ring. It suggests that the interaction
mechanism of AGI with the substrate seems to take place through the aniline protonated
NH;" as following equation:

NH, + H* - NH7 (15)
While Ag and NH3 (ammonia) are considered to donate for the oxidation peak around
200 mV as expressed in the following chemical equations:

Ag,0 + 4ANHfH,0 - 2[Ag(NH3),] + 20H~ (16)

[Ag(NH3),]* + e~ » Ag + 2NH; (17)
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Therefore, the adsorption of AGI undergoes a definite change on the substrate
depending on the applied potential. This change is modulated by the protonation state
of both the amino group of aniline and the imide, which further determines its

interaction mechanism on the surface.
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Fig 4.3 Cyclic voltammogram of a bare electrode in buffer solution (blue line), a bare
SERS-active electrode in buffer solution (red line), and a SERS-active electrode

containing the AGI in buffer solution (black line). Scan rate: 50 mV s°!

4.3.3 EC-SERS analysis

As shown in Fig. 4.4, the EC-SERS spectral of 0.1 mM AGI in the buffer solution is

recorded by collecting the spectrum at 0 mV, at first, and then stepping the applied
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voltage in the negative direction from 0 mV to -1000 mV in -200 mV increment. The
assignments of SERS bands for AGI are displayed in Table 4.1. At the applied potential
of -200 mV, the intensity signal of EC-SERS spectrum appearing at 1575 cm!
increased, compared with the normal SERS spectrum. These bands can be assigned to
NH3" rocking, which can be attributed to the anilinic part of AGI (see Table 1). This
phenomenon suggests that the amino group placed in the anilinic ring is protonated and
may interact with the surface by electrostatic interaction, forming an ionic pair with the
anionic species already adsorbed on the metal surface [301]. This is also demonstrated
by the CV data presented. When the applied potential increases to -400 mV, EC-SERS
spectrum is dominated by the intense bands appearing at 1147, 1302 and 1566 cm™',
which can be assigned to C-H / CH; bending (1147 cm™), CH, wagging (1302 cm™')
and NH3" rocking (1566 cm™). These bands can be attributed to both the aniline and
glutarimide parts of AGI. The adsorption seems to take place through a simultaneous
interaction with both AN and GI moieties. This result suggests that bidentate adsorption
of AGI through both the AN and GI binding sites seems to occur at the applied potential
of -400 mV. When applied potential reaches -600 mV, the SERS peak of NH3* rocking
(1566 cm™) attributed to the AN part disappears. By contrast, stronger GI bands are
examined at the wavenumber of 948 and 1313 c¢cm™ corresponding to C-N-C / CH3
bending and CH» wagging, respectively. It indicates that the interaction mode between

adsorbates and substrate turns from the bidentate to the monodentate interaction again.
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Fig. 4.4 SERS spectral of 0.1 mM AGI in buffer solution with different potentials at the

SERS-active electrode. The assignments marked in the graph: C-N-C / CH3 bending

(948 cm™), C-H / CH; bending (1147 ¢cm™), CH> wagging (1313 cm™') and NH;5"

rocking (1566 cm™). The potentials are ramped at -200 mV increment from 0 mV to -

1000 mV vs Ag/AgCl. Acquisition time: 60 s, laser power: 2.8 mW.

Moreover, the charge distribution of the amino group in aniline moiety is more

negative than that of imino group in glutarimide moiety according to the simulation

results shown in Fig 4.5. It explains why the signal from glutarimide moiety is observed

to increase as the applied voltage is made more negative. Fig. 4.6 shows the proposed
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orientations of the AGI molecule on the AgNPs electrode surface at different applied

potentials, which are based on interpretation of EC-SERS spectral data.

Color Range: —0.938 | to 0,938

Fig. 4.5 The structure of the AGI molecule in stick-ball mode with the charge density

shown in color calculated by B3LYP/6-311 + G.

Besides the potential-induced reorientation, the enhancement of signal intensity
may suggest a possible potential-dependent behavior of the AGI molecule at the
electrode surface. As the potential is made progressively more negative to -400 mV,
some peaks of observed SERS signal increases have increased by over an order of
magnitude. Further applied a more negative potential, the observed SERS signal turns
into a decrease. This potential-dependent behavior of AGI absorbed on a SERS-active

surface is in line with the charge transfer mechanism [201], [282], [302]-[304].
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Different applied potentials allowed alterations of the Fermi level of the metal. In this
case, when the applied potential was less negative than -400 mV, it was insufficient to
produce the photon-driven CT state on the surface with excitation energy. The bonding
effect caused the change of relative SERS intensity. When the potential was around -
400 mV, a significant enhancement in SERS intensity could be observed. It implied
that the excitation energy fitted with the required CT energy due to the increase of the
Fermi level. When the potential was more negative than -400 mV, the SERS signal

decreased because the excitation energy did not fall into an ideal resonance condition.
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Fig. 4.6 Proposed orientation of the AGI molecule on the AgNPs electrode surface,
based on interpretation of spectral data. The applied potentials: at (a) —200 mV, (b)

=400 mV, (c) -600 mV and (d) from -800 to -1000 mV vs. Ag/AgCl.

4.3.4 Sensitivity and reproducibility of detection

A low background signal (Fig 4.7b) has been observed from the fabricated

electrode and a high signal-to-noise ratio can be expected. Also, this study shows how
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powerful EC-SERS can be for the detection of analytes, as compared with
nonelectrochemical SERS, it provides the opportunity to drive the analyte to the surface
through electric field and surface charge manipulation. Besides, bidentate interaction
of AGI on the surface results in much improved SERS signal at applied negative
voltages, as evidenced in Fig 4.6. The use of the EC-SERS can come into being the

effect of increasing the SERS intensity of the target analyte by approximately 2 orders

of magnitude.

I 1.8 ADU mW's”

Intensity (a.u.)

400 600 800 1000 1200 1400 1600
Wavenumber (cm")

Fig 4.7 a) EC-SERS signals of AGI on the silver-deposited carbon screen-printed
electrode (SPE) with -400 mV potential applied. b) background signal on the silver-

deposited carbon SPE. ¢) AGI in buffer solution on the bare carbon SPE.
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The SERS intensities registered for the quantitative study are acquired four times
for each concentration which is shown in Fig 4.8a. Finally, Fig. 4.8b shows the limit of
detection (LOD) calculated for a signal-to-noise ratio of Fig. 4.8a. The linearity occurs
in the range from 1 x 10 M to 2 x 10”7 M and the square R of the linear curve is 0.98.
Compared with previous SERS study, this report has a broader detection range and low-
volume solution but has a relatively lower sensitivity. Two factors, which are the
surface interacting area and different particle shapes, are the considered cause. In the
previous study [291], the whole surface area of the nanoparticle is available to have
interaction with AGI molecules. In this study, the island structure of nanoparticles on
the chip limits the interacting area in this work to the exposed area only. Still, it is
thought that the silver film could provide a more stable signal than a loosely bound
silver particle. Regarding the particle shape, the triangular nanoprism-shaped silver
nanoparticles performed the highest sensitivity to AGI molecule among other shapes of
nanoparticles. The effect of the shape of the surface is not investigated in this current
study. In the future, the triangular nanoprism or other different shapes of AgNPs will

be considered to apply for our EC-SERS studies.
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Fig. 4.8 (a) EC-SERS spectra at the applied potential of -400 mV vs Ag/AgCl with

enhanced peak signal at 1147 cm™. I, 1L, I1I, IV, V and VI corresponding to the different
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concentration of the AGI solution of 1x104, 1x107, 5x10, 1x107%, 5x10-7 and 2x10~’
M, respectively (b) Calibration curve of different drug concentrations of AGI with good
linear dependence (R? = 0.98) ranging from 1x107 to 2x10”. Error bar represents

standard deviation where n = 4.

4.4 Conclusion

The AGI at the low level of concentration was successfully detected on the SERS-
active SPE. Cyclic voltammograms (CV) was used to investigate the surface interaction
of the AGI molecule. The result shows that the adsorption of AGI on the substrate varies
depending on the applied potential. This change is modulated by the protonation state
of both the anilinic amino group and the imide, which further determines its interaction
mechanism on the surface. The surface interaction mechanism of AGI molecule can be
studied through the changes of EC-SERS spectral at different applied potentials. When
the applied potential is at -400 mV, the bidentate adsorption of AGI through both the
AN and GI binding sites occurs on the surface, which exhibits the most enhanced peak
intensities among the other applied potentials. The C-H in-plane bending of the AGI
(corresponding to the wavenumber of 1147 cm™') showed the strongest peak intensity
among the other peaks at -400 mV applied potential. A linear dependence of different
concentrations in the AGI range occurs from 2 x 10”7 to 1 x 10> M, which corresponds
to the range from 40 ng/ml to 2 pg/ml. Compared with the normal SERS spectral
(without applied potential), not only more selective peak signals appeared but also

increasing signal intensities of the target analyte could be observed through the EC-
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SERS spectra. EC-SERS is a promising analytical apparatus that can be employed in
the monitoring and rapid detection of the AGI molecule. Future studies will focus on
the substrate improvement and explorations of AGI detection in human metabolites

such as urine.
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Chapter 5. Study of the Mechanism of EC-SERS

5.1 Introduction

Through the EC-SERS experiments of uric acid and AGI, the intensity change and
wavenumber shift of SERS spectra can be observed due to the change of molecule
orientation and adsorption mode. The EC-SERS experiment of pyridine is conducted
in this chapter in order to evaluate the performance of SERS-active SPE and master the
SERS characterization as well. The first observation of SERS is from the pyridine
adsorbed on electrochemically roughened silver electrode [166]. Till now, thousands of
papers are published for studying the pyridine molecule regarding the vibration mode,
adsorption mode, selection rules of SERS. This information assists in understanding

the features of electrochemical SERS.

5.2 Experimental Preparation

The Raman confocal microscope, potentiostat system, theoretical calculations and
the preparation of SERS-active SPEs were the same as those in Chapter 4.

The Pyridine (Py), sodium fluoride, and potassium chloride were purchased from
Wako Pure Chemical Industries, Ltd. 0.01 M pyridine + 0.05 M potassium chloride
were prepared, and further dilutions were made under Milli-Q water. High-purity Milli-
Q water has a resistivity of >18.2 MQ-cm. 0.05 M NaF solution was used as the
supporting electrolyte for EC-SERS experiments, and the volume of solution for

measurement was 30 pL.
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Theoretical calculations were made by using the Gaussian 09 software. Pure liquid
Py can be reproduced well using the DFT calculation for free Py at the B3LYP/6-

311+G**(C, N, H) level [208], [305].

5.3 Results and discussion

The Py molecule has 11 atoms and C,, symmetry point group which is shown in
Fig 5.1. For the molecular coordinates, the x-axis is perpendicular to the molecular
plane, the y-axis along the molecular plane and the z-axis is along the C,. Thus, all these

modes are Raman active under the C,, point group [166], [306].

Vé6a Vi V12
626 cm! (ring deformation) 1009 cm-! (ring breathing) 1037 cm! (ring deformation)
1218 cm! 1592 ¢cm-!
(ring stretch) (ring stretch)
V9a V8a

Fig. 5.1 selected normal modes of pyridine.

The potential dependent spectral character is the key issue to be investigated in

detail. Fig 5.2 shows the SERS spectra of pyridine with different applied potentials.
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The potentials are ramped at -200 mV increment from 0 mV to -1000 mV vs Ag/AgCl.
By observing the SERS spectra, there are two changes when the applied potential
negatively moves. One is the peak frequencies shift, and the other is the change of the
signal intensity. For the former phenomenon, it can be observed that the wavenumber
of 1009 and 1037 cm™ shifts to 1007 and 1035 cm™! when the potential applied from -
200 mV to -400 mV. For the latter phenomenon, the wavenumber of 626, 1218 and
1592 cm™! become stronger at the applied potential of -600 mV. Besides, the SERS
intensity at the wavenumber of 1007 and 1035 cm™! also changes with different applied
potentials. Moreover, the SERS signal decreases rapidly when the negative movement
of potential to -800 mV, and no SERS signal can be observed when the potential reaches
to -1000 mV. The understandings for frequency shift and change of signal intensity are

considered as follow.

5.3.1 Frequency shift

The reason for frequency shift is considered relating to the binding interaction
between Py molecule and silver nanostructured surface. Therefore, it is essential to
understand the adsorption mode of Py to the silver nanostructured surface. There are
three different kinds of adsorption modes which are flat configuration with m-type
bonding, an upright configuration with a o bond through the lone-pair electron donation
to the unoccupied orbital of metal atoms, and a tilted configuration with a cooperative

contribution from the m and o interaction [307].
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Fig. 5.2 SERS spectral of 0.01 mM pyridine + 0.05 M KCL in 0.05 M NaF solution
with different potentials at the SERS-active electrode. The potentials are ramped at -
200 mV increment from 0 mV to -1000 mV vs Ag/AgCl. Acquisition time: 60 s, laser

power: 2.8 mW.

In this case, Py molecule binds to the silver surface through the long-pair electrons
of nitrogen, which adopts an upright configuration. It interacts with the conductance
band of the silver surface through o-type bonding from the 2b; orbital. When the
potential moves negative direction, the antibonding character decreases which leads to
the shift of frequencies of v, modes corresponding to the wavenumber of 1009 cm!

[284]. Besides, due to the interaction between the o-type orbitals and metal surfaces,
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the frequency of the ring deformation mode of aromatic rings decreases significantly at
the flat configuration. It causes the shift of frequencies of v,, modes corresponding to
the wavenumber of 1037 cm!. In conclusion, the adsorption bond of Py molecule to
the silver surface will weaken when the applied potential negatively moves, leading to

the shift in the vibrational frequencies.

5.3.2 Change of SERS intensity

The CT mechanism is considered as the main factor for SERS intensity change
[214], [267], [268], [280], [309]-[312]. When the applied potential reaches -600mV,
The result shows the SERS signal of the v,, v,, vy, and v¢, modes corresponding to the
wavenumber of 626, 1007, 1218 and 1592 cm™ are strongly enhanced when resonance
condition is satisfied [208]. While the SERS signal of the v, band (1037 cm™)
decreases because of the electron transition from the Fermi level of the silver surface
during the CT process [313]. Besides, the Huang—Rhys factor is introduced in order to
measure the displacement of the adsorbed molecule at the excited and ground states in
the CT process. For the vg,, v, vo,, and vy, modes, the Huang—Rhys factor are 0.152,
0.309, 0.339 and 0.288, respectively. While for v;, mode, the Huang—Rhys factor is
only 0.035. Therefore, the former four modes are greatly magnified compared with the

latter one [314].
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5.3.3 EC-SERS of uric acid and AGI

Compared with EC-SERS experiments of pyridine, the SERS signals of uric acid
changes differently when negative potential is applied. There are no apparent peak
shifts for the EC-SERS experiments of uric acid. It is considered the adsorption bond
of uric acid is not enhanced or weaken when changing different potentials, resulting in
the no blueshift or redshift in the vibrational frequencies. For the SERS intensity, the
intensity signal increases and then decreases with the negative movement of the
electrode potential. Combined with Fig 1.9, this change of SERS intensity could be
explained through the photon-driven CT from metal to molecule using the concept of
energy level or energy states. In this case, the applied potential of -1400 mV is like to
the V2 in Fig 1.9, which leads to the excitation energy matching the required CT energy,
causing a significant enhancement in the SERS intensity. When applied the potential is
less or more than -1400 mV, the excitation energy does not fall in an ideal resonance
condition. Therefore, the SERS signal will decrease.

About the EC-SERS experiment of AGI, it is more complicated that the absorption
mode of AGI changes when applied different potentials. When applied potential
reaches -200 mV, the SERS signal of wavenumber of 1575 ¢cm™' increased which
assigned to the NH3" rocking of anilinic part of AGI. It implies that of the monodentate
interaction between aniline moiety and silver nanoparticles. When applied potential to
-400 mV, SERS intensities are strongly enhanced appearing at the wavenumber of 1147,

1302 and 1566 cm™!, which can be assigned to C-H / CH; bending, CH, wagging and
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NH3" rocking, respectively. These bands can be attributed to both the aniline and
glutarimide parts of AGI. This phenomenon suggests that interaction mode between
adsorbates and substrate turns from the monodentate to the bidentate interaction. When
applied potential increases to -600 mV, SERS intensities are decreased at the
wavenumber of 1147 and 1566 cm!, which are attributed to aniline moiety. In contrast,
GI bands can be observed at the wavenumber of 948 and 1313 cm™! corresponding to
C-N-C / CH; bending and CH» wagging, respectively. It indicated that the interaction
mode turns from the bidentate to the monodentate interaction between glutarimide

moiety and silver nanoparticles.

5.4 Conclusion

The pyridine molecule is successfully detected on the silver-sputtered carbon SPE.
From the EC-SERS experiments, the phenomenon of wavenumber shift and SERS
intensity change can be observed. The reason can be explained through analyzing the
adsorption bond of Py molecule to the silver surface and CT mechanism. It helps to
understand the mechanisms of SERS and EC-SERS spectra from electrochemical

adsorption and reaction.
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Chapter 6. Conclusion and Future Remarks

The fabrications of SERS-active electrodes have been successfully conducted
through sputtering deposition. On both carbon and gold working electrodes, the island
structures of silver nanoparticle can be observed through 12 s sputtering deposition. It
is worth mentioning that thickness errors of continuous 5 batches of silver sputtering
coating are =0.1 nm which shows fairly good reproducibility by sputtering deposition.
It is reasonable to conclude that the sputtering method is extremely applicable for the
manufacture of SERS-active SPEs. Through this rapid, reproducible and mass
producible fabrication method, it is considered as a promising analysis platform.

According to the SERS experiments of R6G, the SERS signals of 12 s silver-
deposited film were the strongest among those at the other structure of silver-deposited
films for both carbon and gold working electrodes. Compared with Ag/C structure, the
SERS enhancement of Ag/Au structure was much stronger. The enhancement factors
of Ag/C and Ag/Au structure were estimated as 2.8 x 10° and 2.2 x 107, respectively.

The three kinds of substrates (glass epoxy, paper, and PET) have used for
fabricating SERS-active SPE. The SERS signals were able to be observed at all kinds
of the substrate even at the paper electrode which demonstrated the applicability of the
sputtering method for producing SERS-active SPEs. Among the three kinds of
substrates of SPE, SERS signals of R6G were the most enhanced on the PET substrate.

Low background noise of SERS signals and a high signal-to-noise ratio could be

observed on the SERS-active SPE fabricated by the sputtering deposition method. In
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addition, larger surface adsorption area for target molecules is present and further
surface modification can be easily done if desired. As the results, the sensitivities of
uric acid and pyridine are both higher than previous EC-SERS works.

The spectroelectrochemical investigation of uric acid indicated that applying a
proper negative potential on the electrode led to a significant effect on SERS signals
enhancements. It could be observed that the intensity signal was gradually enhanced
with more negative applied potential until the applied potential reached -1400 mV. The
peak intensities of strongly enhanced wavenumbers were calculated which were 632cm-
1,807cm!, 881cm!, 1133c¢m™! and 1202 cm!. This phenomenon suggested that the uric
acid molecule adopted vertical mode and kept a distance from the surface. Besides, it
implied that the excitation energy fitted with the required CT energy due to the increase
of the Fermi level. It was interesting that the redox peaks around -1400 mV in CV data
were corresponding to the most enhanced EC-SERS signal. The limited of detection of
uric acid reached 10 uM by EC-SERS measurement which was 10 times more sensitive
than that of previous work.

The AGI was successfully detected on the SERS-active SPE at a low level of
concentration. The result shows that the adsorption of AGI on the SERS-active SPE
varies depending on the applied potential through the Cyclic voltammograms (CV)
analysis. The change of EC-SERS spectra at different applied potentials suggests the
surface interaction mechanism of AGI molecule. When the applied potential is at -

400mV, the bidentate adsorption of AGI occurs on the surface, which manifests the
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most enhanced peak intensities among the other applied potentials. A linear dependence
of different concentrations in the AGI range occurs from 2 x 107 to 1 x 10° M.
Compared with the normal SERS spectral, both more selective peak signals appeared
and increasing signal intensities of the target analyte could be observed through the EC-
SERS spectra.

EC-SERS is a promising analytical tool that can be used in the monitoring and
rapid detection of the molecule. By properly applied potentials on the electrode, the
surface condition can be changed to a suitable state for biomolecule interaction. It
benefits both the enhanced sensitivity of SERS signal and the selectivity for detection.
It is convinced that EC-SERS technology will play an essential role in the growing

demand in biological and biomedical applications in the future.
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Appendix a.

Ag 5nm

Software and regression log

Software about

Semilab - Spectroscopic Ellipsometry Analyzer - SEA

Software version

15.2

Officially licensed to

Semilab Japan

Operator

Operator

Date and time of regression

07-07-2016 12:11

Comments

Overview
EMA (Phase 1)
Thickness = 5.2 nm
Quartz (Substrate)
Optical model
Phase 1 EMA
EMA Ag + Dispersionlaws
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Measurement information

Measurement file path

C:\SAM SUITE\Result\Measured Data\V0005\Ag\Ag 5nm.smdx

Angle of Incidence

60.3°

Regression details

Regression 1 (EllipsoReflectance)

Wavelength range

290.08 - 976.21 nm

Angle of Incidence 60.3°
Fit to WA
Angular Aperture 0°
Fit algorithm LMA
Results
Parameters Value | Fitted I 2 o confidence limit | Unit
Model
AOI Shift °
Angular Aperture °
Phase 1 (EMA)
Thickness 5.243 X 10.00023 nm
Depolarization coefficient | 0.33333
Concentration 1 0.2499 X 16454450.83395
Concentration 2 0.7501 X | 49388988.95453
B (um”2) -0.82237 X |0.05141 pmA2
C (pm*"4) 0.05303 X 10.00404 pm”4
D 2.97095 X 10.28167
E (pm*2) 0.16867 X 10.07771 pm”2
F (pm*4) -0.0485 X 10.0058 pm*4
N_inf 3.73198 X [0.13979
Derived parameters Value
Phase 1 (EMA)
n @ 550 nm 1.2213
k @ 550 nm 3.1063
n @ 632.8 nm 1.5476
k@ 632.8 nm 3.3564
Substrate (Quartz)
n @ 550 nm 1.4629
k @ 550 nm 0
n @ 632.8 nm 1.4598
k @ 632.8 nm 0
Fit quality
R*2 0.95097
RMSE 0.90298
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Correlation coefficients

Ph1 - EMA - Thickness --- Ph1 - Concentration 1 -0.0172
Ph1 - EMA - Thickness --- Ph1 - Concentration 2 -0.0172
Ph1 - EMA - Thickness --- Ph1 - Cauchy - B (um*2) 0.8872
Ph1 - EMA - Thickness --- Ph1 - Cauchy - C (um*4) -0.8778
Ph1 - EMA - Thickness --- Ph1 - Cauchy - D -0.6804
Ph1 - EMA - Thickness --- Ph1 - Cauchy - E (um*2) 0.2825
Ph1 - EMA - Thickness --- Ph1 - Cauchy - F (um”*4) -0.06
Ph1 - Concentration 1 --- Ph1 - Concentration 2 1

Ph1 - Concentration 1 --- Ph1 - Cauchy - B (um*2) 0.0016
Ph1 - Concentration 1 --- Ph1 - Cauchy - C (um*4) -0.0004
Ph1 - Concentration 1 --- Ph1 - Cauchy - D 0.0307
Ph1 - Concentration 1 --- Ph1 - Cauchy - E (um*2) -0.0184
Ph1 - Concentration 1 --- Ph1 - Cauchy - F (um?*4) 0.0112
Ph1 - Concentration 2 --- Ph1 - Cauchy - B (um*2) 0.0016
Ph1 - Concentration 2 --- Ph1 - Cauchy - C (um*4) -0.0004
Ph1 - Concentration 2 --- Ph1 - Cauchy - D 0.0307
Ph1 - Concentration 2 --- Ph1 - Cauchy - E (um*2) -0.0184
Ph1 - Concentration 2 --- Ph1 - Cauchy - F (um”*4) 0.0112
Ph1 - Cauchy - B (um*2) -— Ph1 - Cauchy - C (um”4) -0.9747
Ph1 - Cauchy - B (um*2) -—- Ph1 - Cauchy - D -0.5552
Ph1 - Cauchy - B (um*2) -— Ph1 - Cauchy - E (um*2) 0.1994
Ph1 - Cauchy - B (um*2) -—- Ph1 - Cauchy - F (um*4) -0.0037
Ph1 - Cauchy - C (um”4) --- Ph1 - Cauchy - D 0.6973
Ph1 - Cauchy - C (um*4) --- Ph1 - Cauchy - E (pm*2) -0.3918
Ph1 - Cauchy - C (um*4) --- Ph1 - Cauchy - F (um*4) 0.2062
Ph1 - Cauchy - D --- Ph1 - Cauchy - E (um*2) -0.8898
Ph1 - Cauchy - D --- Ph1 - Cauchy - F (pm*4) 0.7626
Ph1 - Cauchy - E (um#2) -— Ph1 - Cauchy - F (um*4) -0.9732
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Appendix b.

Ag 10nm

Software and regression log
Software about Semilab - Spectroscopic Ellipsometry Analyzer - SEA
Software version 152
Officially licensed to Semilab Japan
Operator Operator

Date and time of regression

07-07-2016 12:18

Comments

Overview

EMA (Phase 1)
Thickness = 9.7 nm

Quartz (Substrate)

Optical model

Phase 1

EMA

EMA

Ag + Void
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Measurement information

Measurement file path

C:\SAM SUITE\Result\Measured Data\V0005\Ag\Ag 10nm.smdx

Angle of Incidence

60.3°

Regression details

Regression 1 (EllipsoReflectance)

Wavelength range

290.08 - 976.21 nm

Angle of Incidence 60.3°
Fit to Y. A
Angular Aperture 0°
Fit algorithm LMA
Results
Parameters Value | Fitted | 2 o confidence limit | Unit
Model
AOI Shift 0 °
Angular Aperture 0 °
Phase 1 (EMA)
Thickness 9.727 X 0.00004 nm
Depolarization coefficient | 0.33333
Concentration 1 1.01487 X 188369.48695
Concentration 2 -0.01487 X | 2759.54419
Derived parameters Value
Phase 1 (EMA)
n @ 550 nm 0.126
k @ 550 nm 3.3822
n@ 632.8 nm 0.1365
k@ 632.8 nm 4.0355
Substrate (Quartz)
n @ 550 nm 1.4629
k @ 550 nm 0
n@ 632.8 nm 1.4598
k @ 632.8 nm 0
Fit quality
RA2 0.99601
RMSE 0.40988
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