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ABSTRACT OF THE DISSERTATION

Graphene-Plasmonic Hybrid Platform

for Label-Free SERS Biomedical Detection

By
Pu Wang

Doctor of Philosophy in Materials Science and Engineering
University of California, Los Angeles, 2015

Professor Ya-Hong Xie, Chair

Surface Enhanced Raman Scattering (SERS) has attracted explosive interest for the
wealth of vibrational information it provides with minimal invasive effects to target
analyte. Nanotechnology, especially in the form of noble metal nanoparticles exhibit
unique electromagnetic and chemical characteristics that are explored to realize ultra-
sensitive SERS detection in chemical and biological analysis. Graphene, atom-thick
carbon monolayer, exhibits superior chemical stability and bio-compatibility. A
combination of SERS-active metal nanostructures and graphene will create various

synergies in SERS.

The main objective of this research was to exploit the applications of the graphene-
Au tip hybrid platform in SERS. The hybrid platform consists of a periodic Au nano-
pyramid substrate to provide reproducible plasmonic enhancement, and the

superimposed monolayer graphene sheet, serving as “built-in” Raman marker.
i



Extensive theoretical and experimental studies were conducted to determine the
potentials of the hybrid platform as SERS substrate. Results from both Finite-Domain
Time-Domain (FDTD) numerical simulation and Raman scattering of graphene
suggested that the hybrid platform boosted a high density of hotspots yielding 1000

times SERS enhancement of graphene bands.

Ultra-high sensitivity of the hybrid platform was demonstrated by bio-molecules
including dye, protein and neurotransmitters. Dopamine and serotonin can be detected
and distinguished at 10"° M concentration in the presence of human body fluid. Single
molecule detection was obtained using a bi-analyte technique. Graphene supported a

vibration mode dependent SERS chemical enhancement of ~10 to the analyte.

Quantitative evaluation of hotspots was presented using spatially resolved Raman
mapping of graphene SERS enhancement. Graphene plays a crucial role in quantifying
SERS hotspots and paves the path for defining SERS EF that could be universally
applied to various SERS systems. A reproducible and statistically reliable SERS
quantification approach using the hybrid platform was proposed. The SERS mapping
based approach not only leverages the ultra-sensitivity but also minimizes the spot-to-

spot variations.

Feasibility of biomedical diagnosis with the hybrid platform was exploited by colon
cancer cell sensing and time-dependent SERS of amyloid [ protein monomer. The
capabilities of the platform are demonstrated by colon cancer cell detection in simulated
body fluid background with cell concentration down to 50 cells /mL. Sensitivity of 95%

was evidenced by Principle Components Analysis (PCA). Besides, a noticeable



evolution profile of the AR SERS peaks was observed and attributed to the AP
configurational change. Taken together, the results suggested the graphene-plasmonic
hybrid platform can potentially deliver a biomedical detection and diagnostic imaging

platform with superior sensitivity and resolution.
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Introduction

1.1 Motivation and Innovation of Thesis

There has been a burgeoning interest in surface-enhanced Raman scattering (SERS)
ever since its discovery 40 years ago [1]. The application of SERS via plasmonic
nanostructures spans analytical chemistry, materials science to biological sensing and
imaging [2-7]. Various metallic nanostructures with tunable plasmonic properties have
been widely explored as excellent SERS active systems [8-14]. In spite of the tremendous
boost in new SERS-active platforms and their applications reported in the literature [5],
the SERS mechanisms are still under debated and few SERS based techniques have

paved their way to clinical world [15-16].

In 2004, graphene, the very first two-dimensional (2D) carbon atomic crystal was

discovered [17]. The extraordinary properties [18-20] and the 2D nature offer exciting



opportunities for the development of a novel SERS system that could overcome the

drawbacks of the traditional metallic nanostructure systems.

A combination of SERS-active metal nanostructures and bio-compatible monolayer
graphene creates various synergies. The main thrust of this dissertation is to build upon
graphene-plasmonic hybrid system to present a new system for investigation of SERS
mechanisms; demonstrate a general platform for ultra-sensitive bio-molecular SERS
detection; develop novel proof-of-principle technologies for biological diagnosis
involving neurotransmitters, proteins and cells. Several novel and significant approaches

and results will be presented in this work:

Graphene-Au tip Hybrid Platform: The platform has favorable characteristics such as

chemical stability, reproducibility and ease for functionalization as well. The significant

sensitivity of the platform is demonstrated both theoretically and experimentally.

Ultra-Sensitive Biomolecular _detection: Single molecule level detection via bi-analyte

SERS is demonstrated using the hybrid platform. We overcome the inherent spot-to-spot
variations observed in conventional SERS systems and show statistically reproducible

signal response at below picomolar concentration regime.

Reproducible SERS Quantification: Graphene plays a key role in the hybrid platform

to not only precisely describe SERS hotspots distribution and localized enhancement, but
also quantify the anaylte concentration in a statistically reliable way via Raman mapping.

The integration of graphene into SERS systems will benefit research on SERS



mechanisms, and may also lead to the development of SERS based technique for

bioanalytical applications.

SERS Monitoring: The hybrid platform has been utilized in essential biological entities

including neurotransmitters, disease-associated protein, and cancer cells. The potentials
for monitoring configurational and compositional change at molecular level are shown,

which opens up exciting opportunities for further exploitation of SERS.

Through the advances highlighted above, this thesis work establishes a solid
foundation for realizing a novel graphene-Au nano-pyramid SERS platform that meet

challenges not attainable with currently available SERS platforms.

This chapter introduces background on SERS in Chapter 1.2 and graphene in
Chapter 1.3 that is required for appreciation of the research presented in this dissertation.

Chapter 1.4 presents the outline of the dissertation.

1.2 Surface Enhanced Raman Spectroscopy (SERS)

Raman spectroscopy [21] is a valuable tool in many research fields. The technique
extracts detailed vibrational information and provides unique Raman fingerprints from all
kinds of samples. The ease to acquire Raman measurements, little need for sample
preparation, non-destructive nature and minimal waste make Raman an attractive
analytical technique. However, Raman signals are inherently weak [22] and therefore
prohibit the investigation of substances in low concentrations. The challenge originates
from the extremely small cross section of inelastic scattering event. In 1974 Fleischmann

et al. [1] observed enhanced Raman signal of pyridine absorbed on rough silver surface
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and discovered SERS. This phenomenon has given Raman a tremendous boost in
attention. Metal nanostructures are ideal SERS platforms due to the formation of hotspots,
which are very small regions (usually nano-gaps) where local electromagnetic field are
highly enhanced [23]. When target species are located in the vicinity of hotspots their
Raman signals are significantly amplified. The local SERS enhancement at hotspots

exceeds 10'° and thus makes the detection of a single molecule possible [6].

The ultra-high sensitivity demonstrated by single molecule surface-enhanced Raman
scattering (SM-SERS) [24-25] elevated SERS to the very restrict group of analytical
techniques capable of reaching ultimate detection limit [26]. One advantage that separates
SERS from other single-molecule techniques such as fluorescence spectroscopy [27] is
that Raman signals contain unique vibrational information from the analyte of interest

and thus allow for much higher specificity in structure and configuration.

1.2.1 Nanotechnology for SERS

Gold, silver and copper support surface-plasmons excitation in the visible region and
their nanostructures are verified to be effective SERS platforms [28]. Metallic
nanostructure based SERS systems are designed such that the nano-features concentrate
incident electromagnetic energy to yield a plasmonic response for either direct (label-free)
sensing or indirect sensing [29-31]. The excitation of surface-plasmons contributes to
enhancement in the localized EM field around the metallic nano-features [32] and thus

surface-enhances both the excitation light and scattered radiation.

Research focus on SERS-active metallic nano-structrues is justified by the wide

opportunities in optimizing nano-structrues to maximize the SERS output [33], since the
4



enhancement is largely dependent on parameters like size, shape, and arrangements of
nano-features. SERS-active platforms can be arbitrarily divided in two categories: (1)
Metallic nanoparticles (MNPs) [34-36]; (2) Nano-structure arrays fabricated on solid

substrates by lithography or template synthesis [37-39].

Synthesis strategies of MNPs have been exhaustively investigated with many well
established techniques [40]. One easiest way to achieve SERS is using MNPs in
suspension in the presence of analyte in a certain concentration. Another approach
includes immobilizing MNPs on planar substrates as SERS platforms. The nano-gaps
between MNPs when they aggregate in the solution serve as SERS hotspots where
analyte molecules are trapped [41]. Au and Ag nanoparticles (NPs) [23, 38] are most
widely used due to high SERS enhancement. In spite of good SERS performance and

ease to use, reproducibility and sampling issues remain to be challenge.

Tunable nano-structrue morphology is required for SERS to reach a new level of
applicability. Many SERS substrates are also developed by template, nanolithography
and other techniques [42-44]. Such techniques allow for fine control over the size, shape
and arrangement of the nano-features. Numerical simulations are often used for SERS
substrate design [45, 46]. The control over geometric parameters opens up possibilities
for creating SERS substrates with high reproducibility in SERS intensities. Periodic
nano-structures and micro-arrays of MNPs have been prepared using electron beam
lithography (EBL) and focused ion beam (FIB) techniques [47, 48]. Moreover, the use of

template directed synthesis allows mass production of SERS substrates.



Though much efforts have been spent on improvement of techniques to fabricate
nano-structured substrates in recent 20 years, there are still arguments that they are at
rather rudimentary stages and techniques to produce highly reproducible substrates at
relatively low cost are expected to come. The increasingly deepened understanding of
SERS mechanisms, allied with the great advances in nano-fabrication as well as other
synthetic techniques for metallic nano-structrue preparation, will facilitate the

applications of SERS to a larger extent.

1.2.2 SERS Platforms for Biological Detection

Researchers have focused on the exploration of promising analytical applications of
SERS for over 30 years and currently SERS has extensively been used in biomedical and
environmental areas [49-5]. There are two main streams of SERS as an analytical tool in
biological related research: (1) Fundamental research focuses on the structural,
conformational and charge transfer properties of biomolecules [54]. SERS of various
proteins [55-57] has been investigated to generate insights in the influence of complex
structure, molecular orientations and charge transfer process; (2) Applied research
focused on target detection (e.g. protein, DNA) [58] and biomedical diagnostics (e.g.
cancer diagnostic) [59-61]. The super high sensitivity of SERS enables single molecule

detection.

In typical SERS active systems using metallic nano-particles, these hot spots are
sparse and randomly distributed, leading to the rarity of coincidence of molecules and
hotspots in highly diluted solutions. Only a very small fraction of the molecules ends up

within nanometers range to individual hot spots as is required for producing measurable
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Raman signals. Successful detection of molecules is at the expense of long time of up to
hours spent on searching for measurable signals making the technique prohibitive for
practical applications, especially real-time measurements. The commonly used metallic
nanoparticles suffer from the shortcomings of easy degradation, limited bio-compatibility
and poor reproducibility. One of the labeling processes is typically introduced by
covalently attaching extrinsic Raman labels to nanoparticles. The signals detected are
from SERS probes via biomolecule-ligand recognition instead of biomolecules
themselves. The label-based indirect SERS method suffers from false positive issue as
well as synthetic challenges. In most cases of biomolecule SERS detection, a labelling
process is needed. The SERS probe consists of MNPs hosting a molecule for
spectroscopic signature. The MNPs are conjugated with recognition ligands to achieve
molecular specificity. The MNPs are labelled with dye molecules that yield strong SERS
signals which are referred as Raman reporter or SERS probe. SERS involving labelling
process is referred as indirect SERS since the detected signals are from Raman reporter
molecules instead of target analyte. Introducing SERS labels largely expands the
application of SERS in biomolecules especially those that are relatively Raman inactive.
Those dye molecules that are commonly used as Raman reporter are highly Raman active
and generate very strong SERS feedback. SERS processes with signals from analyte
directly without Raman reporter molecule involved are referred to as label-free SERS.
Label-free SERS enables extraction of SERS signals directly from target analyte

molecules and reveals more information.



1.2.3 SERS Quantification

One biggest challenge that prevents SERS from widespread applications is the poor
capability to achieve precise quantitative understanding mainly due to the controversial
SERS mechanism. Although various SERS systems have been successfully developed,

SERS based quantification remains to be problematic.

The SERS enhancement factor is subdivided into two components originated from
electromagnetic mechanism (EM) [62,63] and chemical mechanism (CM) [64,65]
separately. EM accounts for majority of the contribution by surface plasmonic
enhancement while CM makes additional 10-100 times enhancement induced by the
charge transfer process [66] from interaction between analyte molecule and SERS surface.
The technical difficulties in separating CM enhancement from EM enhancement prevent
researchers from building relationships between the SERS signal and the number of
analyte molecules in detected regime, and further quantifying the analyte concentration in

a reliable way.

Current quantification method is based on SERS internal reference, a Raman
molecule attached to the nanoparticle to provide stable SERS response [67,68]. However,
the random arrangement of SERS reference molecules and stability under measurement is
one of the obstacles to SERS quantification. SERS is a complex process whose
mechanisms are still under debate. Heterogeneity of the SERS active substrates leads to
significant variation in the SERS peak. The degree of aggregation, instrumental factors as
well as interaction between plasmonic structure and molecules also affect the SERS

signals [69-71]. Consequently SERS quantification using conventional SERS systems
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suffer from short quantification range, poor reproducibility, serious spot-to-spot variation,

and lack of universal adaptability.

1.3 Graphene

1.3.1 Unique Characteristics of Graphene

Graphene, a novel two-dimensional monolayer of sp®-bonded carbon atoms, has
shown great potentials in many fields and attracted tremendous attention owing to its
unique electronic [72], optical [73,74], mechanical [75] and thermal [76-78] properties.
The sp? hybridized carbon bonds lead to the extremely strong in-plane ¢ bond and the
out-of-plane © bond. The © bond contributes to a delocalized network of electrons, which

in graphene behave like massless 2D particles [19].

Intensive researches have revealed the fascinating properties of graphene including
high specific surface area of 2630 m?/g, mechanical strength (breaking strength ~42 N m"
! and Young’s modulus ~1100GPa), thermal conductivity around 5000 W mK™ at room
temperature), high optical transparency (only ~2.3% absorption towards visible lights)
together with exceptional electronic conductivity (room temperature charge carrier
mobility of ~10,000 cm? s™) [79-81]. Besides, the intrinsic bio-compatible carbon
surface, relatively low cost and scalable production, possibility of chemical and
biological functionalization also make graphene and its derivatives ideal candidates for

bio-applications [82,83].



Applications of graphene are initially driven by progress in scalable high-quality
graphene production [84,85]. Multiple methods have been well developed to synthesize
graphene for various purposes. The major methods are the followings: (1) Liquid phase
exfoliation of graphite [86], which is based on splitting graphite into individual
monolayer flakes using sonication and prolonged treatment. Liquid phase exfoliated
graphene is used for energy storage, composites synthesis and drug carriers [87,88]; (2)
Chemical vapor deposition (CVD) on copper foils [89], which is used to produce large-
area uniform single layer graphene that can be transferred to arbitrary substrates. CVD
graphene has been widely applied as transparent coating or conductive layer [90,91] for
electronic and photonic applications; (3) Direct synthesis of high-quality graphene on SiC
via high temperature annealing [92]. SiC grown graphene allows for high-frequency

transistors and other electronic devices [93,94].

Applications of graphene in high-performance electronics are limited since graphene
has no bandgap. At the same time lack of techniques to realize scalable production of
high-quality graphene and efficient transfer process. Currently graphene holds promise in
flexible electronics consisting of organic light-emitting diode (OLED) [95], electronic
paper [96] and touch screen [97] as transparent conductive coating. Graphene has
characteristics fit for controllable photonics [98]. Graphene based photodetectors [99-102]
have potentially higher detecting spectral width and operating bandwidth than state-of-art
photodetectors. Graphene’s role in energy generation and storage has also been

extensively studied with solar cells, lithium-ion batteries and super-capacitors [103-105].
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Beyond the well-studied electronic and optoelectronic applications of graphene, the
biomedical applications of graphene [106,107] is a relatively new area with tremendous
potential. Liu et al. reported the use of graphene oxide (GO) nanosheets as efficient
carrier for drug delivery [108]. Antibody-conjugated nanographene could be specifically
directed to tumor vasculature for in vivo imaging [109,110]. Chemically modified and
functionalized graphene is promising in fast and sensitive devices to detect various

biological species.

1.3.2 Raman Spectroscopy of Graphene

The discovery of graphene completes the carbon family. The 2D graphene serves as
building block for carbon allotropes including zero-dimensional fullerene, 1D carbon
nanotubes and 3D graphite. Raman spectroscopy is the ideal technique to identify carbon-
based materials [111] in a fast and non-destructive fashion with maximum structural and
electronic information provided. Raman spectroscopy has been a standard practice in
graphene research since it can provide structural reference that could be used by different

research groups to compare with.

The graphene Raman spectrum shows only a few prominent features, whose shape,
intensity and position give information on structure, strain, defect, and electronic status
[112]. The delocalized m electrons in graphene are the main reason why Raman
spectroscopy in graphene is always resonant [113]. The two major features commonly
existed for graphene at visible excitation Raman spectra are the so-called G and 2D peaks,
which locate around 1580 cm™ and 2700 cm™ (incident laser wavelength 514 nm)

separately [114]. The 2D peak is historically named G’ since it’s the second most
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prominent peak observed in graphite samples. The 2D peak is the overtone, or the second
order of D peak. The D peak is assigned to the breathing modes of six-atom rings but it
requires defects to be active [115-117]. D peak is accompanied with a D’ peak when
double resonance happens. There is a significant difference between the 2D peak of
graphene and graphite. The Raman spectra of graphene only present peaks assigned to in-
plane vibrations due to the monolayer nature, thus only have a single sharp 2D peak with
much higher intensity than G peak. While for graphite the 2D peak actually consists a set
of peaks also assigned to inter-layer shear modes and layer-breathing modes. Such modes
scales with the number of graphene layers, thus make Raman of single layer graphene

easily distinguishable from few layer graphene.

1.4 Outline of Thesis

The remainder of this thesis is divided into 5 chapters, which guide the reader
through the flow of the research conducted over the author’s Ph.D. career. As concisely
summarized above, the first chapter discusses the context of the complex field of SERS

and graphene which emerges as a promising building block of SERS platforms.

Chapter 2 describes the synthesis and characterization of the graphene-Au tip hybrid
platform. The template based technique capable of synthesizing the Au tip substrate
reproducibly is presented. Such technique has advantages in terms of large-scale
production and freedom of tuning parameters of the Au tips. The CVD synthesis of

monolayer graphene and PMMA transfer technique is presented. With the monolayer
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graphene integrated, the hybrid platform has better bio-compatibility and chemical

inertness compared with metallic nanostructures.

Chapter 3 presents an investigation of theoretical simulation featuring three-dimensional
finite difference time domain (FDTD). The study employs simulation of both near-field
and far-field characteristics of the periodic Au tip substrate. The substrate was then
modeled numerically to unravel plasmonic tunability of the substrate and the hotspot

distribution in the visible region.

Chapter 4 describes the characterization of the hybrid platform using Raman
spectroscopy. The first study discusses the SERS of graphene. The graphene Raman
enhancement of up to 10’ results from the cooperative plasmonic resonance of graphene
and the Au tip surface. In addition, a rather prominent D-band appeared at localized hot
spots from graphene on Au tipped surfaces that is nearly absent from the exactly same
piece of graphene on the immediately adjacent flat Au surface indicates a new origin of D
band from 1-D graphene folds. The second study presents experimental demonstration on
plasmonic nature of the hybrid platform, which is in good agreement with the simulation

presented in Chapter 3.

Chapter 5 details the ultra-high sensitivity of the hybrid platform in bio-molecule sensing.
The single molecule detection capability of the platform is demonstrated using a bi-
analyte SERS technique. The addition of graphene enables determination of chemical
enhancement factor separately from electromagnetic enhancement factor. Graphene also

serves as built-in hotspot markers to support quantifiable and reproducible SERS signal.
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Chapter 6 describes the application of the graphene-plasmonic hybrid platform to realize
SERS quantification. The statistically reliable SERS quantification using the hybrid
platform not only leverages the ultra-sensitivity but also minimizes the spot-to-spot
variations. Graphene plays a crucial role in quantifying SERS hotspots and paves the path

for defining SERS EF that could be universally applied to various SERS systems.

Chapter 7 features the novel studies on the hybrid SERS platform, both studies on SERS
quantification and biological diagnosis applications. The hybrid platform enables: first,
detection of neurotransmitters, dopamine and serotonin, at nanomolar concentration with
simulated body fluid background; second, monitoring configurational change of amyloid
B 1-40 from monomer to B sheet; third, diagnosis of colon cancer cell at highly diluted
solutions. The successful applications indicate that the hybrid platform holds great

potentials in clinical transformation.

Chapter 8 concludes this thesis by providing the major results and contributions to the
field together with a section that proposes future work that can build on the results

presented herein.
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Synthesis of Graphene-Au Tip SERS Hybrid

Platform

2.1 Introduction

The graphene-Au tip hybrid platform consists of a periodically arranged Au nano-
pyramid (referred to as tip) substrate and large-area single layer graphene superimposed
on the tipped surface. The periodic Au tip structure with tunable size and sharpness can
be fabricated by a wafer-scale bottom-up templating technology [119]. Periodic inverted
silicon pyramidal pits, which are templated from non-close-packed monolayer colloidal
polystyrene nanoparticles (PS spheres), are prepared by a simple spin-coating technology.
The Si substrates with inverted pyramidal pits are employed as reusable structural

templates to replicate arrays of gold nano-pyramids with nanoscale sharp apex. The
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specific fabrication approach of the Au nano-pyramids is amenable to engineering the

SERS hotspots in terms of their density and location via lithography.

Large-area monolayer graphene has been achieved on copper foils by CVD [89].
This technique is in principle capable of mass production of graphene [94]. The
commonly used poly(methylmethacrylate) (PMMA) based transfer technique [120]
enables transfer of graphene from Cu films to arbitrary substrates and avoids transferred
graphene to be broken into pieces. Various water-free and clean transfer techniques [121-
129] were developed in recent years to minimize the detrimental effects on electronic
properties of graphene during transfer. In this study monolayer CVD graphene is
transferred to cover the Au tip surface using the PMMA method due to the fact that yield

of direct transfer techniques is very low.

The hybrid platform combines the advantages of periodic Au tip substrate and
graphene. The periodic Au tip substrate boosts strong plasmonic enhancement. The
monolayer graphene not only serves as bio-compatible transparent coating, but opens up
opportunities for surface functionalization. Graphene coating could protect refined metals
from reactive environments. Graphene coating on Cu increases the resistance of metal to
oxidation [130] and electrochemical degradation [131]. The wettability of graphene-
coated surface could be tuned by modifying graphene [132,133]. The superior bio-
compatibility of graphene is proved by the evidence that cell can directly survive on CVD

graphene without any glial layer [134].

In this chapter, the detailed process flow of the sample preparation is presented

together with experimental conditions. Chapter 2.2 briefly discusses the Au tip substrate
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fabrication, CVD graphene growth and transfer of graphene respectively. Chapter 2.3

presents the characterization of the hybrid platform by scanning electron microscope.

2.2 Experiment Procedures

2.2.1 Fabrication of Au Nano-pyramid Arrays

The periodic Au tip substrate, which is the critical contributor to the high local
electromagnetic field enhancement, is fabricated using a template based technique that
enables fabrication of nano-features fat beyond photolithography limit. The detailed

fabrication process could be referred to from [135,136].

(1) PS spheres deposition (4) KOH wet etching

A A A A A A A A A

Si Substrate Si Substrate

(2) PS spheres etch using O, plasma (5) HF dipping to remove SiO,
Au film deposition on pitted surface

Si Substrate

(3) Deposit Si0, film to form hard mask (6) Use epoxy to peel off Au film with tips
Transfer to arbitrary substrates

Si Substrate Arbitrary Substrate

Figure 2.1: Process flow of the periodic Au tip substrate.
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As shown in Figure 2.1, the fabrication process starts with polystyrene (PS) sphere self-
assembly patterning on Si (100) surface, which is the origin of hexagonal periodicity.
Size of PS spheres could range from sub-100 nm to over 500 nm. . Similar patterns of
smaller pitch with size down to 20 nm can be produced using self-assembly of diblock
copolymer. O, plasma etches the PS spheres to shrink their size. Then a thin layer of SiO,
is deposited over the surface as hard mask for the following KOH etching. KOH etches Si
anisotropically with etching rate of single crystal Si along <100> two orders higher than
that along <111> direction. After etching each pit has an inverted pyramidal shape with
an atomically sharp apex at the bottom of four (111) facets. Both the size and separation
of the pit can be controlled by tuning the PS sphere size, O, plasma etching duration, or
KOH wet etching duration. Figure 2.2a shows the plan-view SEM image of the
hexagonally arranged nano-pit array on the template surface. Each pit shows a square-
shape boundary. The substrates commonly used in this study have a pit size of ~200 nm

and 200 nm separation.
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Figure 2.2: (a), SEM of the inverted pyramidal shape pit on the Si substrate. Each pit has
a size of 200 nm. (b), Illustration of the hexagonally arranged Au tip substrate. (c), Top

view of the Au hexagonally arranged Au tip substrate. Scale bar 1um.

200 nm thick Au films are deposited over the pitted surface, bond to a handle
substrate using epoxy, and then lifted off of the surface thereby completing the nano-
casting process. SEM image of the Au nanopyramids demonstrates the 6-fold symmetry
preserved from the self-organized PS sphere pattern. The identical shape, the precise
orientation, and the non-negligible variation in Au pyramids are clearly visible from
Figure 2.2c. Once a template is prepared it can be reused for multiple times to produce

uniform Au tip substrates of desired area.
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2.2.2 Growth and Transfer of CVD Single Layer Graphene

CVD has been widely used to synthesize mono- and few- layer graphene sheets on
metal surfaces like Ni and Cu by surface segregation of carbon atoms from hydrocarbon
decomposition [137,138]. Few-layer graphene sheets were grown on Ni films using CVD
of methane by controlling the cool-down rate to suppress carbon precipitation. While in
the case of Cu, graphene growth terminated once the Cu surface was fully covered [139].
Aside from rather low solubility of C in Cu, the surface-mediated process and the self-
limiting nature contribute to >95% coverage of monolayer graphene on Cu foils [140].
Continuous single-crystal graphene free of broken carbon bonds and disorders covers the

substrate for even wafer-scale [141].

25 micron-thick copper foil from Alfa Aesar (#13382) is cut into a 2x2 inch square.
The copper foil is loaded onto the center of a quartz CVVD chamber, the furnace is heated
up to ~1025<C under the flow of H, (~1000 sccm). After 30 minute annealing, the CVD
growth was carried out with 20 Torr total pressure with CH, (~20 sccm) and H; (~1000

sccm) for 15 minutes. Then the chamber was cooled down to room temperature.

Poly(methylmethacrylate) (PMMA) is utilized for graphene transfer. A ~500 nm-
thick PMMA layer was uniformly spin coated on the synthesized graphene sample. The
metal catalyst Cu was removed in an etching solution of FeCls : H,O (1:5 vol.%). Then
the floating PMMA-graphene structure was transferred onto the surface of de-ionized
water. Subsequently the sample was transferred onto a target substrate and left to dry.

Finally the PMMA supporting layer was removed by acetone. Advanced transfer
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approaches [123,124] can be employed to improve the quality of transferred graphene

and prevent cracks and tears.

Raman spectroscopy is applied to test the quality of as-grown graphene. Graphene
generates strong Raman signal when transferred on 300 nm SiO, /Si substrate with
excitation laser wavelength 514 nm. As shown in Figure 2.3a, Raman spectrum of high-
quality CVD graphene shows high 2D to G peak intensity ratio, which is often linked to
the monolayer nature, and barely existing D band, whose absence indicates the graphene
free of defects. It can also be confirmed as single layer graphene by color contrast of
optical microscope and Raman spectroscopy [142]. Figure 2.3b shows the optical
microscope image of PMMA transferred graphene on the 300 nm SiO,/Si substrate. The
residuals from transparent PMMA and FeCl3 solution lead to detrimental influences on
electronic properties of graphene. However, in this study graphene plays the role of
transparent coating thus the PMMA transfer method is fair enough in terms of quality.
The relatively low light absorption of monolayer graphene (constant absorption of 2.3%

for infrared and visible light) makes it a superior transparent coating in visible range.
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Figure 2.3: (a), Raman spectrum and (b), Optical microscope image of CVD monolayer

graphene transferred onto 300 nm SiO, /Si substrate. Scale bar 50 um

2.3 Results and discussion

The hybrid platform is fabricated by superimposing monolayer graphene on the Au
tip substrates. As illustrated in Figure 2.4a, uniform monolayer graphene is grown on Cu
foil using CVD and subsequently transferred to the Au tip substrate by PMMA. Figure
2.4b shows the plan-view scanning electron microscopy (SEM) image of the hybrid

platform. The robust graphene sheet conforms closely to the tipped surface without
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Au tip substrate Single layer Graphene covered
a transferred on Si wafer \graphene Au tip substrate

Figure 2.4: (a), Schematic process showing the synthesis of the hybrid platform. The
CVD monolayer graphene is transferred onto the Au tip substrate. (b), SEM of hybrid
platform. Scale bar 1 pm.

breaking into pieces. The intrinsically high strength of graphene keeps it from being
stretched broken between neighboring sharp tips. The non-planar topology of the Au
tipped surface necessitates folds in graphene as it interacts with its surrounding via van
der Waals force. The van de Waals force clamps graphene to the substrate, leading to
spatially inhomogeneous curvatures around the graphene folds at nano-features when it

attempts to conform very well to the nano-pyramid morphology. Parallel long hanging
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graphene folds with atomic apex are observed along the nanopyramid arrays in Figure
2.4b. As will be discussed later in Chapter 4, these graphene folds are believed to be the

origin of a new set of D-band in graphene Raman spectrum.

Figure 2.5: (a),Tilt SEM image of the graphene covered Au tips. Scale bar 1 um. (b),
Graphene features in between tips. Scale bar 200 nm. (c), Graphene features formed on a

tip. Scale bar 200 nm.

Figure 2.5a shows a tilt SEM image of the hybrid platform. The tips are very sharp
with radius of curvature at the apex as small as 1 nm in previous study [119]. Such sharp

apex serves as hotspot with extremely strong localized enhancement. When graphene
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sheet is transferred to the Au tip surface, one-dimensional folds form in between
individual tips. Aside from folds, suspended strained graphene is shown in Figure 2.5b.
Graphene also forms flower-like features when it covers the 200 nm tip. The existence of
such delicate graphene features indicates the possibility of near-field optical confinement
of graphene cooperated with nanopyramid substrate. All those graphene features, which
can be carefully tailored, are of great interest not only in spectral study, but also

biological applications with regard to interaction between graphene.

2.4 Conclusion

In this chapter, we have demonstrated the synthesis of the hybrid platform including
fabrication of the periodic Au tip substrate together with CVD growth and PMMA
transfer of monolayer graphene. The template based approach for Au tip substrate
fabrication enables producing highly and uniformly enhancing substrates with various
opportunities of further optimization. The remarkable mechanical, electronic and
photonic properties of graphene make it a promising candidate in applications in
biosensing. The plasmonic oscillations induced by incident field in Au tips leads to large
enhancement of the local electric field as well as the Raman intensity of graphene. The
high reproducibility and spectral quality of the hybrid platform, which is clearly
distinguishable from nanoparticle based conventional SERS systems, suggests the
possibility of developing a robust platform for SERS. The combination of the Au tip
substrate and graphene will give rise to unique phenomena that have never been brought

to light.
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FDTD Simulations of Periodic Au Tip Substrate

3.1 Introduction

3.1.1 Surface Plasmon (SP)

Plasmonics [143], an emerging field investigating the interesting optical properties of
metallic nano-structures [144-146], has stimulated researches on photovoltaic devices
[147], plasmonic waveguide [148], electro-optical modulation [149], SERS [150], light
harvesting [151-153], biosensing [154-156] and so on [157-160]. The development of
nanofabrication has made novel plasmonic phenomena to be revealed at sub-wavelength
scale [161]. Nano-plasmonics is devoted to the optical phenomena at nanoscale in metal
nano-structrued systems [162]. Such systems have a remarkable property to concentrate
incident optical energy on the nanoscale due to the so-called surface plasmons (SPs). SPs

are coherent delocalized electron oscillations existed at metal/dielectric. SPs are
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generated when electron-charged oscillations resonantly interact with the EM field of
incident light. The decay length of SPs into the metal is short (~10 nm) thus SPs are
likely bound to the metallic surface. The SPs originate from the negative real part of
dielectric function. For the good plasmonic metals to support surface plasmon resonance
their dielectric function also satisfies Ime <<—Reg that the losses are small. Surface

plasmon quality factor Q=—Res&/Ime is introduced to evaluate metals. The rates of

excitation and emission intensity are both enhanced proportional to the local field
intensity by a factor of Q2. Such phenomenon is also referred to as nano-antenna effect
[162]. Silver is usually perceived as a better plasmonic metal since its Q factor is several
times larger than gold. Aside from commonly used Au [163-167] and Ag [168-170]
based plasmonic structures, relatively cheap Cu [171-174] and Al [175-177] are also

extensively explored in plasmonics.

The total plasmonic excitation, consisting of SP charge motion and SP-generated
EM-fields, is referred to as localized surface plasmon (LSP) for the surface of nano-
structures. LSP originated from the confinement of a SP in a metallic nanoparticle with
size comparable or smaller than the excitation light wavelength [178, 179]. The
plasmonic response of nano-structures plays a key role in an increasing number of
applications including SERS [180,181]. When a molecule is situated in the vicinity of
plasmonic metal nanostructures, it interacts not only with the external field but with the
local EM field, which is orders-of-magnitude stronger at hotspots. Consequently the
enhanced local field causes the enhancement of both radiative and non-radiative
processes in which a molecule involves. LSPs are responsible for local SERS

enhancements over 10*° in the hotspot of the nano-features.
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The LSP has two prominent features: (1) The EM field enhancement is highly
localized at the surface of nanoparticle [182]. The enhancement falls off significantly
with the distance to the surface. (2) The optical excitation and EM enhancement has a
maximum value at plasmon resonant frequency [183]. LSP at resonant frequency is
referred to as Localized Surface Plasmon Resonance (LSPR). For nanoparticles of noble

metals, the resonant frequency is usually in visible range [184].

Graphene plasmonics [185] is also rapidly emerging as potential technique for
optoelectronic applications. Though nanoribbons of graphene show promise of plasmons
in near infrared or even visible range, plasmons of extended graphene are currently
observed in mid-infrared and long wavelength range [186,187]. It hasn’t been reported of
the interaction between graphene plasmons and SPs supported by nearby metallic
nanostructures in visible range. Besides, graphene very weakly interact with light [188].
In this work we consider the Au tip substrate as the key contributor to EM enhancement

and graphene as the origin of chemical enhancement.

3.1.2 Finite Difference Time Domain (FDTD) Method

The analysis of various plasmonic geometries requires numerical methods to solve
Maxwell’s equations using iterative procedures in the computational domain. Three-
dimensional finite difference time domain (FDTD) method is extensively used in nano-
plasmonic simulations [189]. FDTD not only serves as a powerful numerical tool for
theoretical studies on EM enhancement, but more importantly provides with a platform

for designs of plasmonic systems for various purposes [190].
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FDTD is based on time and space discretization of the Maxwell differential
equations. Space is divided into box-shaped Yee cells [191] and time is segmented into

steps that each represent time required for the field to travel from one cell to the next one.

VxE = (3.1)

VxH=J+—= (3.2)

where E, B, H, J, D are the electric field, magnetic induction intensity, magnetic

field, current density and electric displacement respectively.

When media (&, u,0) is considered as isotropic, the physical quantities hold the

relationship
D=¢E,B=uH,J =cE (3.3)

where ¢, u,o are dielectric constant, magnetic permeability coefficient and electrical
conductivity separately. Thus it’s possible to use a staggered mesh to replace the space

and time derivatives by central differences. E and H field components are located at

different points of the mesh. For instance, the time and space evolution of x component

of E can be written as

n+1/2

n+1/2
H i,j,k-1
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29



where i, j,k,n are integers running on the space and time mesh, Ax, Ay, Az are the

space mesh steps while At is the time mesh step.

The whole simulation cell is usually restricted to a finite region due to limitation of
computer memory. Perfectly Matched Layers (PML) boundary condition is normally
applied to avoid the wide range of incident scattered fields at boundary [192,193]. PML
absorbing boundary, constructed to absorb light waves (both propagating and evanescent)
with minimal reflections, is the widely used absorbing boundary in much of
computational electromagnetism. An ideal PML boundary should produce zero
reflections. Periodic boundary condition, which allows for calculating the response of the
entire system by only simulating one unit cell, is applied to periodic structures. The
periodic boundary condition simply copies the electromagnetic fields which occur at one

side of the simulation and inject them at the other side.

Stair effects on the surfaces of metallic features are impossible to avoid due to the
cubic nature of FDTD mesh. In order to achieve accurate field distribution profile for the
system under study, the size of Yee cell is expected to be much smaller than the
excitation wavelength [194]. The cell size should also be carefully chosen to model the
features of the object geometry in the system. Still, computational resources limit the
further deduction of the Yee cell size. For SERS systems, the Yee cell size is around 1
nanometer. Drude model [195] is used in FDTD for dispersive materials since complex

permittivity of metals is strongly frequency dependent in optical frequency range.

FDTD Solutions by Lumerical Inc. is a FDTD based numerical simulation package

that allows for resolving of electromagnetics in the vicinity of complex three dimensional
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nano-structures. Lumerical FDTD Solutions has been extensively used to model the
plasmonics of various 3-D nano-structures [196,197]. The accurate simulations are
therefore of utmost importance for accurate characterization and design of plasmonic

nano-structures.

This chapter presents the studies on 3-D FDTD simulations of the periodic Au tip
substrate to elucidate its plasmonic behavior. Chapter 3.2 describes the model setup
procedure for simulation. Chapter 3.3 discusses the simulation results on both near field

EM distribution and the plasmonic resonance behavior of the Au tip substrate.

3.2 FDTD Simulation Model Setup

Figure 3.1 shows a simplest model setup of periodic Au substrate with the pair of
Au pyramids as unit cell. An ideal situation that the substrate is homogeneously periodic
on the infinite x-z plane is simulated when x and z boundary conditions are set periodic.
The material, size, arrangement and separation of the nanp-pyramids, polarization pattern,
the wavelength and direction of the incident beam are tunable. The optical constants of
Au were taken from E. Palik [198] in the spectrum range of 200 nm to 1000 nm. PML
boundary condition was applied for z-direction, while periodic boundary condition was

set for x and y directions of the FDTD simulation region.

In the simulation, the size of the nano-pyramid is set as 200 nm and the distance
between the edges of two pyramids is set as 200 nm as well. The Au film underneath Au
pyramids has the thickness of 200 nm. Since over 95% of EM energy loses in the depth
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Figure 3.1: A simplest FDTD simulation model setup of periodic Au nano-pyramid

substrate.

of about 15 nm into the Au film, the influence of layers under the Au tip substrate can be
neglected. The smallest simulation cell has the size of 800 nm*400 nm*400 nm which
includes two individual pyramids. The FDTD algorithm supports a graded mesh of
Cartesian cells. The size of the mesh cells varies as a function of position over the
simulation region. Such a non-uniform mesh makes FDTD calculations more accurate
through reducing numerical dispersion and improving the interface resolution. The mesh
size is not uniformly distributed in a conformal mesh with the mesh size as low as 0.8 nm
at regions of interest (e.g. nano-pyramid apex). The linearly polarized light is vertically

incident on the Au tip surface with tunable wavelength. Plane wave sources are used as
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incident light source to inject laterally-uniform EM energy from one side of the source
region. The incident source is represented by a normalized y-polarized plane wave
propagating in the z direction. Frequency-domain field monitors are used to collect
steady state EM field data in the frequency domain from a simulation. The present data

was assembled using Lumerical FDTD’s in-house post-processing environment.

3.3 Results and Discussion

3.3.1 Electromagnetic Enhancement Distribution

3D FDTD simulation of electric field has been performed to the Au tip substrate
(Figure 3.2). The precise location of the SERS hot spots relative to the location and the
orientation of the nano-pyramids are investigated. Figure 3.2a illustrates the x-z view of
two individual tips and the incident light. Figure 3.2b-c shows the x-z and x-y views of
the electric field amplitude distribution for incident light wavelength 633nm respectively.

Strong field enhancement appears in between two individual tips as well as at the
apex regime. In Figure 3.3, the amplification of the apex region is presented, indicating
that the sharp apex boosts highest enhancement of |E|over 100 times. However, the
volume of the high enhancemnt region in between the tips is approximately one order of
magnitude larger compared to that at the apex and is expected to be the dominant
contributor for Raman spectroscopic studies. In SERS, the chance of an analyte molecule

trapped in between two tips is much higher than the chance when it is captured at the
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Figure 3.2: (a), lllustration of Au tip substrate under simulation. (b), x-z view of the
electric field amplitude distribution between two tips. (c), x-y view of the electric field
amplitude distribution at z=0, 100, 150, 200 nm separately. Incident light wavelength:
633nm.

vicinity of the apex. The regions of strong fields represent evanescent (non-propagating)
modes of the plasmonic structure with only near-field coupling capability.

The electric field distribution is highly dependent on the incident light polarization
direction (Figure 3.4). The hotspots always locate in between two individual tips with
regard to the incident light polarization direction. The density of hotspots is expected to

be high due to the periodicity and reproducibility of the Au tip structure. The incident
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light dependent hotspots distribution is evidence that two-dimensional periodic nature
leads to incident-laser-polarization-dependent hotspots, adding one more degree of

freedom than the randomly dispersed nanostructures.

Figure 3.3: Left: x-z view of the electric field intensity distribution between two tips.

Right: Amplification of electric field intensity distribution at the sharp apex.

" )5S

a -~ i”,J
. E

Figure 3.4: Electric field amplitude distribution at various incident light polarization.

The black arrow indicates the direction of incident EM field. Scale bar: 200 nm.
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3.3.2 Plasmonic Resonance of Au Tip Substrate

To obtain a consistent picture of plasmonic resonance, both near field as well as far
field optical responses are needed. The hexagonally arranged 200nm Au nano-pyramids
geometry representative of the actual sample structure (Figure 3.5a) was used to
investigate the plasmon resonance tunability by varying incident wavelength. The
extinction cross-section is the sum of the absorption and scattering cross-sections

e (0) = 05 () + 0 (@) (3.5)

The scattering cross-section is defined as

R ()

os(w) = | (o)

(3.6)

where P is the total scattered power (W) and Iic is the incident intensity (W/m?). The

absorption cross-section is similarly defined as
(3.7)

where P, is the total power absorbed by the Au tip substrate.

Figure 3.5b shows the simulated far field extinction spectra as well as near field
electric field distribution of the tip substrate. The extinction cross-section, which can be
decomposed into absorption and scattering contributions, is simulated in the spectrum
range of 200 nm to 1000 nm. The hexagonally arranged Au tip substrate exhibits an
extinction peak at ~600 nm, with FWHM =100 nm. The figure clearly depicts the
incident light wavelength of around 600 nm to excite localized plasmon resonance of the

Au tips.
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Figure 3.5: (a), Illustration of Au tip substrate under simulation. (b), FDTD-simulated
extinction (black line), absorption (blue line) and scattering (red line) cross-sections and

electric field distribution of periodic hexagonally arranged Au tips. Scale bar 200 nm.

The simulated field intensity maps at three wavelengths (514 nm, 600 nm and 633 nm) in
Figure 3.6 also show the wavelength dependence with a clear peak characteristic of
resonant behavior in accordance to the extinction result. 514 nm and 633 nm are the two
most commonly used laser wavelengths in Raman spectroscopy. It could be noted that the
E-field enhancement is the strongest at resonant wavelength 600 nm. However, at 633 nm
excitation the E-field enhancement is comparable to the enhancement at 600 nm while at
514 nm the enhancement is much weaker. The result is in agreement with the extinction

data.
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Figure 3.6: x-z view of simulated field intensity profile at three incident wavelengths
(514 nm, 600 nm, 633 nm).

3.4 Conclusion

This chapter comprehensively investigates the behavior of the EM fields around the
periodic Au tip structure using the numerical simulation method FDTD. FDTD is of
utmost importance for precise characterization as well as design and optimization of the
nano-structures for SERS applications. Considering that the synthesis and intricate
control of the Au tip configuration has been achieved, it is of importance to model the
geometry accurately to identify its plasmonic behaviors. The numerical simulation
package Lumerical FDTD Solutions is a versatile tool that can be used to describe

nanoscale electromagnetics of 3-D geometries precisely.
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In summary, 3-D FDTD method has been used to study the near-field
electromagnetic intensity distribution upon the Au tip substrate together with the far-field
optical response to incident light of different wavelength. The simulation results obtained
with the Au tip substrate indicate that hotspots with average 10 times enhancement of |E]
are identified in between tips using computational electrodynamics modelled 3-D EM
field distribution. It is also noteworthy to emphasize that the wavelength-dependence of
the enhancement is of crucial importance, especially when dealing with SERS. The
numerical simulation indicates that the periodic Au tip substrate has plasmon resonance
when the wavelength incident light is at 600 nm. To this end the 633 nm He-Ne laser is

expected to generate stronger optical excitation of the substrate in Raman spectroscopy.

The obtained results, as a function of wavelength and space, enables one to
investigate the plasmonic behavior of the periodic Au tip substrate, which then can be
reconciled with experimental analysis. In the following section Raman spectroscopy is

utilized to characterize the substrate experimentally.
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SERS of Graphene-Au Tip SERS Platform

4.1 Introduction

The graphene Raman spectrum is very sensitive to the number of layers, doping,
strain, edges, disorders and other modifications due to the resonance Raman scattering
process involved [199]. On certain substrates including the most commonly used 300nm-
thick SiO; on Si, graphene Raman signal can be enhanced by a fair amount [112]. It has
been reported that graphene Raman intensity can be enhanced by 20 times when
plasmonic gold nano-disk arrays are deposited on the flat graphene surface [200]. In the
recent past, the combination of graphene with plasmonic nanostructures has led to
significant success in graphene based photodetectors due to the strong enhancement of

graphene-light interaction [201-203].
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The giant plasmonic enhancement of Au tip substrate has been evidenced by FDTD
simulation. For the graphene-Au tip hybrid platform, we expect to observe significant
enhancement of graphene Raman signals. Moreover, we hope to extract plasmon
resonance information of the Au tip substrate by analyzing graphene SERS. By means of
Raman spectroscopy equipped with multiple lasers and a highly versatile motor stage, we
were able to explore the novel properties of the hybrid platform. We show that using the
hybrid platform the graphene Raman signal can be dramatically increased by up to 1000
times. As a mechanically strong two-dimensional membrane, graphene combined with
Au nanopyramid structure in a synergistic way that sheds new light on the graphene D
band origin. We observed strong D and D’ bands pair in graphene Raman from the
cooperative structure with experimental evidence inferring that the D-band pair is not
originated from defects related to broken carbon bonds or impurity atoms, but from the
mechanical deformation of graphene among nanopyramid features instead. The unique
mechanical effect from graphene folding provides a channel for gaining insights into the

polarization detection.

Plasmonic behaviors of the Au tip substrate were investigated as well. Plasmonic
resonance of the tip structure was apparent from optical reflectivity and is further proved
by evidence that graphene SERS intensity is a function of excitation laser wavelength.
Furthermore, by Raman intensity mapping of graphene on the Au tip structure, the
Raman enhancement profile of the cooperative structure can be obtained, due to long-
range stability of graphene Raman spectrum. Both the far and near field plasmonic
characteristics of the Au tip substrate demonstrated by graphene SERS are in very good

agreement with FDTD simulation results. The significant cooperative plasmonic
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enhancement and the probing of hotspot profile are essential for biosensing to push the
sensitivity to single molecule limit, as well as a promising application in the graphene-

based optoelectronic applications.

In this chapter, the SERS of graphene and the plasmonic resonant behavior of the
hybrid platform are presented in detail. Chapter 4.2 discusses the experimental
procedures including spatially resolved Raman mapping and polarization dependent
Raman measurement. Chapter 4.3 demonstrates the results and discussion consist of the
remarkable enhancement of graphene Raman, plasmonic properties of the platform, and
the D peak assigned to one-dimensional graphene folds free of broken carbon bonds. The

work in Chapter 4 can be found in [216].

4.2 Experiment Procedures
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Figure 4.1: Graphene-Au tip structure. Scheme of typical samples used in this session:
the same monolayer graphene is transferred to cover substrates consisting three

geometries: Au tip, Au film and 300nm-thick SiO, on Si.

As shown in Figure 4.1, samples used in this study consist of three regions
immediately next to one another, namely, Au tipped surface, flat Au surface, and the
surface of flat SiO, of 300 nm thickness. The Au tipped surface is the hexagonally
arranged periodic Au tips with size of 200 nm fabricated using the template approach.
Flat Au surface, as a reference to the Au tip surface, is 200 nm-thick Au film deposited
on the substrate. Uniform single layer CVD graphene is transferred to cover all three
regions. The region with graphene over 300 nm SiO,/Si serves as the reference of the
quality of the transferred graphene by optical microscope. The region with graphene over
flat Au is used for comparison with graphene over tipped surface in terms of Raman
enhancement. The graphene-Au tip regime allows for the extraction of the novel
vibrational features using Raman spectroscopy due to the unique graphene-Au tips

combination.

4.2.1 Micro-Raman Spectra and Mapping

Micro-Raman spectra and mapping of graphene, as well as the D band polarization
dependence test were carried out using a Renishaw inVia Micro-Raman Spectroscope
under ambient conditions. The laser excitation wavelengths for selection are 488 nm, 514
nm and 633 nm from a diode-pumped solid-state laser and a He-Ne laser respectively.
The power of the laser was kept around 1.5mW to avoid noticeable sample heating. The

laser spot size was ~0.5 pm. We used a X100 objective (numerical aperture 0.90) and
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spectral analysis was accomplished with a 1800 lines per mm grating. The spectroscope
is equipped with a High Speed Encoded Stage that enables shift of samples in XYZ
directions at nanometer steps. Very high spatial resolution of ~100 nm can be achieved
from the inVia Raman micro stage. The spatially-resolved Raman mapping data is
achieved by Raman imaging with step ~0.2 um in X and Y direction. The Raman

imaging data is processed by WIRE 3.2 Raman software.

With the micro-Raman spectroscope, we located and collected the Raman mapping
data of graphene on tipped regions with areas on the scale of over 100 microns. Renishaw
WIRE 3.2 software enables us to process the mapping data and to do data arithmetic for
obtaining the I(D)/I(G) ratio. The SEM images were obtained from Zeiss NVision 40
Dual Focused lon Beam — Scanning Electron Microscope. We superimposed the Raman
intensity mapping image (obtained with a <100 objective from the Renishaw inVia
micro-Raman spectroscope) on the SEM image of exactly the same region to further

understand the profile of hotspots. The error of the superimposing is < 10 nm.

4.2.2 Polarization Dependent SERS

The setup for incident light polarization dependence measurement is shown in
Figure 4.2. The polarization dependence measurement is mainly performed to elucidate
the characteristics of the 1-D graphene folds. Renishaw inVia micro-Raman spectroscope
equipped with a rotatable sample stage was employed for collecting Raman spectra of
parallel folds in graphene sheet with different polarization configurations. The >100

objective was employed and the backscattered radiation is collected through the same
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Figure 4.2: Sketch of the setup for polarization dependence measurement. The laser

excitation at 633nm is linearly polarized, and is focused on the graphene-Au tip with a
<100 objective. The incident electric field field &€, (red arrow) is linearly polarized at an
angle 0 with respect to the direction of parallel graphene folds fir44 (black arrow). The

sample can be rotated underneath the objective to change 0. The polarization analyzer is
adjusted with the optical axis (green arrow) parallel to the incident electric field . k is the

wave vector of incident light. —k is the wave vector of detected light. Scale bar 200 nm.

objective. The laser excitation at 633nm is linearly polarized, and is focused on the

desired graphene-Au tip region.

The incident electric field €; is linearly polarized at an angle 6 with respect to the
direction of parallel graphene folds fis,,;. The sample can be rotated underneath the

objective to change 0. The polarization analyzer is adjusted with the optical axis parallel
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to the incident electric field. When the graphene fold is parallel to the polarization
direction of incident beam, 0 equals to zero degree. A series of graphene fold spectra

from exactly the same region were recorded at different 0.

4.3 Results and Discussion

4.3.1 SERS Enhancement of Graphene in Hybrid Platform

Micro-Raman spectra of graphene were obtained from the three different regions
using various excitation wavelengths (488nm, 514nm, 633nm) under normally incident
light (Figure 4.3a-c). Here the Raman enhancement factor is defined as ratio of
monolayer graphene Raman intensity (G or 2D band) measured on Au tip substrate to the
intensity measured on the Au film region to emphasize the influence of Au tip arrays. For
all three wavelengths, remarkable Raman enhancement of graphene can be achieved from
the graphene-Au tip platform. The intensity enhancement of graphene Raman peaks of up
to a factor of 1000 (with 633 nm excitation laser) is present from graphene on Au tips

comparing to that on flat Au provides evidence of plasmonic resonant nature of Au tips.

Figure 4.3d plots the Raman enhancement of D, G and 2D band enhancement (intensity
ratios on Au tip to Au film) as a function of excitation wavelength. It clearly indicates
that at 633 nm excitation the enhancement is two order-of-magnitudes higher than that at
488 nm and 514 nm. Two observations in Figure 4.3d are of paramount interest with

regard to the graphene D band: first, the prominent D-band and D’-band pair that is
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barely visible from graphene on flat Au and SiO, region appear in
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Figure 4.3: Raman spectra of graphene on Au tip structure and the wavelength

selectivity. (a-c), Graphene Raman spectra measured from various surfaces (Au tips, flat
Au, and SiOy) with 3 different excitation wavelengths. (a), 488nm. (b), 514nm. (c),
633nm. (d), Ratios of intensity of graphene D, G and 2D peaks measured on the Au tip

regions to those measured on flat Au regions, as a function of the excitation wavelength,

in semi-log scale.

of graphene on Au tip region for all wavelengths. This may indicate that the non-planar

geometry of the Au tip surface may be one of the causes; secondly, the enhancement of D



band on Au tip surface is not proportional to the enhancement of G and 2D bands. The
I(D) to I(G) ratio varies spot-to-spot, evidenced by a very broad range of D band
enhancement in Figure 4.3d. It could also be noted that the D band intensity increases
greatly with excitation light wavelength. The considerable increase of 1(D) to 1(G) ratio
with excitation wavelength is due to the well-known feature for sp® carbon materials’
Raman scattering [204,205]. We attribute the D-band and D’-band pair to the sharp
graphene folds as supported by the polarization dependent studies to be presented below

in Chapter 4.3.3.

It should be noted that although the apparent Raman enhancement factor is on the
order of 1000, the actual enhancement factor at hotspots may be orders of magnitude
higher due to the diffraction limit. While the signal of conventional Raman spectra being
derived from an area comparable to the excitation wavelength, Raman signals from
plasmonic enhancement comes predominantly from electromagnetic field concentration
that is extremely localized to typically nanometer region [206] leading to the actual
enhancement factor of up to 10" times. The detailed discussion on determination of SERS

enhancement factor can be found in Chapter 6.

4.3.2 Plasmonic Characteristics of the Platform

The near and far field property of the Au tip substrate has been demonstrated
theoretically in Chapter 3 using FDTD simulation. In Figure 4.4, the measured extinction
data is in good agreement with the FDTD simulated data. The experimental extinction
spectrum of bare Au tipped region shows a maximum in extinction centered around 600
nm with a FWHM of about 100 nm, indicating the fact that at around 600 nm excitation
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the Au tip substrate is expected to boost highest enhancement due to plasmonic resonance,

which is in full agreement with the theoretical results by FDTD.
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Figure 4.4: The extinction spectrum of Au tips (Blue line) and FDTD simulated

extinction (black dashed line)

Here we measured the extinction spectrum [207] of the Au tip substrate in the
wavelength range of 300-900 nm. In Figure 4.5a, the measured normalized extinction
curve is shown with four wavelengths (488, 514, 633 and 785 nm) marked. Considering
the extinction, the enhancement is anticipated to be highest for 633 nm and to be lowest
for 488 nm. The remarkable Raman enhancement for graphene at 633nm excitation
wavelength likely arises because 633nm is closer to the plasmon resonance wavelength of
600 nm. Figure 4.5b shows the enhancement of graphene bands as well as the extinction
at 4 wavelengths. A strong correlation has been observed between the optical extinction
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Figure 4.5: (a), the three excitation wavelengths of 488nm, 514nm and 633nm are
marked with blue, green and red dotted lines, respectively. (b), The normalized extinction
at 488nm, 514nm and 633nm wavelengths contrasted to the G and 2D intensity ratio.

and the Raman enhancement as a function of excitation wavelength. The strong spectral
dependence of Raman enhancement suggests the significant role of the plasmonic
resonances in our cooperative structure. There is a difference in the enhancement factors
by about a factor of 10 between Raman intensities and extinction magnitude with the

former being larger. This is interpreted as an evidence of cooperative nature in
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electromagnetic field enhancement [208-210] of graphene on Au tips as the extinction

spectrum was measured without graphene coverage.
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Figure 4.6: (a), Graphene 2D band intensity micro-Raman (633nm) mapping data
superimposed on the SEM image of the same region. Scale bar, 1 um. (b), A series of
Raman spectra from a line scan across a graphene SERS hotspot. The spectral interval is
200 nm. Scale bar, 500 nm.

We employ spatially resolved Raman to examine the distribution of hot spots. The
intensity of graphene SERS bands relates directly the local enhancement factor in the EM
field. The distribution of hot spots measured using spatially resolved graphene Raman
mapping is shown in Figure 4.6. To this end, the hotspots where EM field is significantly
increased could be precisely located using graphene SERS intensity mappings over the
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entire surface prior to performing measurements, leading to significant reduction in the
time required. The 2-D nature of graphene makes it an ideal built-in marker for
plasmonic structure. The enhancement of graphene Raman bands is a manifestation of the
local E-field enhancement since peak intensity is proportional to local E-field in SERS.
Figure 4.7 presents FDTD simulated E-field distribution of ideal periodic Au tip and 2D
band intensity distribution of graphene on Au tips. The presence of hot spots in between
tips with lateral extent comparable to the pitch of Au tips has been predicted by FDTD

simulation results.
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Figure 4.7: (a), the three excitation wavelengths of 488nm, 514nm and 633nm are
marked with blue, green and red dotted lines, respectively. (b), The normalized extinction

at 488nm, 514nm and 633nm wavelengths contrasted to the G and 2D intensity ratio.
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Figure 4.8: SEM and spatially resolved Raman spectra of graphene on Au tipped
surfaces. Two-dimensional graphene micro-Raman(633nm) mapping superimposed over
SEM images of the measured regions over a 2 um>2 um area of (a), D band intensity. (b),
G band intensity, and (c), 2D band intensity. (d), D/G intensity ratio.

The important role of the Au tips to the formation of hot spots is evident as the
location of hot spots for D-band, G-band, as well as 2D-band are all within the same
proximity (Figure 4.8). However, the exact location of the three bands reveals clear
differences provoking in depth examination. Within the diffraction limited spatial

resolution of the 633 nm wavelength laser, the G-band and 2D-band hot spots coincide
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with one another. They are clearly located in between neighboring Au tips away from
graphene folds (Figure 4.8b-c). Being located over a region of flat Au of ~200 nm in
length, such hot spots are not expected on bare Au tip arrays based on well-established
understanding from FDTD electromagnetic field modeling. However, the FDTD-
predicted hotspots at apex of Au tips are absent. We thus attribute it as an evidence of
cooperative behavior between the semi-metallic graphene (with its presence altering the
spatial distribution of electromagnetic field and thus the location of the observed hot
spots) and the underlying Au tips [211,212]. In contrast, additional hot spots of D-bands
are observed coinciding with sharp graphene folds as highlighted by dotted circles in
Figure 4.8a. These new D-band hot spots possess strong polarization dependence
pointing to their plausible physical origin as will be discussed in the following section.
Figure 4.8d shows the mapping of the ratio of D-band to G-band. It illustrates a clear
trend of stronger D-band where graphene folds are. It also shows an anomalous increase
in D-band intensity across the entire sample area studied in comparison to graphene on

SiO; where 1(D):1(G)<<1.

4.3.3 Graphene Folds as Broken-Bond Free D-Band Origin

We have observed for the first time (to our knowledge) evidence of D-band origin
from sharp folds in graphene away from graphene edges and disorders. As can be seen
from Figure 4.9a, D’-band intensity (the shoulder of the G-band) varies as a pair with
that of D-band as functions of the polarization angle. Figure 4.9b shows that the D band
intensity can be fitted with a cos?® function, where 0 is the angle between the

polarization of incident light and the folding direction in graphene sheets (Figure 4.2).
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The characteristic cos? © dependence of D-band intensity as shown in Figure4.9b

originates from both photon absorption and emission [213,214].
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Figure 4.9: (a), Raman spectra obtained with polarization angle 6 of 0, 90, 180 and 270
degrees; inset: the curve fitting of G and D’ bands. (b), Polarization-dependent D-band

intensity of graphene folds. Black squares: measured data; red line: cos? 0 fit.
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Figure 4.10: D band polarization dependence from Raman (633nm) spectra of graphene
on Au tip region. Polar plot of the I(D)/I(G) ratio, G band and 2D band intensity of
graphene folds as a function of polarization angle 6. Measured data: black circles, G band
intensity; blue triangles, 2D band intensity; red squares, 1(D)/1(G) ratio. Red dotted line:

cos? 0 fit.

Figure 4.10 presents the polar plot of polarization dependence of graphene D, G and
2D bands. The strong polarization dependence as well as the two-fold symmetry of the
D-bands is in clear contrast to that of G-band and 2D-band with no observable
polarization dependence. The prominent polarization sensitivity of the D-band combined
with their location coinciding with the graphene folds are clear evidence that the
graphene folds function as one-dimensional defects giving rise to double-resonance D-
band scattering. There is no physical reason why randomly located broken carbon bonds

could lead to dependence with the observed 2-fold symmetry. Large curvature sharp folds
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in graphene have been predicted by theory to lead to D-band providing further support to
the hypothesis. One important implication of this finding can be traced to the physical
origin of D-bands with the associated electrostatic potential fluctuations at the
irregularities in graphene, in this case graphene folds. The atomically smooth linear shape
of the potential fluctuation (as opposed to randomly placed point defects along the edge
of lithographically defined graphene) should function as specular boundary (as opposed

to diffuse boundry) ensuring the preservation of momentum and phase of electrons [215].

4.4 Conclusion

In this chapter, the hybrid platform is characterized using micro-Raman spectroscopy.
We demonstrate a remarkable graphene Raman enhancement of up to 1000 from what we
believe is the cooperative plasmonic resonance of graphene on the uniquely engineered
Au tip surface. The plasmonic characteristics of the platform have been emphasized by
wavelength dependent graphene SERS enhancement and the graphene hotspots profile
illustrated by Raman mappings, which are in good agreement with the FDTD simulation
results in Chapter 3. The strong dependence of Raman enhancement factor of graphene
on the wavelength of the excitation laser (with the largest enhancement detected at
633nm) lend itself to an evidence of the resonant nature of the Au tipped surface.
Graphene Raman intensity mapping places the hotspots in between the neighboring
pyramids instead of apex with atomic sharpness indicating the cooperative nature of the

resonance.
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In addition, a rather prominent D-band appeared at localized hot spots from graphene
on Au tipped surfaces that is nearly absent from the exactly same piece of graphene on
the immediately adjacent flat Au surface. Polarization dependent Raman spectroscopy
shows a strong 2-fold symmetry unique to the new D-band in contrast to the G-band and
2D-band that have no observable polarization dependence. These experimental
observations serve as clear evidence for the origin of the D-band being the sharp

graphene folds near the apex of Au pyramids.

In summary we demonstrated experimental observation of a giant enhancement of
graphene Raman signals from the hybrid platform with clear spectral selectivity, which
could potentially benefit the study of biomolecules SERS detection. We present
experimental evidence pointing to a new origin of graphene D-band from spatial
inhomogeneity in graphene sheets, opening a new pathway to tailoring phonon and
potentially electronic band structures of graphene for device applications such as
biosensing and photodetecting together with drastically enhanced performance. As is
evident, the interests in graphene - plasmonic surface interaction go way beyond simple
enhancement of graphene Raman signal. Orders of magnitude increase in local
electromagnetic field intensity with the new nano-structured plasmonic surface could
make the anticipated SERS of biomolecules a reality. The possibility of placing graphene
over nano-structured metal surfaces makes it possible to tailor the bio-chemical
properties of a plasmonic surface from the conventional metallic nanostructures to the
bio-compatible carbon (graphitic) surfaces. The particular method of fabrication renders
the particular plasmonic surfaces amenable to matching the contour of biological cells

opening the possibility of spatial-temporal mapping of biological processes that are
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necessary for understanding cell signaling. Finally, spatially resolved Raman mapping of
graphene band intensity opens up new opportunities for precisely locating hotspots in a

plasmonic system.
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Ultrahigh Sensitivity of the Hybrid Platform in

Biological Detection

5.1 Introduction

5.1.1 Single Molecule SERS (SM-SERS)

The observation of a single molecule and its structural transformation opens up many
opportunities for scientists in various disciplines. Laser-induced fluorescence with far-
field, near-field, and evanescent wave excitation has been reported as a single molecule
detection tool [217]. However, under ambient conditions the molecular information that
can be extracted via fluorescence is very limited. SERS, capable of providing highly
resolved molecular fingerprints, is ideal for characterizing a single molecule [218]. To

achieve single molecule SERS (SM-SERS) it means to enhance the intrinsically small
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Raman cross-section (~10° — 10 cm? ) by about 10" times (to match the fluorescence
cross section ~10'° cm?) [219]. Consequently extremely high SERS enhancement factor
IS an important prerequisite for SM-SERS, and the capability of SM-SERS is a criterion
of sensitivity for SERS-active systems. Silver colloidal nanoparticle solution [220] has
been proved very successful in SM-SERS but the real applications are limited due to
toxicity and oxidation. Gold nanostructures, which are chemically stable, bio-compatible

and SERS-active, hold great promise in SM-SERS of biomolecules.

5.1.2 Bi-Analyte Method for SM-SERS

Initial SM-SERS reports are based on the combination of extremely low
concentrations and very small sample volume of analyte. Though at the concentration of
picomolar (10" M) there will be less than one molecule per pm?, there is no certainty
that the SERS spectrum originates from only one molecule. In many reports [221-223]
the fluctuation in molecular SERS was attributed to single molecule event, however,
strong fluctuations in both spectral position and intensity happened at high molecular
concentrations as well. Among the strategies devised to overcome the issue bi-analyte
SERS (BIASERS) technique [224], based on a contrast method, is widely accepted for

SM-SERS.

The BIASERS method [225] is a contrast based spectroscopy technique using two
different molecules at the same time. This approach facilitates reliable statistics based on
a large spectral sample size for single molecule SERS detection. Bi-analyte SERS
methodology is aimed to derive reliable statistics for single molecule detection. In
BIASERS, SERS measurements are carried out using solutions as a mixture of two
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different analytes [226]. BIASERS doesn’t rely on the solutions of extremely low
concentrations to detect the rare single molecule events. The simultaneous use of two
molecules eliminates the uncertainty associated with low-concentration criteria. Due to
the nature of a mixture of two molecules, the SERS signals detected are in principle a
mixture of two sets of molecular SERS spectra. Thus observation of a SERS spectrum
purely originated from one analyte is statistically favorable to be from one single
molecule. BIASERS can be applied to a variety of SERS systems [227,228] with ease and

it conveys much more convincing and reliable SM-SERS evidence.

5.1.3 SERS Chemical Mechanism (CM)

It is generally agreed that there are two SERS enhancement mechanisms,
electromagnetic mechanism (EM) [229] and chemical enhancement (CM) [230], which
act multiplicatively. Unlike EM based enhancement, which is a non-selective amplifier
for all molecules trapped in the same location, CM based enhancement is analyte-specific
[231]. The simplest view of CM is the resonance Raman scattering via new electronic
states of the analyte molecule (that serves as resonant intermediate states) when it
interacts with the surface. In the case when Fermi level of the metal surface is disposed
between highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of the analyte molecule, charge transfer excitations from the molecule to
metal or vice versa occurs [232]. The excitation of the charge transfer induced state is in
an analogous to what observed in resonance Raman scattering, and provides a pathway

for resonant excitation to increase the probability of a Raman event.
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The distinctive features of graphene in Raman spectroscopy open up opportunities
for using graphene as a novel SERS platform to investigate CM independently from EM.
It has been discussed in Chapter 4 that E-field enhancement distribution could be derived
from SERS intensity mapping of graphene on plasmonic substrate. Besides, molecular
charge transfer between molecules and graphene has been shown to be significant for
selected vibrations of molecules [233]. To this end, graphene provides a unique platform
where both EM and CM of SERS can be explored in detail. Ling et al. [234] proposed
Graphene-enhanced Raman Scattering (GERS) and focused on the chemical
enhancement via molecule-graphene interaction. The highly molecule-selective and
vibration mode-specific GERS is usually associated with EF values ranging from 1 to
100. Strong coupling and effective charge transfer between the molecules and graphene
are the two favorable indicators of remarkable GERS EFs. To maximize GERS EFs there
are two pre-requisitions: (1) The HOMO and LUMO energies of the analyte molecule
should be within certain range with respect to graphene Fermi level at a given incident
wavelength. Using perturbation theory of Raman scattering, Barros et al. [235] suggested
that remarkable SERS occurs when the phonon energy is close to the energy difference
between the graphene Fermi level and the molecular HOMO/LUMO levels. (2)
Molecules with symmetry and substituents similar to those of the graphene structure
prone to generate higher GERS [236]. Such molecular selectivity can be theoretically
explained by group theory and the resonant effect between molecule and graphene [237].
The findings indicate the possibilities of modulating SERS chemical enhancement by

functionalizing graphene surface [238-240].
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5.1.4 Neurotransmitter Sensing

The Brain Activity Mapping (BAM) project has set goals in developing tools to not
only measure the activity of neurons in brain circuits but also to analyze and model the
brain circuits [241]. Tools capable of providing spatial and temporal profiles of
neurotransmitters in  vivo will be ultimately required. Sensitive detection of
neurotransmitters is the cornerstone for advancing the understanding of neurological
processes [242]. Dopamine and serotonin, which regulate numerous biological processes,
are the most humanly important neurotransmitters [243-246]. Dopamine deficiency
causes major clinical symptoms of Parkinson’s disease (PD) [247]. Recent research
indicates that serotonin also plays a crucial role in PD, especially in PD treatment

[248,249].

The detection of these two neurotransmitters especially serotonin remains
challenging mainly due to their low basal concentrations in the vicinity of neuronal
junctions (10°M-10°M) [250]. Voltammetric method gains its popularity in detecting
oxidizable biogenic amines [251]. However, its application is restricted in two aspects: (1)
It has been difficult to monitor more than one neurotransmitter at a time; (2) The
detection of certain neurotransmitter in the presence of other components of body fluid
(ascorbic acid etc.) is hard to achieve due to overlapping voltammetric responses
[252,253]. SERS has been shown to be one of the most effective alternatives in

neurotransmitter sensing with high sensitivity (<10°M) [254-256].
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In this chapter we demonstrate single molecule sensitivity of the hybrid platform.
The graphene hybrid system boosts a high density of hot spots and enables label-free
sensing. The coincidence of molecular precipitation region with SERS hot spots makes
detection of a few or a single molecule possible.**3 Single molecule SERS detection of
Rhodamine 6G (R6G a dye molecule commonly used as the standard in the study of bio-
molecules) and lysozyme (a type of simple proteins), is demonstrated experimentally
using a bi-analyte approach.*>*" The high resolution vibrational information provided by
SERS enables us to better understand the chemical mechanism, and explore the
interaction between molecules and graphene.

Furthermore, we present that the hybrid platform is capable of detecting dopamine
and serotonin at 10° M level in simulated body fluids supplemented with background
serum proteins. For dopamine and serotonin in deionized water, the detection limits
reaching 10 M with single molecule sensitivity. The ultra-high sensitivity and the
spatially resolving imaging capability boosted by the hybrid platform set the stage for not
only in vitro applications but potentially in vivo monitoring of neurological processes
including brain activities.

Chapter 5.2 discusses the experimental procedures for label free molecular SERS
measurements and the BIASERS for single molecule detection. Chapter 5.3 demonstrates
the ultra-high sensitivity of the hybrid platform evidenced by single molecule detection of
dye R6G, protein lysozyme as well as neurotransmitters (dopamine and serotonin), and
presents the graphene-based chemical enhancement observed for R6G and lysozyme. Part

of the work in Chapter 5 can be found in [257].
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5.2 Experiment Procedures

5.2.1 Label-Free Biomolecule SERS Detection

Graphene Laser Molecule

\ /

Figure 5.1: Schematic illustration of Raman experiments of molecules on the graphene-
Au nano-pyramid (tip) hybrid structure.

The hybrid platform is exposed to analyte molecules at various concentrations for SERS
detection (Figure 5.1). The coincidence of analyte molecule precipitation with SERS
hotspots makes detection of SERS fingerprints from a few or a single molecule possible.
Using the graphene-Au tip hybrid system, the detection efficiency can be markedly
enhanced due to the presence of graphene as built-in hotspot marker (Figure 5.2). The
local electrical field enhancement is reflected by the enhanced Raman intensities of

graphene characteristic G and 2D bands. Thus from Raman intensity
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Figure 5.2: Illustration of hot-spot labeling using the graphene hybrid system.

imaging of characteristic peaks of graphene superimposed on the Au tip substrate, the hot
spot profile of the structure can be achieved accordingly, since the SERS intensity of
graphene characteristic bands that significantly enhanced (with 1(G)graphene on Au
tip/ 1(G) graphene on Au fim larger than 1000) at hotspots is proportional to the local E-field
intensity. The locations of hot spots where graphene characteristic G and 2D band
intensity can be increased about 1000-fold will be recorded before further experiments.
After depositing molecules on the structure, we would start Raman imaging

measurements from the pre-located hot spots. It turned out the hot spots for graphene also
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worked for molecules. Averagely speaking, at one out of ten hotspots pre-located,
detectable molecular Raman signal can be achieved from the hybrid system for 10 M
molecular solutions by Raman mappings. With the graphene hybrid system that enables
hot spot-labeling, the average accumulation time for effective single molecular detection

will be shortened.

Analyte solutions at various concentrations (ranging from 10° to 10%° M) are
prepared for measuring the SERS of analyte molecules. Droplets (of size~2mm) of
aqueous molecular solutions (lysozyme (molecular weight 14.388kDa), R6G, dopamine
and serotonin are from Sigma Aldrich) are dropped on the sample, and then samples were
dried in ambient condition for 1 hour to immobilize the molecules on the substrate
surface. Raman mappings were performed at pre-located hotspots. Considering the
surface fluctuation of the Au tip surface, we estimated the average molecular coverage
being about 15 molecules per pm? of the surface geometric area when the solution

concentration is 10™° M.

Renishaw inVia micro-Raman Spectroscope features a High Speed Encoded Stage
that enables shift of samples in XYZ directions with nominal spatial resolution of ~100
nm. Stable and ultrafast Raman mapping mode is capable of catching the easily missed
hot spots in the probed regions. Large-area mappings (~30um*30um) with step size of 1
um and Is acquisition time are measured to screen the tip surface to identify spots in the
first place. Then the laser beam is focused on those spots to acquire SERS spectra of

analyte molecules. The acquisition time is set as 10s for a single spectrum acquisition to
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increase signal-to-noise level. Data are assembled by WIRE 3.2 software and presented as

background removed averages of such a data set.

5.2.2 Bi-Analyte Method for SM-SERS

Bi-analyte SERS was performed at 633 nm excitation wavelength for both R6G and
lysozyme mixture, as well as dopamine and lysozyme mixture. Here we will use R6G and
lysozyme pair as an example since the approach is the same for any bi-analyte systems.
First mixture solutions of the R6G molecule in combination with lysozyme as a partner
are prepared. The concentrations of the two analyte molecules are identical to each other
in the mixtures. Solutions as a mixture of R6G and lysozyme of exactly the same
concentration ranging from 10® M to 10" M are used for the measurements. Spatially
resolved Raman mapping is utilized to simultaneously study SERS of R6G and lysozyme
as dilution of molecular solution proceeds. Solutions of concentrations 10, 10 and 10°
'2 M have been used for SERS of the analyte molecules. At each concentration, large-area

intensity mappings will be conducted on the platform.

The same bi-analyte SERS was performed to dopamine and serotonin as well.
Solutions as a mixture of dopamine and serotonin of exactly the same concentration are
used for the measurements with concentrations 10®, 10 and 10™'° M used for SERS of
the analyte molecules. Intensity mappings of SERS peaks purely assigned to one analyte
molecule will be obtained to locate the spots where only shows SERS spectrum of one

analyte in WiRE 3.2 after measurements.
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5.3 Results and discussion

5.3.1 Single Molecule SERS of R6G and Lysozyme
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Figure 5.3: (a), Raman spectra of R6G on graphene hybrid structure with 3 different
concentrations ( 10™° M, ~15 molecules / pm?® 10 M, ~0.15 molecules / pm? , 107* M,
~0.0015 molecules / um?) (b), Raman spectra of R6G on Au tips with 3 different
concentrations. The laser excitation wavelength is 633 nm.)
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Figure 5.4: (a), Raman spectra of lysozyme on graphene hybrid structure with 4 different
concentrations (10° M, 10® M, 10" M, 10> M,). (b), Raman spectra of lysozyme on Au
tips with 4 different concentrations. The laser excitation wavelength is 633 nm.)

SERS of R6G and lysozyme separately using the graphene based

hybrid system. Figure 5.3 and Figure 5.4 show the average Raman intensities of R6G
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and lysozyme deposited on the graphene-based hybrid platform at various molecular
concentrations. We achieved ultra-sensitive detection of R6G with concentration down to
10"**M (equivalent to 0.0015 molecules per um? on average of the surface area) as well as
lysozyme with concentration as low as 10™2M ( ~0.15 molecules per um? of the surface
area). The same experiments performed with Au tip surfaces free of graphene also
resulted in substantial enhancement of similar orders of magnitude, indicating the crucial
role of the periodic Au tip surface for the single molecule sensitivity. The average Raman
intensities of both R6G and lysozyme are further enhanced (by approximately a factor of
10) by covering the Au tipped surfaces with graphene, and the enhancement factors vary
for the different Raman vibrational modes. The extra chemical enhancement induced by

graphene is discussed in the following Chapter 5.3.2.

Single molecule detection was demonstrated with bi-analyte SERS method. An
aqueous solution of R6G and lysozyme of the same concentration was dispensed on the
hybrid platform for SM-SERS under 633nm excitation. The significant difference
between R6G and lysozyme’s Raman fingerprints makes them highly distinguishable.
Spatially resolved Raman mappings of R6G and lysozyme were measured for three
progressively diluted analyte solutions (10® M, 10%° M, 10™? M). In Figure 5.5 and
Figure 5.6, Raman mappings of selected molecular vibration modes at different
concentrations are shown. The intensity of R6G band at 613 cm™ is in red and that of
lysozyme band at 821 cm™ is mapped in blue. In Figure 5.5a, strong signals of both R6G
and lysozyme are observed at concentration of 10® M. The slight difference in signal

distribution of 2 maps can be explained by difference in distribution of R6G and
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lysozyme molecules. The spectrum took from the mapping (Figure 5.5b) indicates
ensemble averaging, namely, composition of Raman fingerprints from 2 different analyte

molecules.
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Figure 5.5: Spatial resolved Raman intensity mapping and selected spectra of R6G and
lysozyme bianalyte mixture solutions on hybrid platform at 10°® M concentration. (a),
The R6G peak at 613 cm™(red) and lysozyme peak at 821 cm™(blue) are mapped
respectively. (b), In the spectrum the Raman vibration modes assigned to R6G are
marked with red arrows and those assigned to lysozyme are marked with blue arrows.

Scale bar: 8um.
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Figure 5.6: Spatial resolved Raman intensity mapping and selected spectra of R6G and
lysozyme bianalyte mixture solutions on hybrid platform at 10® M concentration. (a),
The R6G peak at 613 cm™(red) and lysozyme peak at 821 cm™(blue) are mapped
respectively. (b), In the spectrum the Raman vibration modes assigned to R6G are
marked with red arrows and those assigned to lysozyme are marked with blue arrows.

Scale bar: 8um.

Raman intensity mappings of R6G band at 613 cm™ and lysozyme band at 821 cm™
at 10" M and 10" M concentrations are shown in Figure 5.6a-d. When solution
concentration is further reduced, percentage of overlapping R6G-lysozyme signal

significantly decreases, and breakdown of ensemble averaging spectra occurs when
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single molecule regime has been reached (Figure 5.6e). We observed signal purely
composed of SERS spectrum of one type of molecule, shown as a rather isolated pixel in
the mapping. At extreme dilution, the spatial coincidence of an analyte molecule with the
hot spots of the hybrid platform will be the key to detect molecular signal. Following the
argument of Le Ru and Etchegoin [225], the bi-analyte nature of target molecules serves
as strong evidence that the spectrum of one certain analyte from an individual pixel is

attributed to single molecule.

5.3.2 EM and CM for R6G and Lysozyme SERS

We analyzed different vibrational modes of R6G and lysozyme deposited on Au tip
substrate with and without graphene. The assignments of R6G and lysozyme SERS peaks
can be found in Table 5.1 and Table 5.2 separately. Comparing the SERS spectra of R6G
on graphene/Au tip structure and Au tips at molecular concentrations 10*° M and 10™2 M
in Figure 5.7, we observed discrepancy in the graphene induced enhancement to R6G
peaks. Such discrepancy in enhancement becomes more significant at 10? M
concentration that the 613cm™ peak is enhanced by over four times while the 613cm™

peak is enhanced by less than two times.

Table 5.1. Vibration mode dependent enhancement and assignment of Raman peaks

in SERS spectra for R6G [259]

SERS Peaks Tentative Average enhancement
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(cm™) assignment (lermip/Ivip)
613 o(C-C-C)ip 10
775 o(C-H)op 5
1187 o(C-H)ip 2
1311 v(C-C)*, v(C-N) 6
1360 v(C-C)*, v(C-N) 6
1506 v(C-C) 4
1577 v(C-0-C) 8
1645 v(C-C) 4

Table 5.2. Vibration mode dependent enhancement and assignment of Raman peaks

in SERS spectra for lysozyme [261]

SERS Peaks Tentative Average enhancement
(cm™) assignment (lemip/l7ip)
821 tyrosine 3
849 tyrosine 3
922 v(Cq-C-N) 5
974 tyrosine 4
1060 v(C-N) 9
1110 v(C-N) 8
1261 Amide Il 3
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1432 5(CHz) 2

1466 5(CHz) 2

* The v(X-Y) is a vibration mode assigned to an X-Y bond stretching vibration, & denotes

deformation coordinate, ip denotes in-plane and op denotes out-of-plane.
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Figure 5.7: Raman spectra of R6G on graphene hybrid structure and Au tips at molecular
concentrations 10™° M and 102 M.
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Figure 5.8: (a), The Raman intensity of R6G peaks at 613 cm™and 1087 cm™ on
graphene hybrid structure and Au tips separately, as a function of the molecular
concentration, in log scale. (b), Raman intensity of lysozyme peaks at 1060 cm™ and
1466 cm™ on graphene hybrid structure and Au tips separately, as a function of the

molecular concentration, in log scale.

Figure 5.8a shows a comparison of the R6G peaks at 613cm™ and 1187cm™ on

graphene/Au tip and Au tip substrate respectively at various concentrations. The peak at
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613cm™ is assigned to the C-C-C deformation in-plane vibration and the peak at 1187cm’
! is assigned to the in-plane vibration of deformed C-H bonds [258,259]. They are
slightly shifted from the typical 612cm™ and 1185cm™ position due presumably to the
extremely high local electric field associated with the plasmonic resonance [260]. The
613cm™ peak intensity is enhanced by a factor of 10, while the 1187cm™ peak intensity is
only enhanced by a factor of about 5 for a R6G concentration of 10™° M. Similar

behavior exists for lysozyme [261]. As shown in Figure 5.8b, the band at 1060cm™ is

enhanced more than the peak observed at 1466 cm™.

The dependence of the enhancement factor for the various vibrational modes is
shown quantitatively in Table 5.1 and 5.2. The peak at 613cm™ together with the 1577
cm™ peak assigned to C-O-C bond stretching vibration show the highest enhancement
(Iermip/l7ip ~8). The peaks at 1311, 1360, 1506 and 1645 cm™ assigned to C-C stretching
modes show 4-6 fold enhancement. The peak at 775 cm™ assigned to the out-of-plane
vibration of deformed C-H bonds shows an average enhancement of 4-6 times. Among
all peaks, the peak at 1187 cm-1 exhibits the lowest enhancement( ~1-3 times). For
lysozyme, the band at 1060 cm™ assigned to the vibrations of v(C-N) is about 3-fold

more enhanced than the 5(CHy) vibration mode [262] observed at 1466 cm™.

These observations allow us to propose the following possible mechanisms for the
SERS chemical enhancement attributed to graphene-molecule interaction. Firstly, the 2-
10 times enhancement for all vibration modes partly result from charge transfer between
molecules and graphene. Charge transfer occurs when graphene Fermi level being located
in between the HOMO and LUMO of molecules including R6G [234] (Figure 5.9a-b).

Secondly, aromatic molecules prefer to stack in parallel to the n-bonds of graphene due to
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the preferred n-m stacking leading to enhanced resonant energy transfer [263]. In our
experiments of lysozyme, the absence of peaks assigned to the symmetric ring-breathing
vibration mode (exist only when benzene rings stand up or at least being tilted with
respect to the surface) [261] reflects the flat orientation of aromatic amino acid residues
in lysozyme. Both charge transfer and resonant energy transfer effects will be stronger
when molecules are closer to the surface. In the case of charge transfer, the increased
separation between negative and positive charges leads to an increase in molecular

polarizability that has been associated with larger Raman scattering cross-sections [264].
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Figure 5.9: (a), Energy level diagram of graphene — molecule interface: charge transfer
occurs when graphene Fermi level locates in between the HOMO and LUMO of
molecules. (b), Ilustration of the Fermi level of the system in R6G detection. (c),
Schematic of a R6G molecule lying parallel to graphene surface. (d), Schematic of in-
plane deformation C-C-C vibration mode and in-plane deformation C-H vibration mode

of R6G molecules.
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Furthermore, the basic chemical structures of R6G are similar to that of graphene,
thus the in-plane deformation C-C-C vibrational mode will be further enhanced due to the
vibrational coupling between the molecules and graphene. In contrast, such effects are
absent for the deformed C-H in-plane vibrational mode (Figure 5.9c-d). This explains the
more pronounced enhancement of the 613cm™ peak assigned to the in-plane deformation
C-C-C vibration. The behavior of the enhancement factors being dependent on the

geometry of the molecules is a distinct characteristic of chemical mechanisms of SERS.

Then we present spatially resolved Raman data to assess the relative importance of
EM enhancement to the overall SERS enhancement (Figure 5.10). Comparing the
Raman intensity mapping of R6G 613cm™ peak with that of the graphene G peak (Figure
5.10a inset), we find that the hotspots coincide. Figure 5.10a shows the Raman spectra
of R6G at three spots on the graphene hybrid platform, two of them are from the hotspots
in the mapping. Figure 5.10b shows the Raman intensities of R6G 613cm™ peak and
1187cm™ peak as a function of graphene G peak intensity. The intensities of the R6G

characteristic peaks correspond linearly to the graphene G band intensity.

The lysozyme — graphene peak intensities from a series of spectra of a line scan over
one of the hotspots are shown in Figure 5.11, which also shows the same linear
dependence. The linear dependence spans significantly over 3 orders of magnitude. The
observations of synchronized enhancement of the molecular and the graphene Raman
peaks serve as strong evidence that the significant local EM field enhancement from the
Au nanostructures is the major contribution to the dramatically enhanced Raman signals,

in agreement with other SERS studies.
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Figure 5.10: (a), SERS spectra for 10™* M R6G on graphene hybrid system taken from
three spots from the inset Raman mappings in the same color squares. The inset of a is
composed of Raman intensity mapping of R6G peak at 613 cm™(red) and Raman
intensity mapping of graphene G band (green), scale bar, 2 um. (b), Raman intensities of
R6G peaks at 613 cm™ and 1187 cm™ separately as a function of graphene G band from

the three spectra shown in (a).
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Figure 5.11: A series of Raman spectra from a line scan across a lysozyme SERS hotspot.
The spectral interval is 500 nm. Inset: Raman intensities of lysozyme peaks at 849 cm™

and 1466 cm™ separately as a function of graphene G band from the spectra shown in

Figure 5.11.

5.3.3 SM-SERS of Neurotransmitters

Both SERS of dopamine and serotonin was achieved of concentration levels down to
101% M setting records in the label-free detection of the two important neurotransmitters.
Figure 5.12a and Figure 5.12b show the average Raman intensities of dopamine and
serotonin deposited on graphene-Au tip heterostructure at various molecular

concentrations. The lowest concentration at which spectra can be unambiguously
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resolved is 10°M for both dopamine and serotonin. This value is the highest sensitivity

ever reported in the literature to our knowledge.
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Figure 5.12: Raman spectra of neurotransmitter molecules on graphene hybrid structure
with 3 different concentrations (10 M, 10® M, 10° M,) (a), Dopamine. (b), Serotonin.

The laser excitation wavelength is 633 nm.
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. The assignments of dopamine and serotonin SERS peaks can be found in Table 5.3 and

Table 5.4 separately. For example, the Raman peak for dopamine locates at 1482 cm™,
which is assigned to phenyl C=C stretching mode has a noticeably larger enhancement
factor than the peaks assigned to other dopamine vibration modes. While for serotonin,
the peaks located at 1423 cm™ and 1547 cm™, which are assigned to indole ring
vibrations [265] have experienced the highest enhancement. Such preferential
enhancement for ring related modes is believed to stem from chemical enhancement
rendered by graphene [266]. The n—x interactions between graphene and ring structures
in dopamine as well as serotonin are believed to be a major contributing factor [263]. As
shown in Figure 5.14, when the concentration is reduced to 10™° M, the most easily-
recognized Raman peak left are that of the 1482 cm™ peak of dopamine and the 1423 cm’

! and 1547 cm™peaks of serotonin.

Table 5.3: Vibration mode assignment of Raman peaks in SERS spectra for

dopamine [270]

SERS Peaks Tentative
(cm™) assignment
991 C-H rocking
635 Phenol O-H op bending
771 Ring breathing
816 Aromatic C-H def op
1267 phenolic C-0 stretching
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1358

1424

1482

C-H ip bending
ip CHzscissoring

phenyl C=C stretching

Table 5.4. Vibration mode assignment of Raman peaks in SERS spectra for

serotonin [271]

SERS Peaks Tentative

(cm™) assignment

756 Indole ring breathing

936 0-H op deformation; C-H op deformation
1008 Benzene ring breathing

1185 C-H ip deformation

1253 C-C and C-N stretching in pyrrole
1350 C-N stretching, indole ring vibration
1423 C=C, C=N ip vibration in pyrrole
1448 Pyrrole v(N-C=C) , benzene &(CH)
1550 pyrrole ring stretching v(C=C)
1620 C=C stretching
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Figure 5.13: (a-b), Raman intensity mapping of graphene G band (green) and Raman
intensity mapping of serotonin peak at 1546 cm™(red) of the same area, scale bar, 10 um.
(c-d), Raman intensity mapping of graphene G band (green) and Raman intensity
mapping of dopamine peak at 1482 cm™(red), scale bar, 2 um.

As indicated in Figure 5.13a-b, the hotspots for serotonin 1547 cm™peak and
graphene G peak coincide with each other within the spatial resolution of micro-Raman.
This feature can be appreciated by comparing their Raman intensity mappings over large
area. The co-location also exists for dopamine 1482 cm™ peak and graphene G peak. The

direct correlation between molecule Raman peak intensity and graphene G-band intensity
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implies that the observed enhancements are due predominantly to EM enhancement. This
observation is of special significance to the use of SERS for detecting trace amount of
target molecules. Such application is hindered in practice for most plasmonic structures
due mainly to difficulties in locating hotspots. Hot spots over hybrid platform can be
precisely marked by graphene peak intensity mapping as discussed before thereby
significantly reduce the time required during subsequent measurement of trace amount of

target molecules.
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Figure 5.14: Raman spectra of 10"°M serotonin and dopamine on heterostructure: Bi-
analyte mixed event: black. Dopamine single molecule event: blue. Serotonin single

molecule event: red.
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BIASERS test of dopamine and serotonin has been conducted to establish single-
molecule sensitivity of hybrid platform (Figure 5.14). Aqueous solutions of dopamine
and serotonin respectively of the same concentration are dispersed over hybrid platform.
The frequency of both dopamine and serotonin SERS spectra being present at the same
hot spot decrease monotonically with decreasing concentration. At 10° M level, we
observed spectral response from over 90% of SERS hot spots to be that of either
dopamine or serotonin, but not both thereby firmly establishing the single-molecule

detection capability of hybrid for dopamine and serotonin.
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Figure 5.15: Raman spectra of 10° M dopamine (blue) and serotonin (red) dissolved in

SBF supplemented with 10% FBS and DMEM supplemented with 10% FBS,

respectively.
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To mimic the real biological environment with the interference from a variety of
biomolecules (e.g. serum proteins) in the background, we conducted SERS study of
dopamine and serotonin dispersed in either cell culture medium (Dulbecco's modified
Eagle's medium (DMEM) with 10% Fetal Bovine Serum (FBS)) or simulated body fluids
(SBF) with 10% FBS. Interference from background molecules blocks access to the hot
spots with their relatively large molecular size. Such access hindrance has been shown to
lead to signal degradation [268]. In our case, the sensitivity is reduced from the 10™° M in
water to 10”° M in DMEM or SBF for both dopamine and serotonin (Figure 5.15). These
results show that hybrid platform enables label-free detection of highly diluted dopamine
and serotonin in simulated body fluid as encountered in typical in vivo environment. It
holds the promise of becoming a highly useful tool for monitoring synaptic processes in

Vivo.

5.4 Conclusion

In this chapter the hybrid platform enables single molecule detection and provides a
reproducible and uniform response. The hybrid platform enables pre-locating hotspots to
increase detection efficiency. It allows us to realize sub-10"2 M detection of R6G and
lysozyme and to improve the detection limit of dopamine and serotonin to 10° M in
simulated body fluid background. The addition of graphene also allows us to determine

separately chemical enhancement (CM) and electromagnetic enhancement (EM) in a
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semi-quantitative fashion. The result indicates that EM is the dominant contributor with

CM adding another order of magnitude to the large SERS enhancement factor.

In conclusion, the hybrid platform boasts three unique features compared to the more
conventional plasmonic structures. First, the monolayer van der Waals material (vdW)
such as graphene protects the metallic structure from degeneration due to the commonly
encountered chemical reaction such as oxidation. It has been shown that the Raman
enhancement factor of the commonly used Ag nanoparticles degrades by over 50% in a
couple of weeks [269]. Second, the Raman peaks of graphene serve as a gauge of the
near-field EM-field intensity allowing for quantitative measurement of target molecules
to be obtained. Third, chemical interaction between graphene and target molecules results

in selective enhancement and/or prohibition of certain SERS modes.

In practical applications, the option of adding graphene to SERS active metallic
surfaces will broaden the utility of such platforms by offering chemically inert surface
that is easily refreshed after each test and also being resistant to the degradation of the
metallic nano-structures. The sensitive detection is carried out in a label-free fashion with
the co-presence of both dopamine and serotonin. Such capability promises potential
applications to the study of neurotransmitters in synaptic process in vivo, representing a
step forward in enabling in-depth studies of neurological processes including those

closely related to brain activity mapping (BAM).

The unique feature of bio-chemical finger-printing of Raman spectroscopy, which
greatly reduces false-positive detection, combined with the capability of quantitative

measurement makes the hybrid SERS platform a rare and very powerful experimental
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technique in clinical applications. Our approach and the results will go beyond simple
single molecule detection to facilitate understanding of the basic mechanisms of SERS,
and open up new opportunities in developing and revolutionizing the applications of
graphene in biomedical diagnostics, analytical chemistry, as well as biological sensing

and imaging.
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SERS Quantification Using the Hybrid Platform

6.1 Introduction

6.1.1 SERS Enhancement Factor (EF)

A major goal of SERS is to apply its remarkable sensitivity and specificity in
bioanalysis. Although various SERS systems have been successfully developed, SERS
based quantification remains to be problematic. Determination of SERS enhancement
factors (EFs) afforded by a SERS system is one of the most important issues. Current
SERS EFs are obtained on the basis of comparing SERS from an analyte molecule with
non-SERS Raman scattering of the same analyte molecule [273]. Quoted values of SERS
EF of similar SERS systems may differ from each other by several orders of magnitude

due to the ambiguous definition of parameters in SERS EF and the difficulties in
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retrieving the parameters correctly. The SERS EF proposed for single molecule detection

ranges from 10’ [272] to 10** [24,25] using the similar SERS systems.

Theoretically SERS EF is divided into EM and CM components according to its

mechanisms:

SERS EF =EF,,, xEF,, (6.1)

To describe the EM part of SERS |E|4-approximation [273] is commonly used. For
simplicity we can ignore the Raman shift and consider the EM part of SERS EF as

B

~ - (6.2)
|E0 (a)L)|

EF.,

where o, and E, is frequency and electric field of the incident exciting laser, E is the
local electric field which is strongly affected by plasmonic response and is much higher
than incident field E,. Chemical enhancement is usually considered as an analyte
specific perturbation (a factor of 10) to EM part of SERS EF.

In the practical experiments, SERS EF is defined as the ratio of SERS signal
intensity to the Raman signal intensity that is obtained for exactly the same molecule in

the absence of the SERS substrate, with all other conditions identical [274]. To this end

we have

EF — ISERS /CSERS (63)
IRS / CRS

where Iy is the SERS intensity of analyte in solution with known concentration of

Ceers» lrs 1S the Raman intensity of analyte in solution with much higher concentration
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Cqs Under the same conditions (the same Raman spectroscopic setup). This is also called

analytical EF. One disadvantage of the analytical EF originates from the volume

concentration of analyte cy., since SERS is a surface process. To remedy this problem

the SERS substrate EF is introduced as

leerns /' N
EF - SIERS/ N Surf (64)
RS Vol

where N,,, is the number of analyte molecules contributing to bulk Raman signal, N,

is the number of absorbed analyte molecules contributing to SERS Raman signal.

Two main challenges prevent researchers from obtaining accurate SERS EF. First, it
is difficult to precisely determine the number of analyte molecule contributing to SERS
and non-SERS respectively. Using SM-SERS the number of analyte molecule for SERS
could be set as 1. However, determining the number of analyte molecule contributing to
non-SERS Raman scattering remains to be challenging. Second, obtaining non-SERS
Raman activity of analyte under exactly the same experimental conditions is challenging.
System-to-system variations widely exist in SERS EF estimation and the EF can be

inflated by several orders of magnitude when ¢y, and c. are determined differently.

The intrinsic limitations thus make SERS EF of little significance in evaluate a SERS

platform.

6.1.2 Quantifying SERS Analyte Concentration

Development of novel sensitive techniques for biomolecule detection and analysis

[275-279] is crucial to the advancement of early-stage disease diagnosis. As a sub-
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discipline of analytical chemistry, bioanalysis covers the quantitative measurement of
biotics and xenobiotics and in biological systems. It is essential to employ well-
established and fully validated techniques to yield reliable results. US Food and Drug
method validation include

Administration (FDA) guidelines for bioanalytical

requirements on specificity, precision, stability, calibration curve and quantification limit

[280] (Table 6.1).

Table 6.1: US FDA Guidelines of Bioanalytical Method Validation

Type of Tests

Description

FDA Guidelines

The closeness of mean test
results obtained by the analytical

A minimum of three concentrations in the range of
expected  study  sample  concentrations s

Accuracy method to the actual recommended. The mean value should be within 15%
concentration of the analyte. of the nominal value except at LLOQ (+/-20%).
The ability of an analytical Analysis of blank samples of the appropriate biological
method to differentiate and matrix (plasma, urine, or other matrix) should be
Specificity  quantify the analyte in the obtained from at least six sources. Ensured at LLOQ.
presence of other components in
the sample.
The closeness of individual A minimum of three concentrations in the range of
measures of an analyte when the  expected  study  sample  concentrations is
Precision procedure is applied repeatedly recommended. The precision determined at each
to multiple aliquots of a single concentration level should not exceed 15% of the
homogeneous volume of coefficient of variation (CV) except for the LLOQ,
biological matrix. where it should not exceed 20% of the CV.
Detector response obtained from  Recovery experiments should be performed by
an amount of the analyte added comparing the analytical results for extracted samples
to and extracted from the at three concentrations (low, medium, and high) with
Recovery  biological matrix, compared to unextracted standards that represent 100% recovery.
the detector response obtained
for the true concentration of the
analyte.
The relationship between Method validation experiments should include a
Calibration instrument response and known ~ minimum of six runs conducted over several days,
Curve concentrations of the analyte. with at least four concentrations (including LLOQ, low,
medium, and high) analyzed in duplicate in each run.
The lowest standard on the The LLOQ should be established using at least five
Quantificati  calibration is LLOQ. samples. The analyte response at the LLOQ should be
on Limit  The highest standard will define  at least five times the response compared to blank

the Upper Limit of Quantification

response. Analyte peak should be identifiable,
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(ULOQ) discrete, and reproducible, and the back-calculated
concentration should have precision that does not
exceed 20% of the CV and accuracy within 20% of the
nominal concentration.

SERS, capable of single molecule detection and multiplexed analysis, holds great
potentials for applications in bioanalysis [281-284]. SERS allows for the observation of
subtle spectroscopic phenomena that were not hitherto accessible due to its superior
fingerprint specificity and single molecule sensitivity. Nanoscience and nanotechnology
have enabled extremely high SERS enhancement factors in various systems. Recent
advances in nanotechnology have led to plentiful analytical applications of SERS and
generated insights in analyte quantification by SERS. As shown in Table 6.2, detection
and quantification of various analyte molecules inclusive of nicotine [285] and glucose
[286] has been achieved. In these studies quantification is acquired by building the

connection between analyte concentration and analyte SERS peak intensity.

Table 6.2: Summary of Current SERS Quantification Progress

Target Analyte SERS Platform Dynamic Range  Reference
: Self-assembled monolayer (SAM)-coated i

Rhodamine 6G Au colloids 0.1-5 uM [287]
Rhodamine B Metallic glassy nanowire arrays 1nM-10uM [288]
Rhodamine 6G; . .

Crystal violet Graphene oxide and AgNP hybrids 1nM-10uM [289]
Nicotine Polymer-stabilized Ag colloids 0.1-10 ppm [285]
Nicotinamide AgNPs 0.1-1mM [290]
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Adenine Ag sol 0.1-0.9uM [291]

Carbohydrates

(Glucose, Rhodamine-based tagged Ag colloids 1 nM-5uM [292]

lactose etc)

DNA Fluorophore-labeled Ag/AuNPs 1-100 nM [293]
AuNPs/Au colloids modified by )

Glucose horseradish peroxidase and glucose 0.5-32 mM [294]
oxidase

Mucin protein Sandwich immunosorbent assay with 0.01-10 pg/mL (295]

MUC4 functionalized AuNPs

G-reactive protein o5 orrne ) (sa 0.2-100 ng/mL (296]

(CRP)

Antigen (mouse  Sandwich immunosorbent assay with 0.1-3 ng/mL (297]

19G) SERS tagged Ag colloidal

The SERS intensity observed is assumed to be proportional to the concentration of
target analyte in the probed volume and thus enables a direct calibration of the absolute
SERS peak intensity against concentration. However, SERS is a complex process whose
mechanisms are still under debate. The pre-assumed linear dependence of SERS intensity
to number analyte molecules present in probed volume may only be valid in very limited
concentration range. Heterogeneity of the SERS active substrates leads to significant
variation in the SERS peak. The degree of aggregation, instrumental factors as well as
interaction between plasmonic structure and molecules also affect the SERS signals.
Consequently SERS quantification using conventional SERS systems suffer from short
quantification range, poor reproducibility, serious spot-to-spot variation, and lack of
universal adaptability. A reliable SERS quantification method, leveraging the superiority
of SERS in sensitivity and specificity, is in desperate need to facilitate the clinical

transition of SERS.
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We present an ultra-sensitive graphene-plasmonic hybrid platform for statistically
reliable SERS quantification. The two-dimensional nature makes graphene a built-in
hotspot marker and opens up new opportunities to extract information on exact location
and enhancement of hotspots. Fine-tuned fabrication process ensures the reproducibility
of the substrate. The high uniformity in both shape and distribution of the Au tips over
large substrates minimizes variation in the scanning area during Raman measurement.
We proposed a novel definition of SERS EF based on graphene-plasmonic system. The
graphene based EF eliminates the system-to-system variation of SERS EF from 10’ to
10", The well-established knowledge of hotspots will greatly benefit the study of SERS

EM enhancement mechanisms.

Moreover, the hybrid platform enables statistically reliable quantification with linear
dynamic range over three orders of magnitude using spatially resolved Raman mappings.
We demonstrate quantification for both dye molecule R6G and colon cancer cell.
Employing graphene as SERS internal reference provides more insights into SERS
quantitative parameters. The graphene based platform exploits the full potential of SERS

to be a powerful bioanalytical tool.

Chapter 6.2 demonstrates a novel graphene based SERS EF definition. Chapter 6.3
presents the accurate quantification of hotspots in terms of enhancement and distribution
using SERS intensity mapping of graphene in the hybrid platform. Chapter 6.4 details the

statically reliable quantification of SERS analyte using spatially resolved Raman

mapping.
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6.2 Graphene Based SERS EF

|E|* Approximation for EM Based EF

The |E|* approximation for SERS enhancement provides a very useful  yardstick
estimate for experimental SERS enhancement in a single molecule located at Xo. It is
commonly used as a figure of merit to evaluate theoretical models with experiments. In
our work, the EM field enhancement is ~100 at hot spots per FDTD calculation, which is
in line with the consensus of the field. An EM based EF of 10® is expected. Considering
the additional chemical enhancement factor of ~10, we have the total SERS EF estimated

as ~10°.

Concentration Based Analytical SERS EF

Using the most commonly used SERS EF definition in equation 6.3, which is called
analytical EF, we estimate the SERS EF of R6G using the hybrid platform. The SERS of
R6G on the hybrid platform is measured by diluting R6G solution of 10™2 M. A droplet
of ~2uL solution is deposited on the hybrid system and it diffuses on the surface to form
a blot with diameter of ~2mm. As reference, a 2uL. droplet of 0.01 M R6G solution is
deposited on graphene covered flat gold surface for Raman scattering (RS) measurement.
633 nm laser with a beam radius size of ~1 um is used for measurement. To eliminate the
fluctuations of EM enhancement, graphene is used as internal reference and the Iggrs and
Irs are normalized with graphene G band intensity. From the SERS and RS spectra
shown in Figure 6.1, it could be noted that the Iggrs of 10* M R6G SERS and Igg of 10°

2 M R6G are comparable. So we have concentration based analytical SERS EF ~10*.
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Figure 6.1: SERS of 10™ M R6G on graphene-Au tip hybrid platform (red), SERS of
graphene on the hybrid platform (blue) and Raman of 10% M R6G on graphene covered
flat Au film.

Single Molecule SERS EF

In single molecule SERS achieved using bi-analyte method, it is statistically
convincing to claim that the contribution of SERS originates from only one molecule.

Using the modified SERS EF in equation 6.4, the SERS EF can be estimated by

- ISERS / NSERS (65)
IRS / NRS

Where Ngg is the number of probe molecules contributing to bulk Raman signal,
Nggrs IS the number of probe molecules contributing to SERS Raman signal, which is 1

in the case of single molecule SERS, Isgrs and Igs are the normalized intensities of
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selected Raman peaks in SERS and Raman spectra. In Figure 6.2, a single molecule

SERS event of R6G is confirmed using BIASERS.
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. — R6G )
2 4000}~ lysozyme | \
> o i
Z \ W‘M‘A\ j \
§ 2000 WWWWWWMWNW’ W/\w \'/\ﬂ.
c

600 800 1000 1200 1400 1600
Raman shift (cm )

Figure 6.2: Single molecule SERS events of R6G and lysozyme in bi-analyte

measurement of 102 M solution.

The probe molecules are assumed to disperse uniformly on the substrates. The
specimens for SERS and RS are prepared and detected in the same conditions. The

number of molecules under detection can be estimated as

N = NAI\/IV% (6.6)

sub

Where N, is Avogadro constant, M is the molar concentration, V is the volume of
solution droplet, Sq,y, IS the size of the substrate and S, IS the size of the laser spot. For
RS event, the concentration is 10% M and the droplet volume is 2uL, thus the Ngg is

estimated as ~10°. The average EF is estimated as ~10’.
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Considering the SERS EFs varies from 10’ to 10, we attribute the four orders of
magnitude difference to the dimensionality difference, namely, the concentration based
analytical EF estimate the analyte number in probed volume while for remedied EF the
number is estimated in probed area. It could be noted that the deciding factors are highly
dependent on the probe molecules, the SERS systems and the measurement setup.
Consequently the error for the estimated SERS EF could be two or three orders of

magnitude.

Graphene Based SERS EF

The devoid of a SERS EF estimation that can be universally applied to different
SERS systems makes it impossible to compare their SERS enhancement capabilities.
Graphene provides an ideal platform to quantify SERS enhancement. The graphene based

SERS EF can be simply defined as

GEF = IGSERS / IGRS (6-7)

Where Igsgrs and Igrs are the intensity of graphene G or 2D peaks on substrate

with SERS active nano-features and on the same substrate without any SERS structure.

The graphene based EF could be further remedied to reflect the enhancement at a
hotspot. While the signal of conventional Raman spectra being derived from a probed
area of several pums in size, Raman signals from plasmonic enhancement comes
predominantly from electromagnetic field concentration that is extremely localized to
typically nanometer region [298,299]. Thus we introduce an adjusted definition of

graphene Raman enhancement factor for graphene-plasmonic composite structures:
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_ I(patt)/A(hotspot)
I(unpatt)/A(excitation spot)

(6.8)

Where I(patt) is the graphene Raman peak intensity including G and 2D bands
measured at hotspot on the patterned Au tip region. A(hotspot) is the area of a typical
hotspot. The I(unpatt) graphene Raman peak intensity measured at Au film without
patterned plasmonic features. The A(excitation spot) is the area of the excitation spot. For
633nm, we take it the as the spot with diameter of 1um. As shown in graphene SERS
intensity mappings, the hotspots are highly localized region within area of 10 nanometer

scale [300, 301].

In the current study, we assume that the signal enhancement is from plasmonic
resonance, which has been established to be due almost entirely to EM contribution, with
the possible chemical contribution adding a factor no larger than 10. In addition, EM
wave simulation has established that the "focusing effect” of EM field as electric-field hot
spots is only active within a range of nanometers. Raman signal from tipped surface is
composed of two parts: the non-resonant part from the entire illuminated area of 1um x
1um, and the resonant part from hot spot of the 5 nm x 5 nm area. Part one is assumed to
be the same as that from flat Au or SiO, region which contribute to 1/1000 of the signal
we measured. The other 99.9% of the signal comes from an area of 5 nm x 5 nm. To
calculate the enhancement factor, this signal should be divided by the corresponding non-
resonant signal from the same 5 nm x 5 nm area, or alternatively the typical signal
intensity multiplied by a factor of (1 um x 1 um)/ (5 nm x 5 nm). Here is the additional
10 factor of enhancement. Together with the apparent intensity enhancement 10, we
obtain SERS EF of 10’ for total enhancement at the hotspot.
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Graphene based SERS EF estimation shows tremendous benefits. First, graphene
conforms to the metal nano-features closely thus its peak enhancement reflects the SERS
enhancement at exactly same spot. Secondly, graphene Raman fingerprints are well
established and highly reproducible. It overcomes the limitation widely existed to probe
molecules that position, width and intensity of their SERS peaks changes a lot at low
concentrations for detection. Thirdly, graphene eliminates the uncertainties related to
deciding number of probe molecules and separating non-SERS Raman signal from SERS

signal, which lead to several orders of magnitude difference in final SERS EFs estimated.

6.3 Plasmonic Hotspots Quantification by Graphene

The nature of graphene as a two-dimensional continuous membrane with prominent
Raman features makes it ideal to quantify SERS hotspots when incorporated with
plasmonic SERS structures. The data was represented as enhancement histograms to
develop the understanding of the hotspot distribution. Unlike metal nanoparticles, the
hybrid platform incorporating uniformly distributed Au tips supports reproducible SERS
signals and guarantees statistically reliable SERS intensity quantification. Spatially
resolved Raman has been employed to examine the distribution of hot spots as shown in
Figure 6.3. The ratio of graphene 2D band intensity on Au tip to intensity on Au film is
actually an indicator of the enhancement factor since SERS signal intensity is
proportional to the local EM field. The very hot spots where the ratio I,p(Au tip)/ l2p(Au

film) no less than 400 are marked in red. It can be noted that the density of hotspots with
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graphene 2D peak enhancement over 400 is as high as 20% of the total area measured in

Figure 6.4.

Lp(Au tip)/l,p (Au film) ratio

Figure 6.3: Spatially resolved Raman intensity ratio mapping of graphene 2D peak
intensity on Au tip to the intensity on Au film. The step size is lum* 1um and each pixel

corresponds to a graphene SERS spectrum.

Figure 6.5 shows the histogram of the 2D peak enhancement indicating the
distribution is a normal distribution with average enhancement above 200. The results
demonstrate that the key role of the periodic Au arrays in providing reproducible hotspots

over long range.
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l2(Au tip)/12p(Au film) > 80 l20(Au tip)/120(Au film) > 400

I20(Au tip)/l2o(Au film) > 560 I2p(Au tip)/lzp(Au film) > 800

Figure 6.4: Mappings showing different hotspots of different enhancement factors

indicated by ratio lop(Au tip)/ I,p(Au film
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Figure 6.5: Histogram of ratio l,p(Au tip)/ lop(Au film).
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6.4 Quantifying SERS Analyte via Spatially Resolved Raman Mapping

The hybrid platform is exposed to target analyte solutions at different concentrations.
The analyte molecules are immobilized on the substrate by water evaporation of solution
in clean condition. The deposition of molecules on the platform is a very simple label-
free process without any biomarker and binding procedure needed. The hotspots where
local electromagnetic fields can be enhanced by 100 times are located in between tips.
Analyte molecules trapped within the hotspots exhibit a pronounced SERS signal even

with a small number of molecules.

In SERS quantification using conventional systems, the analyte concentration is
calibrated with intensity of analyte SERS peaks [302]. The intensity of SERS peak is
dependent on multiple factors including the number of molecules at hotspot, the hotspot
EM enhancement factor and molecule-surface interaction induced chemical enhancement.
To eliminate the influence of EM enhancement, the SERS internal reference molecule is
introduced to mark the nanoparticles and the analyte SERS peak intensities are
normalized to the internal reference peak. The biggest shortcoming is the fact that the EM
enhancement of analyte molecules cannot be precisely represented by the enhancement of
internal reference. More importantly, the quantification is based on the assumption that
the number of analyte molecules at hotspot is linear to the analyte concentration. In
practical SERS measurements the chance of such linear correspondence is very low.
Consequently huge system-to-system variations exist in the quantification results using

similar colloidal nanoparticle systems.
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Figure 6.6: SERS quantification using spatially resolved Raman mappings. (a), The
intensity mapping of R6G 613 cm™ peak at concentration 10® M, 10° M and 10 M.

The step size of the mappings is 1 um *1 pum. (b), The concentration dependence of
frequency of R6G SERS event in mappings. (c), The log scale amplification of the area

encompassed (dashed rectangle) in (b).
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We proposed a statistically reliable SERS quantification method using spatially
resolved Raman mappings. Relatively large-areas (~50 um* 50 pum) spatially resolved
Raman mappings of R6G on the platform were scanned at step size of Ium to collect
Raman spectra from each pixel 1um* lpum. The recorded data were displayed as heat
maps rendering the Raman peak parameters including intensity, position, width, and
intensity ratio by degrees of color. Mapping measurements over different areas were
performed on the platform exposing to R6G solutions at concentrations varying from 107
M to 10 M. As shown in Figure 6.6, when the R6G solution was diluted from 10% M
to 10" M, the number of spots showing R6G SERS declined accordingly. The
probability of incidence that analyte molecules captured by hotspots, which is the origin
of detectable SERS signals, is decreasing with analyte concentration. The average
number of molecules per um? deposited on the platform surface reduces from ~2500 at
10® M to ~0.25 at 10™ M, thus leading to the reduction of the SERS frequency, which is
defined as the percentage of spots exhibiting target molecule SERS among all spots

measured in a mapping.

In Figure 6.6b the frequency of detectable SERS events in mappings is presented at
various concentrations. Figure 6.6¢ shows the amplification of the dashed rectangle
region in Figure 6.6b from 10° M to 10 M in log scale. The SERS quantification range
is three orders of magnitude. Time frame is a constraint of the mapping of area and total
number of spectra collected. In our measurement the time frame of Raman mapping at a
concentration is limited in two hours with 1 s acquisition time. It could be noted that
though the frequency stayed almost the same for analyte solutions with concentration

below 102 M, the lower limit of quantification is far below 10" M due to the statistic
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nature of the method. Techniques including nano-fluidics can be integrated with the
SERS platform to lower the quantification limit by trapping analyte molecules in SERS
system in a more increase efficient way. Besides, the frequency of SERS events saturated
at higher concentration end when the analyte molecules deposited are enough to cover the
whole measured areas. The higher limit of quantification is dependent on the

characteristics of analyte molecule and the SERS system as well.
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Figure 6.7: The spatially resolved mappings of 1 uM R6G deposited on the hybrid
platform. (a), The intensity ratio mapping of R6G 613 cm™ peak to graphene G peak. (b),
The intensity mapping of R6G 613 cm™ peak. (c), The intensity mapping of graphene G
peak. (d), SERS spectra took at spot 1 and spot 2 indicated in the mappings.
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Graphene, the built-in hotspot marker, serves as an ideal internal reference for SERS
quantification applications. By normalizing analyte SERS peaks to graphene peaks, the
EM enhancement can be eliminated so more information can be extracted to investigate
SERS. Figure 6.7a shows the distribution of intensity ratio of R6G 613 cm™ peak to
graphene G peak at 1 puM. The variation in [(R6G)/I(G) ratio is as large as 10 times in
Figure 6.7d (the ratio is ~1 at spot 1 and ~0.1 at spot 2). The ratio distribution could shed
some light on the molecular density distribution. The signals obtained at high molecular
concentration are ascribed to two components: SERS of molecules captured at hotspots
and non-SERS Raman of excess molecules at non-hotspots. With the knowledge of
hotspot and analyte molecule distributions via graphene SERS enhancement and
graphene peak normalized analyte peak mappings, further studies could be conducted to

separate and quantify the SERS contribution from non-SERS contribution.

Cell serves as good analogy with regard to the quantification. SERS of colon cancer
at concentrations from 50 /mL to 10000 /mL was measured. The frequency of cell SERS
events and average time frame for a successful detection are shown in Figure 6.8. At
higher cell concentrations, our platform performs very efficiently in the time frame of
seconds for a successful detection. But when the concentration reduces down below 50
cells/mL, nearly 10000 spots need to be mapped to locate one spot with cell SERS and it
takes hours for a successful detection. Current micro/nano fluidic devices enable
successful isolation of circulating tumor cells with concentration as low as 5 cells per mL
blood. We would expect to realize the full potential of our platform when integrated with
microfluidic devices as downstream analysis platform to extract detailed cellular

information. The cell SERS will be detailed in Chapter 7.
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Figure 6.8: The concentration dependence of SERS event frequency and average time

spent for a successful detection for colon cancer cells.

6.5 Conclusion

In this Chapter, we describe application of the reproducible and high-yield graphene-
plasmonic hybrid platform to realize SERS quantification. The controversial definition of
SERS enhancement factor has led to huge discrepancy in reported SERS EFs varying
from 10 to 10*. We propose a novel graphene based SERS EF (GEF) definition that is

highly reproducible. The SERS EF could be directly estimated from graphene SERS
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without the presence of analyte molecules. The introduction of GEF significantly
minimizes the influences of analyte molecules, the SERS systems and the measurement

setup on the enhancement factor estimation.

The hybrid quantifies hotspots on the basis of employing graphene as built-in hotspot
marker. With the platform we obtained statistically reliable SERS quantification using
spatially resolved SERS mappings. The stable and reproducible approach established
broad quantification dynamic range with extremely low quantification lower limit in

principle.

In conclusion we demonstrate a graphene-Au tip hybrid platform to realize a novel
SERS quantification method using Raman mappings. Graphene plays a crucial role in
quantifying SERS hotspots and paves the path for defining SERS EF that could be
universally applied to various SERS systems. Reproducible and reliable SERS
quantification using the hybrid platform not only leverages the ultra-sensitivity but also
minimizes the spot-to-spot variations. The platform, combined with techniques of analyte
pre-concentration and multi-variate data analysis [303], can make SERS a powerful and

reliable tool for biological and chemical analysis.
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Applications of the Hybrid Platform in Biomedical

Diagnostics

7.1 Introduction

7.1.1 SERS in cancer diagnostics

In 2014, about 136,830 cases of colorectal cancer are predicted to be diagnosed in
the United States, and about 50,310 people are expected to die from the disease [304].
Among the colorectal cancer cases 96,830 are colon cancer. Thus cancer prevention and
early detection are central to the American Cancer Society’s mission and its 2015 goals
[305]. Fecal occult blood test (FOBT), sigmoidoscopy and colonoscopy serve as the
primary screening techniques in current medical practice in the United States [306].

Patients will undergo biopsy performed by surgery for definitive diagnosis of colon
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cancer when abnormality is detected. These invasive procedures are too expensive to
allow for routine screening to support sufficient frequency for early detection. A non-
invasive or minimally-invasive screening protocol performed at higher frequency with
lower cost will lead to greatly increased overall survival rate and much reduced societal

burden.

For commonly used diagnostic assay, the critical step is to selectively and sensitively
recognize the target bio-specie or biomarker in a mixture of species [307,308]. Cancer
biomarkers, such as tumor associated antigens, could signal the presence of cancer and
predict the stage of tumor genesis as well. Biosensor is a bioanalytical device
incorporating a bioreceptor and a transducer [309]. The bioreceptor of choice for protein
detection is antibody. ELISA assays [310] carried out in multi-well plates (one well for a
type of protein) yield picomolar detection limit. The dynamic range of ELISA is only 10°
limited by the photobleaching and signal to noise ratio. The poor stability of antibody

molecules makes long-term storage unfeasible.

Though fluorescence [311] has long been the tool of choice, SERS has been elevated
as a promising contender. SERS overcomes the limitations of fluorescence in terms of
broad emission spectrum and proneness to photobleaching [312]. Nanotechnology has
become a prominent field of inter-disciplinary research for detection, diagnosis and
treatment of cancer [313-316]. It hinges on the application of metallic, semiconductor and
polymeric nanoparticles which have unique optical and structural properties absent in
molecules. Consequently functionalization of nanoparticles with biological molecules is

projected to lead to remarkable advances. With the development of progress has been
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constantly made on applying SERS in the fields of cancer imaging, diagnosis, early

detection and targeted treatment.

Biomedical applications of SERS [317-319] have been widely investigated in recent
few years. Raman spectroscopy provides detailed molecular fingerprints about a
biological sample and thus capable of tracking the chemical changes that accompany
cancer [320]. Raman spectroscopy has been used in in vivo skin cancer diagnosis to
distinguish malignant from benign skin lesions with high diagnosis accuracy [321]. In
cancer diagnostics, SERS shows the potential for clinical translation as a non-invasive
tool for in vivo analysis of tumors, cancer imaging and circulating tumor cell (CTC)
detection [322]. Using antigen labeled nanoparticles, a low detection limit of 50
circulating cancer cells/mL has been demonstrated [323]. Colloidal AuNPs tagged with
targeting ligands and Raman reporter dye molecules have been extensively studied in
cancer detection and imaging using SERS [324]. However, in such system SERS signals
detected originate from the Raman reporter attached on the AuNPs instead of the cell.
Cellular information provided by the indirect SERS signals is extremely limited and this
may lead to false positive detection. Microfluidic devices [325] are promising in
capturing CTCs but the further characterization of CTCs after isolation is still under
development. Diagnosis accuracy is critical for CTC detection since blood sample from
patient is limited (<10 mL) and only a few cells are available for detection. Thus
downstream analysis tools to investigate and profile the isolated CTCs with high
sensitivity and specificity will offer excellent opportunities to realize early-stage cancer

diagnosis [326].
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7.1.2 Principle components analysis (PCA) for SERS

Principle components analysis (PCA) [327] is a quantitatively reliable method used
for dimension reduction to generate a new set of variables out of a large dimension of
correlated data [328]. It eliminates the least contributing parts of the correlated data to
reduce data redundancy. Each orthogonal principle component is a linear combination of
the original variables. Principle components are the dominant eigenvectors of covariance

matrix composed of combinations of original variables.

PCA has been advantageously applied to a number of spectral data-sets originated
from Raman scattering, nuclear magnetic resonance (NMR), and fluorescence [329].
PCA is used to organize and classify the proteins based on their secondary structure. It is
also recognized as a fundamental way to differentiate cells according to their biochemical
features. The combination of SERS measurements and PCA analysis is effective in
categorizing different SERS analyte on the basis of their biochemical features. PCA
enables classification of SERS spectra in a more distinguishable way than visual

examination of spectra.

7.1.3 Amyloid g

Alzheimer’s disease (AD) is a fatal neurological disorder with unclear cause and
currently no cure. In the US, 13% of people older than 65 are afflicted, and the figure
rises to 40% for those older than 85 [330]. Amyloid B peptide (AP) is the major
constituent of the plaques, which are the diagnostic of AD [331]. The AP peptide,

constituted of 39 to 42 amino acids, is cleaved from the C-terminal of amyloid precursor
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protein (APP) [332]. The most abundant AP fragments AB(1-40) and AB(1-42) are both

neurotoxic.

The progress aggregation of Ap protein fragments into B-sheet rich amyloid fibrils
in neuron cells is one of the major hallmarks of AD [333]. It is of significant importance
to investigate the detailed pathway of AP aggregation from monomer to B-sheet fibrils
and to identify structure of various aggregation forms. Neurotoxic AP oligomers are
loosely aggregated secondary structure in between monomer and f-sheet ApB. The state-
of-art characterization tools of protein structures are circular dichroism (CD)
spectroscopy, nuclear magnetic resonance (NMR) spectroscopy and X-ray
crystallography [334]. Compared with those methods, SERS has superior sensitivity and
selectivity, which enable the detection and trace of structural transition of AB in small

amounts [335].

SERS has attracted considerable attention as a non-invasive technique for cancer cell
detecting and imaging due to high sensitivity and multiplexing capability. However, the
commonly used anti-body labelled gold nanoparticles (AuNPs) immunoassays only
support indirect SERS with very limited cellular information provided. Besides, the
complex preparation process and the need of specific biomarkers hindered the clinical
translation of SERS assays. In this Chapter we apply the hybrid platform as a non-
destructive and label-free tool to detect and distinguish cancer cells in blood plasma

background. The capabilities of the platform are demonstrated by colon cancer cell
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detection in simulated body fluid (SBF) with cell concentration down to 50 cells /mL.
With graphene superimposed on Au tips we achieved much higher SERS yields of cells
and detection sensitivities, thus realized the SERS directly from cellular biomaterials
instead of indirectly from the Raman reporter tagged on SERS structures. Cancerous cells
can be distinguished from non-cancerous cells on molecular level. Moreover, using peak
correlation analysis we were able to classify the SERS peaks and determine peaks
assigned to the same biomaterial. PCA was applied to demonstrate the high sensitivity

and specificity of the platform.

Moreover, we explore the potentials of the hybrid platform in monitoring time-
dependent configurational change of AP protein at micro-Molar concentration. The
distinctive change in AP characteristic SERS peaks indicate the transition from Ap
monomers to oligomers. We believe the application of SERS in AB oligomer formation
study will generate enormous insights based on the molecular vibration mode specific
SERS peaks. The hybrid platform has the promise of being economical with
instantaneous turnaround and thus be used as a routine screening approach. The extension
of our hybrid platform to conventional SERS active systems such as ligands tagged

AuNPs has potentials to facilitate clinical translation of SERS in cancer diagnosis.

Chapter 6.2 presents the sensitive diagnosis of colon cancer cells achieved by the
hybrid platform, the critical role of graphene in sensing, and the PCA of cell SERS.
Chapter 6.3 demonstrates the time dependent configurational change of AP protein at

micro-Molar concentration realized by SERS.
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7.2 Hybrid Platform for Cancer Cell Diagnosis by SERS

7.2.1 Distinguishing Colon Cancer Cell from Normal Cell

Sio,/si Au tip Graphene Cells

Figure 7.1: (a), lllustration of the hybrid platform for cancer cell detection; (b), SEM of
a cancer cell on the hybrid platform, scale bar: 10um. (c), Illustration of cancer cell
SERS.

Human colon cancer cells (P53--) and non-cancerous colon cells (P53++ wildtype)
[336] cultured in simulated body fluid (SBF) were prepared at varying concentrations and
deposited on the hybrid platform for SERS detection (Figure 7.1). Figure 7.1b shows
SEM image of a captured cell on the substrate. Unlike previously reported SERS probes

conjugated with antibodies, no labelling process is needed in this approach. Due to the
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ultra-sensitivity boosted by the substrate, the SERS feedback is achieved directly from
the cellular content in the vicinity of the graphene/Au tip structure under detection. The
laser beam used in SERS is of the size 1 pm * 1 pm, smaller than cell dimension of about
10 pm. The platform also enables spatially resolved Raman mapping to extract more
cellular structural and environmental information. The G peak of monolayer graphene is

used as SERS reference peak.
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Figure 7.2: (a), Live and (b), dead cancer cell SERS and normal cell SERS

122



Table 7.1: Peak Assignments for Live Cancer Cell SERS [339]

Peak Center (cm™) Assignments
766 Proteins
820 Proteins
1004 Proteins
1041 Proteins
1066 Nucleic acids
1109 Proteins
1129 Lipids
1205 Proteins
1294 Lipids; Proteins; Nucleic acids
1450 Proteins; Nucleic acids
1468 Lipids

Table 7.2: Peak Assignments for Dead Cancer Cell SERS [340, 341]

Peak Center (cm™) Assignments
619 Proteins
747 Nucleic acids
952 Proteins
1109 Proteins
1140 Lipids
1204 Proteins
1305 Lipids
Lipids; Proteins; Nucleic acids (CH,/CH,
1337
mode)
1380 Lipids; Proteins; Nucleic acids
(CH, mode)
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Proteins; Nucleic acids
(C-H vibration)

1527 Nucleic acids

1450

To evaluate the hybrid platform’s capability to distinguish normal and cancerous
cells, we investigated SERS of both live and dead cells using the graphene based hybrid
platform. As illustrated in Figure 7.2, for both live and dead cells deposited on the
platform, we observed that cancer cells show distinctive SERS spectral features and can
be distinguished from normal cells. Spectral shifts identified in normal and cancerous

cells reflect the biochemical changes during the cell apoptosis [337,338].

The peak assignments of cellular contents in both live and dead cells are shown in
Table 7.1 and Table 7.2 respectively. Proteins, nucleic acids (DNA/RNA) and lipids
contribute to majority of SERS peaks. For live cells, the very sharp peak located at 1066
cm™ assigned to nucleic acids barely exists in normal cell SERS. Aside from the presence
of the 1066 cm™ peak, most peaks of cancerous live cells SERS have higher intensity
than those of normal cells. Such peak intensity difference between normal and cancer cell
SERS become more significant for dead cells. For cancerous dead cells, the intensity of
1527 cm™ peak , which is assigned to nucleic acids, is over 10 times higher than that of
normal dead cells. It has been reported that one of the most prominent changes occurs in
cancer cells is increased cellular nucleic acid content [342]. However, aside from peaks
assigned to nucleic acids, protein and lipids induced peaks of cancer cells also have

stronger intensity. This could be originated from the difference in the cell surface
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structure. The cancer cells may interact with the surface in a slightly different way from

the normal cells, thus leading to enhanced signals.

7.2.2 Critical Role of Graphene in Cancer Cell Sensing

To investigate the critical role graphene played in the cell SERS sensing, SERS
spectra of cancer cells were obtained on the Au tips and graphene/Au tips separately
(Figure 7.3). The SERS signals of cells deposited on Au tip surface are very weak with
most peaks barely identifiable. In contrast, cells on graphene/Au tip substrate provide
intensive SERS signals. We proposed several hypotheses to explain this phenomenon:
first, the plasmonic enhancement is highly localized in the close vicinity of the nano-
features. The adhesion of cells to Au surface is much weaker than adhesion to graphene
surface [343], thus reducing the SERS enhancement significantly when cellular content
failed to locate at hotspots; secondly, graphene provides biological compatible carbon
surface that may interact with cell surface via n-x interaction and facilitate charge transfer,
which lead to significant increase in cell SERS yield. The graphene selectively enhances
SERS yield of peaks from bio-molecules 10-100 times in addition to the electromagnetic
enhancement of plasmonic structure. The graphene based SERS enhancement (GERS)
originates from both chemical interaction and charge transfer between graphene and

target molecules.

The hypotheses have been evidenced by measurements of burst cells (Figure 7.3
Inset). When the cells were burst with cellular biomaterials uniformly distributed in the
SBF solutions, we deposited the solution on the Au tips and graphene/Au tips separately

and conducted SERS. The SERS feedback of cellular biomaterials is stronger than that of
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intact cells when measurements were conducted on Au tip surface without graphene. The
difference between peak intensity of cellular biomaterials on Au tips and graphene/Au

tips may also result from the graphene based chemical enhancement.
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Figure 7.3: SERS of cancer cells on Au tips with and without superimposed graphene.

Imaging of a single cell can be achieved by spatially resolved Raman spectroscopy.
Figure 7.4 shows intensity mapping of peak 1527 cm™ which is assigned to nucleic acids.
Figure 7.4a and Figure 7.44b show respectively the mappings of normal cell and cancer
cell. In Figure 7.4c there are the SERS spectra along the line scan across a cancer cell. In
the mapping, the spots in red indicate highest intensity of nucleic acids peaks and define
the nucleus of the cell. The SERS intensity of normal cells is about 10 times weaker than

that of cancer cells. The shape of cancer cells is more irregular.
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Figure 7.4: 1527cm™ peak intensity mapping of (a), a normal cell and (b), cancer cells.

(c), SERS spectra along the line across the cancer cell mapping. Scale bar:
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7.2.3 Highly Sensitive Detection of 50 Cells/mL

Efficiency is another critical factor for cancer cell diagnosis using SERS. Cell SBF

solutions with concentrations varying from 10000 to 50 cells/mL are deposited on the

RS. To search for a cell we began with large area mapping with map step
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Figure 7.5: Cancer cell 1525 cm™ peak intensity mapping of solutions with concentration
(a), 10000 cells/mL and (b), 100 cells/mL. (c), The concentration dependence of SERS

event frequency.

size set as 10 pm and acquisition time of a single spectrum set as 1s. The time frame for a
scan of Imm*1mm area is about 2 hours. Using a Raman setup capable of line-scan and
lower spectral acquisition time could further shorten the scan time to even several
minutes. The number of cell SERS incidences in a mapping is proportional to the cell

solution concentration. As shown in Figure 7.5a-b, when the cell concentration dropped
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to 100 cells/mL, on average only several spots show cell SERS signals out of thousands
of spots in a large area scan. When a spot has been identified with cell signal, we focus
on the cell area and conduct a mapping with much smaller step (<1 pm) to obtain the
profile of the cell (Figure 7.5c). Figure 7.5d shows the average frequency of a cell SERS
incidence in a large area scan versus the concentration of cell solution. Here the
frequency is defined the ratio of the number of cell spectra to the total number of spectra
scanned in a Raman mapping. At higher cell concentrations, our platform performs very
efficiently in the time frame of seconds for a successful detection. But when the
concentration reduces down below 50 cells/mL, nearly 10000 spots need to be mapped to
locate one spot with cell SERS and it takes hours for a successful detection. Current
micro/nano fluidic devices enable successful isolation of CTCs with concentration as low
as 5 cells per mL blood. We would expect to realize the full potential of our platform
when integrated with microfluidic devices as downstream analysis platform to extract

detailed cellular information.

7.2.4 PCA and Peak Correlation of the Cell SERS

Principal component analysis (PCA), a powerful multivariate analytical tool, was
employed to demonstrate spectroscopic variations and peak correlations. PCA is a
statistical method for finding the components in a multivariate data set that has the largest
variance. It serves to reduce the dimension of the data to a few key components by
orthogonal transformation, which best explain the variance across data entries. Hence,
PCA is capable of identifying characteristics that relates to classification and

discrimination of two groups of data. Figure 7.6 illustrates the PCA analysis (PC1 vs
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PC2) of cell SERS and the plot can be subdivided into two areas with the cancer cells
(red dots) find their location at the lower right corner. Having processed thousands of cell
SERS data, we achieved the sensitivity of 95% and specificity of 91% for our platform,

which is among the best performance of SERS structures for cancer diagnosis.
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Figure 7.6: PCA of normal and cancer cell SERS spectra.

Apart from achieving automated classification of cancer and normal samples with
PCA and pocket algorithm, we performed peak intensity correlation analysis to gain more
insight into the biochemical difference in cell content that was revealed in the SERS

spectra. We took the area under each major peak in each spectrum to be the intensity of
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the peak. The intensities from two different peaks were plotted against each other, and all
such scatterplots were collected in a scatterplot matrix. If two peaks in the SERS spectra
are either from the same or closely related biochemical constituent, the scatterplot of
intensities of one peak against another peak would approximately lie on a straight line.
Otherwise, the scatterplot would be random. Calculation of correlation between peak

intensities gave a quantitative measure of the possible common sources of SERS peaks.
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Figure 7.7: (a) SERS intensity mappings of graphene G band, cancer cell 1527 cm™ peak,
1450 cm™ peak and 1380 cm™ peak. (b) A set of SERS spectra along the line across the

cancer cell.
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Figure 7.8: Peak correlation analysis of cancer cell SERS peaks.

Figure 7.7a show the SERS intensity of mappings of graphene G band, cancer cell
1527 cm™ peak, 1450 cm™ peak and 1380 cm™ peak from a cancer cell. The distribution
of 1527 cm™ peak intensity is almost identical to the 1450 cm™ peak intensity, while the
1380 cm™ peak intensity distribution is slightly different. Figure 7.7b shows a series of
SERS spectra took along the line scanning across the cancer cell. It could be noted that
the intensity of 1527 cm™ peak is proportional to the 1450 cm™ peak intensity, but the
pair of 1380 and 1386 cm™ peaks are less likely to be correlated with the 1527 cm™ and
1450 cm™ peaks. The peak correlation analysis in Figure 7.8 presents the statistical
correlation between two peaks. The peaks that are linearly correlated are more likely to
originate from the same intracellular component. The 1586 cm™ graphene G peak is not
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correlated to any cancer SERS peaks. The 1527 cm™, 1450 cm™ and 1204 cm™ peaks, all
assigned to C-H bond related vibrations, are highly correlated. The peak correlation

analysis opens up new opportunities to determine the assignments of Raman peaks.

7.3 Monitoring Structural Change of Amyloid  Protein
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Figure 7.9: Time dependent SERS of Amyloid 3 (1-40) protein.

Amyloid B protein fragment 1-40 (AB(1-40)) was diluted in phosphate buffer saline
(PBS) solution to 1 uM. The SERS measurements were carried out after sampling from

AP protein solutions incubated in vitro. AP aggregation formed in free solution at room
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temperature and samples were taken periodically (every hour in first 5 hrs, 24hr, 48hr) for
SERS. The measurements were carried out immediately after a minuscule droplet of AP
solution was deposited to the hybrid platform. The mapping took 10 minutes with single
acquisition time of 1 second. Considering the operation and analysis time much shorter
than the aggregation process, no further significant aggregation on the platform is

expected.

I(AB 1482 cmpeak)/I(G) Ratio

24 hours

Figure 7.10: Time dependent SERS mapping of I(AB 1482 cm™peak)/I(G) Ratio for
Amyloid B (1-40) protein.

The AP aggregation is investigated as a function of incubation time using our
platform (Figure 7.9). At 1 uM, prominent Ap peaks are identified at around 1480 cm™
pertaining to amino acids. Decomposition of the AP peaks indicates the existence of at

least four major components: 1482 cm™ peak and 1492 cm™ peak assigned to histidine;

1445 cm™ peak assigned to CH, bending mode and 1528 cm™ peak assigned to Amide 1.
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Raman spectra are highly sensitive to the extent of protein configurational change and its
resulting conformation. As shown in Figure 7.10, the intensity of Ap 1482 cm™ and 1492
cm™ peak assigned to histidine decreases dramatically in the first 24 hrs. Though the
multiple conformations during AP aggregation are not clearly demonstrated, the
variations of the histidine peaks possibly results from the Ap conformational change from

initially monomers to oligomers.
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Figure 7.11: Time dependent SERS intensity change of four Amyloid  characteristic
peaks.

We obtain an evolution profile of the A SERS peaks (Figure 11) in an attempt to
attribute the SERS spectral change to different AP aggregation stages. In early

aggregation stage (first 0-5 hrs) intensity of 1482 cm™ peak and 1492 cm™ peak assigned
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to histidine drops significantly, however, intensity of 1445 cm™ peak assigned to CH,
bending mode and 1528 cm™ peak assigned to Amide 11 remains unchanged. Though the
AP(1-40) oligomer structure is still unsolved, our results indicate histidine in Ap may

play a role in the formation of oligomers.

7.4 Conclusion

In this Chapter we used the hybrid platform as a non-destructive and label-free tool
to detect and profile colon cancer cell in blood plasma. The hybrid platform not only
boosts SERS directly from the cell but also enables the assignment of molecular
differences between normal and cancer cells. Principal component analysis (PCA) was
used to classify the cell SERS spectra and it demonstrated the sensitivity of 95% and
specificity of 91% for the hybrid platform in cancer diagnosis. Moreover, the application
of peak correlation analysis offers opportunities to determine the SERS peak assignments
in a more accurate way. On a separate issue, the observation of time dependent change of
AP(1-40) protein SERS characteristic peaks presents the great potentials of applying

SERS to study the progress aggregation of AP protein monomers into oligomers.

The hybrid platform allowed detection limit of 50 cells/mL using a small sample size
of 100 L. For further study, the integration of our platform with filter-based microfluidic
devices will realize downstream analysis of isolated CTCs to facilitate early-stage cancer
diagnosis. Furthermore, the ease of integration into a probe and the capability of

spatially-resolved SERS mapping indicate the huge potential of the graphene hybrid
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platform in early-stage cancer diagnosis. An SERS probe based on the hybrid platform
will be useful for applications of in vivo diagnosis of cancerous tissues. Although future
work is needed to unveil the nature of interaction between graphene and cell from
chemical and biological perspectives, the extension of our hybrid platform to traditional

SERS active systems has potentials for clinical translation of SERS in cancer diagnosis.
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Summary and Future Study

8.1 Summary

This thesis discusses a novel graphene-Au nano-pyramid hybrid platform and its
applications in diverse studies of SERS. The structure with tips of sub-nanometer radius
of curvature is fabricated using top-down approach and is amenable to mass production.
The structure’s potential in bio-sensing is significantly improved by superimposing a
monolayer of graphene on Au tips. The hybrid platform not only overcomes the
limitations of conventional nanoparticle SERS systems, but also realizes new features to

facilitate the research field of SERS.

In the thesis, we have investigated the benefits of introducing graphene to the SERS
platform; demonstrated the ultra-high sensitivity evidenced by single molecule detection;

presented statistically reliable quantification method for hotspots and analyte
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concentration; and exploited the applications of platform in biomedical diagnosis of
neurotransmitters, protein and cancer cell. The following is a summary of the resulting

work presented herein:

(1) In Chapter 2, Chapter 3 and Chapter 4, the graphene-plasmonic platform has been
proven to be an ideal platform for SERS in terms of reproducibility, chemically inertness,
biological compatibility and easiness of fabrication at the scale of manufacturing. Both
FDTD simulation and experimental results suggested that the bio-compatiable graphene
hybrid system boosts a high density of hot spots with local SERS enhancement factor of
over 10™. The precise location of the SERS hot spots relative to the location and the
orientation of the nano-pyramids are studied both experimentally and theoretically.
Strong field enhancement appears in between two individual tips and is expected to be
the dominant contributor to the detected Raman signal. The hot spot profile of the
structure can be achieved by spatially resolved Raman mapping of graphene G or 2D

band intensity as a flection of local field enhancement.

(2) In Chapter 5, single molecule sensitivity has been demonstrated for label-free
sub-nanomolar sensing of R6G, lysozyme, and neurotransmitters. Detection efficiency
has been significantly enhanced since the hot spots can be located for the hybrid platform.
It saves up the time spent on randomly searching for a hot spot using the conventional
metal nanoparticles. The possibility of placing graphene over nanostructured metal
surfaces could also serve as a way to tailor the bio-chemical properties of a plasmonic

surface from the conventional metallic ones to the bio-compatible carbon (graphitic)
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surfaces. The addition of graphene allows us to determine separately chemical
enhancement (CM) and electromagnetic enhancement (EM) in a semi-quantitative
fashion. We have reported experimental observation of molecular spectral selectivity as a
signal of molecule-graphene interaction (ref. 8). These properties make it possible to

modulate SERS effects to extract more spectral information.

(3) In Chapter 6, a versatile quantification method was demonstrated With the
platform we obtained statistically reliable SERS quantification using spatially resolved
SERS mappings. The stable and reproducible approach established broad quantification
dynamic range with extremely low quantification lower limit in principle. . Graphene
plays a crucial role in quantifying SERS hotspots and paves the path for investigation of
different SERS quantitative parameters. Reproducible and reliable SERS quantification
using the hybrid platform not only leverages the ultra-sensitivity but also minimizes the
spot-to-spot variations. The platform, combined with techniques of analyte pre-
concentration and multi-variate data analysis, can make SERS a powerful and reliable

tool for biological and chemical analysis.

(4) In Chapter 7, the SERS applications of hybrid platform was explored beyond
sensitivity. The SERS vyields of cells and detection sensitivities were much higher than
the state-of-art platforms. We were able to distinguish and identify colon cancer cells
from normal colon cells in SBF solution with concentration as low as 50 cells/mL. PCA

we obtained sensitivity of 95% and specificity of 91% for the hybrid platform. Moreover,
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the application of peak correlation analysis offers opportunities to determine the SERS

peak assignments in a more accurate way.

8.2 Direction of Future Study

The potential future improvements on the graphene based hybrid platform could
focus on two aspects: (1) Assemble the hybrid platform in micro-fluidic and nano-fluidic
devices to increase detection efficiency; (2) Integration of the hybrid platform to the

optical fiber probe for in vivo SERS detection.

8.2.1 Integration of the Platform with Microfluidics

Though detection efficiency has been increased using the hybrid platform by pre-
locating hotspots, the rarity of coincidence of hotspots with analyte molecules, especially
at low concentrations, makes a successful detection rather time-consuming. Sensitive
SERS detection of analyte in solution remains challenging due to the distance
dependence of the localized surface plasmon resonance. The analyte of interest must be
located in the vicinity of the SERS enhancing surface to gain any signal, and the signal

intensity decays rapidly when analyte diffuses away from the surface.

To address this issue, a combined use of SERS and micro-fluidic devices enables
sample manipulation and separation to increase the efficiency and reduce the time frame
of SERS detection. Microfluidic and nano-fluidic based devices [344,345] have been

increasingly applied for biological and chemical analysis. Micrometer scale dimensions
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result in numerous advantages concerning multiplex detection, small sample volumes,
and high throughput detection in aqueous condition. There is also a need for the
integration of sensitive detection techniques into these microfluidic devices. The lab-on-
a-chip system allows for the integration of processes including sample preparation,

separation as well as the implementation of sensitive detection methods.

8.2.2 Optical Fiber Probe for in vivo SERS

The development of a portable SERS instrument using single-channel detection
could make in vivo SERS of biological samples available. Optical fiber serves as an
attractive platform for SERS sensing since it overcomes problems related to free-space
beams and optical alignment [346]. Besides, optical fiber is easily obtainable and
relatively cheap. There have been many previous attempts [347] on integrating SERS
surfaces onto the distal tips of optical fibers. In such way both the excitation laser beam
and the scattered light are guided within the same fiber. The works generally rely on
metal-island or silver nanoparticle deposition to produce nanoscale roughness for SERS
detection. Introducing the graphene based hybrid platform will overcome the
fundamental problems of poor reproducibility, chemical stability and bio-compatibility

that limit the performance of fiber SERS.
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Figure 8.1: (a), lllustration of the FDTD model setup for backward incident laser to
simulate fiber SERS. (b), E-field intensity distribution with both forward and backward
incident light at various underneath Au film thickness.

1000

Tip separation d

800

o2}
o
o

|E|2 at hotspot
s
8

200

0 5 10 15 20
Au film thickness (nm)

Figure 8.2: The hotspot enhancement as a function of underneath Au film thickness.
Inset: E-field intensity distribution with backward incident light at tip separation d=0, 50,

150 nm (underneath Au film thickness t= 4nm).
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Figure 8.3: The hotspot enhancement as a function of underneath Au film thickness at tip

separation d=150 nm with both forward and backward incident light.

To explore the potentially very important allocations including in vivo spatial and
time-resolve sensing, we studied the delicate dependence of the plasmon resonance
behavior on various structural factors. Due to the fabrication method, there is an
additional Au thin film with tunable thickness under the Au tip structure. In the case of
fiber-based SERS device, the laser beam incidents from the backward direction to the
nanostructures covering the fiber probe end (Figure 8.1a). The FDTD results indicate
that adding a very thin Au layer closely underneath Au tips would modify the
electromagnetic field distribution (Figure 8.1b). When the underneath Au film is too

thick with thickness larger than 15nm, about 100% of the backward incident laser energy
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will be absorbed by the film, thus the plasmon resonant intensity of Au tips is
dramatically reduced. However, when the film thickness is lower than 10nm, very strong
EM field enhancement can be achieved between tips with hot spot intensity and effective
volume comparable to the forward incident case. In Figure 8.2 and Figure 8.3, the Au
film thickness dependence of hot spot enhancement factor is further explored. First, for
both forward and backward incident laser directions, when the underneath Au thin film
thickness is of ~4nm, the hot spots between Au tips have the largest |E| enhancement. The
separation between tips also plays an important role in the |E| enhancement at hot spots.
With the tip separation decreasing to Onm, the hot spot |E| enhancement reaches the

maximum.

The theoretical results via FDTD indicates that adding a very thin Au layer closely
underneath Au tips would modify the electromagnetic field distribution, and the EM field
at hot spots could be even higher if the Au film is of certain thickness. Such extra
enhancement induced by adding a Au film exists for both forward and backward incident

laser, providing guidance on designing fiber-based SERS probe.
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