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ABSTRACT 

Design and evaluation of hybrid plasmonic nanostructures towards 

materialization of SERS sensors 

Phuong Hoang 

Optical sensors based on Surface-enhanced Raman scattering (SERS) effect are 

among the most versatile sensors due to their ability to characterize samples in 

various state of matter. The appeal of the SERS sensors lies in the molecular 

“fingerprint” specificity, sensitivity, and the non-invasive nature of the analysis. 

Although the current state of art SERS sensors have advanced toward 

ultrasensitivity with single-molecule detection limit, ultrafast analysis at 

femtosecond and sub-nanometer resolution, the application of these innovations 

in the industrial settings is still limited by the complexity of the substrate 

fabrication and the reproducibility of the SERS measurements. In this context, a 

study on the SERS sensors fabrication strategies and reliability of the SERS 

analysis is essential. This dissertation investigates various hybrids of noble metal 

and semiconductor materials and surface modifications to improve the stability 

and reliability of SERS measurement. Different industrial applications, including 

detection of petrochemical organic compounds and sensitive biochemical 

samples, were conducted to evaluate the performance of different SERS sensor 

designs. Evaluation of the morphology and surface functionalization of the 

substrate was accomplished to optimize the performance and stability of the 

collected signal. Together with the separately performed studies on Raman 
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signal processing and interpretation, the proposed SERS sensor fabrication and 

signal analysis approach was successfully applied to detect and quantify organic 

isomers compounds and mutation point in peptides. The findings presented in 

this thesis offer rational SERS substrate designs and detection approaches 

which can advance the future commercialization of SERS sensors. 
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Chapter 1.  

Introduction  

1.1 Motivation 

Population aging, increasing diabetes rate and lifestyle-related diseases lead to 

demand for point of care testing devices with an estimated market value of 2.3 

billion USD by 2023.a Among the current biosensors, optical sensors offer fast 

and accurate analysis while remaining lightweight for portability. It has been 

demonstrated that optical sensor based on surface-enhanced Raman scattering 

(SERS) process or SERS sensors offer unparalleled advantages such as 

fingerprint identification, minimum sample preparation and does not require 

vacuum for operation. Although the current research field of SERS sensors has 

advanced toward ultrasensitivity and ultrafast detection, extending the industrial 

application of SERS sensors is restricted by the manufacturing process and the 

reliability of the SERS signal. Currently, both major manufacturing approaches, 

including top-down lithography and bottom-up, which are used to produce 

plasmonic nanostructure, have inherent limitations. Top-down lithography 

techniques can provide uniform deposition of SERS-active materials which lead 

to a more reproducible signal detection but at the expense of high cost, 

                                                
a Limited, P. S. P. S. I. P. Global Distributed Fiber Optic Sensor Market Size, Share, 
Development, Growth and Demand Forecast to 2023 - by Scattering Process (Rayleigh 
Scattering Effect, Raman Scattering Effect, Interferometric Distributed Optical-Fiber Sensor, 
Distributed Fiber Bragg Grating Sensor and Brillouin Scattering Effect, by Operating Principle 
(OTDR, OFDR, OLCR), by Fiber Type (Multimode Fiber and Single-Mode Fiber), by Vertical (Oil 
& Gas, Energy and Utility , Military, Civil Engineering, and Others), by Application (Temperature 
Sensing, Acoustic Sensing, Strain Sensing, Pressure Sensing, and Others). 
https://www.psmarketresearch.com/market-analysis/distributed-fiber-optic-sensor-market 
(accessed 11-March, 2016). 
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unscalable manufacture and restriction in the excitation wavelength. The bottom-

up process allows better control of the morphology of the synthesized 

nanoparticles, which can adapt to a chosen excitation source and ease in scale-

up fabrication. However, the synthesis and assembly of solution-based 

synthesized nanoparticles often have defects and lead to irreproducible 

enhancement of Raman signal. 

This dissertation investigates different fabrication techniques that allow high 

throughput while maintaining the stability and reliability of the signal by combining 

the advantages of both top-down and bottom-up techniques. Various 

multicomponent substrate designs were demonstrated for practical industrial and 

research sensing applications. A new method was proposed to process the 

SERS signal and provide fast identification result in the biomedical field. The 

analysis process used the fingerprint properties of SERS signal to tag and 

identify components in the mixture in a label-free and non-destructive manner, 

which can be used in further downstream studies or applied in the limited sample 

medical applications. Further, reproducibility of SERS experiments was shown 

using a novel dual internal standards SERS sensor; which was used to study the 

effect of the external factors on symmetry recognition condition of optically active 

biomolecules. The findings in this dissertation show various strategies in SERS 

sensor fabrication and engineering to handle specific industrial applications. 

1.2 Structure of the dissertation 

Chapter 2 summarized the source of SERS signal, mechanism of SERS 

enhancement, current state and challenges in sensor fabrication techniques. In 
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this chapter, the perspective of SERS sensor design, materials in consideration 

and signal processing are discussed.  

Improvement of the SERS design by materials in consideration is demonstrated 

in chapter 3. Chapter 3 shows a fabrication technique that allows a large format 

fabrication of SERS substrate while maintaining the reliability of the signal 

enhancement. By using a well-developed semiconductor template, on which, 

plasmonic nanoparticles of SERS active materials can be directly deposited. This 

approach provides much more uniform performance and eliminates the ligand 

effect that was often seen in bottom-up synthesis of plasmonic nanoparticles, 

which can obscure the signal. Further, the study also shows that the 

incorporation of a protective coating on the SERS substrate design maintains the 

reproducibility of the collected signal and the stability of the sensor, which 

extends the applicability of the sensor for practical industrial applications. The 

developed SERS sensor is used to detect and quantify the concentration of 

different structurally similar xylene isomers, which are commonly used as 

industrial solvents. 

Incorporation of multicomponent SERS sensor design with a signal processing 

scheme to obtain label-free and non-destructive sensing was demonstrated in 

chapter 4. In order to utilize the sensitivity of SERS signal for biomedical 

application with limited samples restriction, the sensor surface was modified to 

improve the uniformity of the signal and detect low concentration samples. This 

chapter also shows another important aspect of the SERS sensing scheme, 

which is the interpretation of the signal. Combining the developed SERS design 
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and the signal analysis, the detection approach takes advantage of the fingerprint 

identification of Raman spectroscopy to bypass the traditional reporter labeling 

step and directly use molecular structural vibrations as their identification and 

detect the mutation points in peptide fragment. Although the application is limited 

to a single point missense and frameshift mutation point, compared with the 

existing analysis techniques, the established screening strategy still offers a non-

invasive and high-throughput detection at a sub-micromolar level of sensitivity 

Chapter 5 demonstrates sensor surface engineering to extend the application of 

SERS sensing to probe the intermolecular interaction between chiral molecules. 

Dual internal standards sensing system was designed to study the symmetry 

selectivity and quantify optically active molecules. The first internal standard 

served as quantitative analysis purpose; while the second internal standard was 

used to provide the sensor with optically active properties. In addition, the second 

internal standard was chemically designed to contain a sensitive moiety to the 

external environment and was used to study the relationship of various external 

factors on the chiral selectivity.  

Chapter 6 summarizes all the findings and suggests future directions for this 

research.  
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Chapter 2.  

Background 

2.1 Raman scattering: light interaction with the molecule 

SERS is the enhancement of the Raman signal in the presence of plasmonic 

materials. The core of this technique lies in the interaction of light and materials. 

Better control of this interaction will improve the qualitative and quantitative 

detection results. The response of the molecule excited by an incident photon 

(with energy LE ) can be radiative, where molecule discharge the excitation 

energy as a photon or non-radiative, where the excitation energy was translated 

into the thermal motion of surrounding molecules (Figure 2.1).1  

 

 Figure 2.1 Jablonski diagram of photophysical processes. 

Reproduced with permission from Reference 1. Copyright 2015, 

Springer Nature Customer Service Centre GmbH. 

The radiative process includes absorption, fluorescence and phosphorescence. 
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Absorption process requires the incoming photon of sufficient energy to excite 

the molecule from ground state (So) to the next electronic state (S1). When 

excited molecule relaxes back to So, a photon with energy SE  was released and 

the process was referred to as luminescence which can be fluorescence or 

phosphorescence. SE  can be of lower energy than LE  which result in a red-shift 

or Stoke shift in the wavelength of the emission photon or larger than LE  which 

result in blue-shift or Anti-Stoke shift. Fluorescence is a two-photon process, 

which involves the absorption process and simultaneous emission. The resulting 

absorption and fluorescence spectrum both depends on the energy or 

wavelength of the incident photon and give information about the electronic 

structure of the molecule.2 

Infrared (IR) absorption and Raman scattering were related to a smaller 

magnitude of change in energy which involves vibrational/rotational level within a 

given electronic state. IR is a one-photon process in which only incoming 

photons with an energy that match vibrational energy levels within the same 

electronic state will be absorbed, which reflect the molecular structure. Raman 

scattering is a two-photon process. Differ from fluorescence, the energy of the 

incoming photon only reach the virtual state. Emission photon. with the same 

energy with the incoming photon is referred to as Rayleigh scattering, whereas 

the loss or gain of energy in the emitted photon is referred to as inelastic 

scattering (Figure 2.2).3 The inelastic scattering process can be further divided 

into two subcategories based on the energy of the scattered photon SE . If 
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S LE E , the molecule was excited to a higher vibrational energy level and this 

process is referred to as Stoke scattering. If S LE E , the molecule relaxed to a 

lower energy level, which is referred to as anti-Stoke scattering. The energy of 

this transition corresponds with the energy of the vibration level in the molecule: 

S LE E   . The response of the molecule upon illuminated by a source of 

photon gives off its unique characteristic vibrational energy levels. Therefore, 

vibrational spectroscopy techniques such as Raman and IR spectroscopy can 

provide the fingerprint identification of the structure and properties of the 

materials. 

 

 Figure 2.2 Jablonski diagram of two-photon processes. Basics of 

Raman Scattering (RS) Spectroscopy Reproduced with permission 

from Reference 3. Copyright 2016, Springer Nature Customer 



27 
 

Service Centre GmbH. 

Electric field ( LE ) of the incident electromagnetic interact with molecular 

polarizability   will lead to induced dipole moment  , which was calculated by 

Equation 2.1.4 The IR absorption process involves absorption of energy will lead 

to change in dipole moment in of the molecule or 0
Q

 
 

 
, where Q is the 

physical displacement of atoms from their equilibrium position and was 

calculated from Equation 2.3.  

Equation 2.1 
LE   

Equation 2.2 cos(2 )L o LE E t  

Equation 2.3 cos(2 )o vibQ Q t   

Equation 2.4 cos(2 )o o o vib

o

Q Q t
Q Q

 
   

  
    

  
 

Where L  and 
vib  are the frequency of the incident field and the molecular 

vibrational mode. oQ  is the maximum displacement and 
o is the polarizability of 

the molecule at equilibrium. LE  and   were input into Equation 2.1 to obtain 

Raman induced dipole moment (Equation 2.5), in which the first term is Raleigh 

scattering and the second term is contributed by Anti-Stokes and Stokes Raman 

scattering 

Equation 2.5 
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From Equation 2.5, Raman scattering can only occur if the absorbed energy can 
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cause a change in molecular polarizability or 0
oQ

 
 

 
. The intensity of the 

Raman scattered radiation is given in Equation 2.6. 

Equation 2.6  
2

4

R L vib LI I N
Q


 

 
   

 
  

Where 
LI  is the intensity of the incoming radiation and N  is the number of the 

molecules. Equation 2.6 shows that Raman intensity is proportional to the 

concentration of molecules, intensity of the incoming photon and is a function of 

Raman shift. 

2.2 Localized surface plasmon resonance (LSPR): light interaction 

with plasmonic materials  

Large Raman enhancement was based on the coupling of plasma resonance 

from the interaction between plasmonic materials and the excitation photon with 

the Raman scattering process. As shown in Figure 2.3,5 during the 

photoexcitation process, different types of surface waves propagate at the 

interface of the two materials (media). When the interface between the two media 

with the opposite real part of permittivities values     was excited with light 

(source of photons), under resonance condition, surface plasmon polaritons 

(SPPs), or oscillation of free electron at the surface of the metal (negative    ) 

was generated.6 The coupling of the electromagnetic field from incident photons 

and SPPs will lead to the evanescent field at the surface of the metals. The 

sensitivity of this field was used to detect biomolecules in SPR technology. 
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However, due to the large field generated (up to 1 µm), the detection will be 

affected by the bulk detection of specific and non-specific interaction. 

 

 Figure 2.3 Basics of SPR technology. Reprinted from Reference 5, 

marked as public domain, more details on Wikimedia Common 

(https://commons.wikimedia.org/wiki/Template:PD-author). 

To overcome this, the evanescent field was confined in a smaller area of an 

approximate dimension of 20-40 nm by creating roughness features on the 

substrate or nanoparticles deposition (Figure 2.4). The coupling of the generated 

electromagnetic field at the interface and the SPPs lead to localizes of the 

surface plasmon resonance (LSPR) field, in which the size of the field was 

determined by the geometry of the plasmonic structure (Figure 2.5).7 Compared 

to SPR, LSPR have a negligible bulk effect and can be used to detect specific 

interaction within a few nanometers in proximity to the substrate surface.8 
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 Figure 2.4 Field confinement of LSPR compared to SPR. Reproduced 

with permission from Reference 8. Copyright 2007, Annual Reviews. 

 

 Figure 2.5 Different electromagnetic coupled modes due to 

morphology and size of nanoparticles. Reproduced with permission 

from Reference 7, licensed under a Creative Commons Attribution 

(CC BY 2.0) license. Copyright 2016, Davletshin and Kumaradas; 

licensee Beilstein-Institut. 

The propagation of electromagnetic waves (light source) at the interface is 

governed by macroscopic Maxwell relations: 
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Equation 2.7 
   extD

  

Equation 2.8 0B    

Equation 2.9 
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Solving these equations concludes that the propagating waves at the interface of 

materials only exist in traverse magnetic (TM) mode provided that two materials 

with opposite signs of the real part of their dielectric permittivities (air and metal).6 

The polarizing effect due to interaction between electromagnetic waves and 

material can be described by the dielectric function    of the metal using the 

Drude model; in which the real part     describes the strength of the 

polarization and the imaginary part     describes the interband loss. 

Equation 2.11 
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Where int  is the contribution due to interband transition, p  is the plasma 

frequency, n  is conduction electron density, m is the effective optical mass of the 

conduction electron,   is the relaxation constant of the bulk materials; F  is the 

Fermi velocity; A  depends on the scattering process. For a spherical particle of 
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diameter R , the total damping rate   can be estimated using Equation 2.13 or 

approximated by bulk value constant  .9 The plasmonic application requires 

materials with a negative value for real part of permittivity, from Equation 2.11, 

metal was chosen since its plasma frequency p  was higher than the frequency 

of the application   (Table 2.1).10 

 Table 2.1 Drude model parameters for metals. Reproduced with 

permission from Reference 9 with permission from John Wiley and 

Sons. Copyright 2010 WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim 

 int  p  (eV)   (eV) int  (eV) 

Silver 3.7 9.2 0.02 3.9 

Gold 6.9 8.9 0.07 2.3 

Copper 6.7 8.7 0.07 2.1 

Aluminum 0.7 12.7 0.13 1.41 

 

The additional property could be used to determine the choice of material for 

plasmonic application: 

Equation 2.14 
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Nobel metal including silver and gold is the best choice of materials in 

performance due to the low loss in the visible and NIR range (Table 2.1).9 

However, gold is a preferable plasmonic material due to higher chemical stability 

and ease of processing compared to silver. In addition to high interband losses in 
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the visible spectrum, copper and aluminum are also easily oxidized, which limit 

their use for plasmonic applications. The alkali metal group such as potassium or 

sodium, despite having the lowest loss and higher MAX

LSPQ  compared to gold, are 

extremely energetic and reactive, which require the fabrication process 

conducted in ultra-high vacuum (Figure 2.7).11 Consider all of the above factors, 

gold was the choice for plasmonic material in the SERS sensors in this thesis.  

 

 Figure 2.6 Quality factor of different metal substrate for SERS. 

Reproduced with permission from Reference 10. Copyright 2009, 

Elsevier. 
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 Figure 2.7 Periodic table of the elements colored by the maximum 

LSPQ . Frequencies are in eV. Reproduced with permission from 

Reference 11. Copyright 2010, IOP publishing. 

2.3 SERS enhancement mechanism 

The SERS enhancement is the cumulative effect of both electromagnetic 

enhancement and chemical enhancement.12 While electromagnetic 

enhancement is well-studied and responsible for most of the signal 

enhancement; chemical enhancement is only applicable for specific metal-

analyte system and contributes significantly less.  

2.3.1 Electromagnetic enhancement 

Due to surface confinement, large electromagnetic energy is locally located 

within approximately 10 nm from the surface of the metallic substrate and 

coupling with both the incident field and the Raman (re-emitted) field (Figure 

2.8).13 Therefore, in order to benefit from this huge enhancement, the analyte 

must be located within this field area and hence, SERS is a distance-dependent 
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effect. 

 

 Figure 2.8 A schematic representation of a SERS experiment with 

pyridine adsorbed on silver, showing the incident laser and Raman 

scattered light. Reproduced with permission from Reference 13. 

Copyright 2009, The Royal Society. 

The energy of the Raman dipole   R loc LE , induced by the local field locE , will 

be enhanced by a factor: 

Equation 2.15 
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Where incE  is the incoming field. Under SERS conditions, the Raman dipole 

radiates in close proximity with the metal surface and generate modified 

spontaneous emission at a frequency of R . The enhancement factor of the 

radiation emission was: 

Equation 2.16 
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Combining the enhancement of the local field excitation and the radiation 
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enhancement, the total electromagnetic enhancement can be described as: 

Equation 2.17 
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     Equation 2.17 is further 

simplified to Equation 2.18 when assuming that the Raman shift is relatively 

small and  R L
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2.3.2 Chemical enhancement 

Another contribution to an overall enhancement in SERS signal is a chemical 

enhancement. The mechanism of the enhancement is still debated and difficult to 

measure experimentally.12 This enhancement was mostly explained due to the 

electronic polarizability of the probe which can induce resonance-Raman 

scattering based on the charge transfer mechanism. This lead to the requirement 

of analyte chemically absorbed on the metal surface, which limits the applicability 

of this enhancement source to certain analyte-metal configuration. 

2.3.3 Other associated factors 

Development of a successful SERS sensor requires a rational optimization of the 

parameters associated with the aforementioned factors:12 

 Properties of the incoming excitation source: frequency (L ) 

 Condition of the scattering process: detection configuration 
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 SERS substrate: plasmonic materials, uniformity, and geometry of 

the nanostructure 

 Analyte properties: intrinsic Raman cross-section 

 Analyte adsorption properties: adsorption efficiency, concentration, 

the distance of the analyte and source of enhancement. 

2.3.4 Quantification of SERS enhancement 

The enhancement factor (EF) of the Raman signal can be measured 

experimentally by comparing the signal intensity under SERS condition ( SERSI ) 

and normal Raman (
RSI ) without the plasmonic enhancement as Equation 2.19. 

Equation 2.19 
/

/

SERS surf

RS vol

I N
EF

I N
   

Equation 2.20 vol RSN c V   

Where 
volN  is the average number of molecules in the scattering volume V  for 

Raman measurement and surfN  is the average number of absorbed molecules in 

the same scattering volume for SERS experiment. Additionally, the enhancement 

effect can be measured based on the ratio of SERS cross-section  SERS  and 

intrinsic Raman cross-section  RS  of the analyte under identical condition 

Equation 2.21. 

Equation 2.21 
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Careful analysis has to be carried out in order to estimate the enhancement 

factor using cross-section to ensure proper evaluation. Previous works attempted 
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to estimate the SERS EF using Equation 2.21 for standard SERS probes such as 

crystal violet (CV) and Rhodamine 6G (R6G).14,15 However, improper 

normalization using non-resonant molecule such as methanol ( / RSd d ≈ 

2.1x10-31 cm2/sr) to estimate the Raman cross-section of large resonant dyes 

molecules such as CV or R6G ( / RSd d ≈ 2.1x10-28 cm2/sr) lead to an 

overestimation up to 104 of the reported EF value. A re-evaluation of the EF in 

such cases reported the value of 1010 instead of 1014-1015 in the published 

results. 

2.4 History and state of the art in SERS and SERS fabrication 

2.4.1 Developmental milestones in SERS 

Since the discovery of Raman scattering (RS) by Sir C.V. Raman in 1928,16 

Raman spectroscopy has become a powerful characterization technique (Figure 

2.9).17 A Raman spectrum is the fingerprint identification of the structure and 

properties of the materials. The importance of the Raman effect leads to the 

Nobel prize in Physics in 1930, just two years after the discovery. However, RS is 

a weak phenomenon and only experienced 1 in every 107 photons. It was not 

until advancement in optics and discovery of surface enhanced Raman scattering 

(SERS) that RS was a more practical analysis technique compared to IR 

spectroscopy. SERS was first observed in 1974 when Fleischmann et. al. 

discovered the enhancement of Raman signal of pyridine while absorbed on the 

roughened silver electrode.18 In 1977, the enhancement of Raman intensity in 

SERS condition was reported to 107 and the mechanism was explained by 
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Richard V.Duyne, David Jean Maire19 and independently, by Albretch, Alan 

Creighton.20 In 1978, Martin Moskovitch used quality of plasmon ( LSPQ
) as a 

value to estimate SERS performance of various metals and proposed the 

requirements for large SERS observation.21 Based on these previous 

observations, Milton Kerker et. al.,22 Gersten and Nitzan23 have explained the 

mechanism and calculated the enhancement factor based on 

4

locE
 and Horia 

Metiu24 established the condition to create intense local enhancement or 

“hotspots”, which lead to huge enhancement and single-molecule detection limit 

in SERS in mid-1990 by Shuming Nie14 and Katrin Kneipp.15 The interest of 

nanostructure for SERS application stems from the possibility of a low limit of 

detection and opened the field of single-molecule, which offer a unique 

understanding of single-molecule phenomena. 
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 Figure 2.9 Growth of field. Reproduced with permission from 

Reference 17. Copyright 2009, Springer Nature Customer Service 

Centre GmbH.  

2.4.2 Current SERS fabrication techniques: Top-down versus 

Bottom-up 

The current fabrication of plasmonic nanostructures comprises of top-down using 

lithography or bottom-up using self-assembly of nanoparticles. Current 

development in the field of nanostructure fabrication for SERS sensors are: 

 Improve the uniformity of plasmonic structures by better control during 

fabrication or size selection  

 Expanding the tenability of the excitation source through matching the 
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LSPR properties of the nanostructure by better control of the morphology 

of the plasmonic structure. 

 Design substrate with large enhancement factor on the average or 

localized position based on hot-spots geometry  

 Table 2.2 Compare top-down technique with bottom-up 

Techniques Top-down lithography Bottom-up 

Description 

 Use a larger initial 

template, which can be 

precisely controlled 

morphology of features 

by mask etching, ball-

milling,…down to 10-20 

nm resolution 

 Start with initial materials 

component (nanoscale 

level) then further 

assembly to larger, more 

stable nanostructures 

through epitaxial growth 

Advantages 

 Uniform and reproducible 

controlled-fabrication of 

SERS substrate 

 Fast and simple synthesis  

 Applicable for large scale-

up manufacturing 

 High enhancement  

Disadvantages 

 Limitation in creating a 

gap (5 nm) between 

closely-spaced features  

 Defects in creating 

features around 100 nm 

 Morphology of the 

nanostructures 

synthesized from the 

solution-based process 

are not uniform 
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or less. Need to control 

the uniform density of 

defects 

 Moderate enhancements 

 Complex, expensive, 

slow, not suitable for 

large scale production 

 Non-uniform enhancement 

of signal  
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Chapter 3.  

Semiconductor as template support for assembly of noble 

metalsb  

Low limit detection and quantification of heavily used aromatic compounds are 

critical for industries as well as environmental and healthcare protection. In this 

study, semiconductor/noble metal nanostructures are fabricated as SERS-active 

substrates for analytical and quantitative detection of xylene isomers. These 

substrates are composed of a standing array of zinc oxide/gold core-shell 

structures encapsulated by a silica coating. Their performance is verified by 

obtaining the composition of xylene isomers in a xylene histological grade 

sample and compared to gas chromatography (GC) data. 

3.1 Introduction 

Xylenes are common solvents in industry and they are extensively used in paint, 

leather, rubber, and other household products. Xylenes and other aromatic 

compounds such as benzene, toluene, and ethylbenzene (BTEX) are usually 

additives in mock petroleum and fuel to prevent auto-ignition at high 

temperature.1 Xylene isomers (o-xylene, m, xylene, and p-xylene) are involved in 

different petrochemical processes such as the production of polyester fibers and 

resins starting from p-xylene and phthalic anhydride starting from o-xylene.2 Air 

exposure to xylenes can cause respiratory health problems like forced expository 

volume (FEV) in 1 second at 100 ppm and oxidative stress when exposed to 80 

                                                
b This chapter was reproduced with permission from Hoang, P.; Khashab, N. M., Chem. Mater. 

2017, 29 (5), 1994-1998. Copyright 2017, American Chemical Society. 
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ppm concentration.3 Moreover, each xylene isomer is metabolized by a different 

pathway in the body although all isomers have similar physical properties.4 With 

a projected global petrochemical market of 758.3 billion dollars by 2022, selective 

detection of xylene isomers is crucial for general safety and environmental 

protection.5  

Analytical detection of xylene isomers is commonly achieved in laboratories by 

using solid-phase micro-extraction and high-resolution gas chromatography.6-8 

These techniques provide high sensitivity but require extensive sample handling 

and preparation. This greatly limits their use for fast on-site characterization and 

monitoring. Other indirect sensors like chemiresistor arrays based on metal oxide 

semiconductors have been developed for selective detection of xylene isomers 

but have modest detection limits (≤ 400ppm).9-11 More recently, a highly sensitive 

sensor based on an ambipolar diketopyrrolopyrrole copolymer field-effect 

transistor was reported for xylene isomers detection.12 However, scale-up and 

the tedious fabrication of these systems have proved to be a major challenge. 

Hence, optical remote sensing using direct sensors including Infrared Attenuated 

Total Reflection (IR-ATR) spectroscopy and Surface-enhanced Raman 

Scattering (SERS) spectroscopy are emerging as promising candidates for on-

site detection. A major drawback of IR-ATR sensing is the narrow spectral range 

and low selectivity regarding similar molecular structures analytes.13,14 SERS is a 

highly promising platform for trace chemical and biological detection, 

environmental monitoring, food security, and forensics.15-19 Symmetrical 

vibrations of molecules give rise to Raman signals; therefore, Raman 
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spectroscopy provides fingerprint information of an analyte. The efficiency of this 

technique depends on the availability of a highly enhancing SERS substrate from 

which reproducible spectra are collected.20 Over the past decade, numerous 

techniques have been employed to enhance SERS signals including Langmuir-

Blodgett assembly of nano-particles,21 drop-casting,22 and aggregation of 

particles sharp edges like nanostars,23 and triangular nanoplates.24 These 

bottom-up approaches are relatively simple but suffer from limited scalability, 

poor reproducibility, and uniformity of SERS signals. Other top-down methods 

such as UV and electron beam lithography afford a uniform and highly sensitive 

SERS substrates, however, they can be costly and restrictive in terms of size and 

foundry nanotechnologies.25-27 Metal deposition on soft templates provided by 

well-developed semiconductor structures have been considered as an alternative 

SERS substrate. Hybrid nanostructures such as Ag decorated ZnO nanowires28 

or Ag coated silicon nanotips29 demonstrated Raman scattering with an 

enhancement of 106–108 orders of magnitude. In these reports, the 

measurements were conducted at resonant condition with visible lasers (532 and 

633 nm) corresponding to the localized plasmon resonance of the metal 

nanostructure and at a radiation energy above or equal to the semiconductor 

bandgap. While resonant Raman has been researched extensively for its 

impressive sensitivity, this technique suffers from strong interference from 

fluorescence signals and increased risk of sample photodegradation.30 

3.2 Results and discussion 

3.2.1 Semiconductor template 
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In this work, a non-resonant uniform SERS substrate based on gold-silica core-

shell patterning of large-format Au-ZnO forest is reported. This is prepared by a 

straight-forward “wet-chemistry” approach without the need for high-end 

lithography techniques. The substrate showed high sensitivity and most 

importantly, reproducibility for rapid detection of xylene isomers without pre-

concentration of the sample. As it depends on non-resonant Raman, an 

excitation source in the near-infrared range is used. This makes this technique 

more advantageous when dealing with aqueous samples due to the low 

polarizability of water molecules and the suppression of fluorescence signals.31,32 

Moreover, the quantum energy in the near-infrared is low enough to avoid 

heating or degradation of the semiconductor materials.  

A schematic illustration of the substrate fabrication is described in Figure 3.1. 

First, ZnO seeds are spin-coated on an Au-coated glass slide, from which a ZnO 

forest is fabricated through chemical bath deposition (Figure 3.1a). Au nucleation 

sites are created directly on ZnO rods through direct reduction of HAuCl4 solution 

(Figure 3.1b).  Further reduction of HAuCl4 will form a complete Au shell around 

ZnO rods (Figure 3.1c). Finally, a silica mask is formed through condensation of 

(3-Aminopropyl)triethoxysilane (APTES) and NaSiO3 (Figure 3.1d). More details 

on the synthesis and fabrication process are included in the supporting 

information. It is important to note that Au nucleation procedure was performed 

without using any additional chemicals which can interfere with the SERS 

spectrum.33 The silica mask is developed through shell-isolated nanoparticle-

enhanced Raman spectroscopy (SHINER) to achieve stability of the substrate 
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and a clean spectrum of the analyte by preventing direct contact with the 

metal.34,35 Morphology of the substrate was investigated by scanning electron 

microscope (SEM). Figure 3.2a shows that the ZnO rods grow intertwined with 

each other, which is beneficial for SERS application due to the increased number 

of hot spots. Figure 3.2b shows the SEM image for ZnO rods treated with gold 

salt. The rods surface is rough due to the formation of gold nucleation sites. The 

SEM image in Figure 3.2c shows a top view of the substrate after the gold shell 

coating. A high-angle annular dark field scanning transmission electron 

microscopy (HAADF-STEM) image of an individual completed gold shell coated 

ZnO rod and the corresponding Energy Dispersive Spectrometry (EDX) 

elemental map is shown in Figure 3.2d and e, respectively. The thickness of the 

Au shell around the ZnO rods is approximately 10 nm (Figure 3.3). 

 

 Figure 3.1 Fabrication scheme of the designed SERS substrate 
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 Figure 3.2 (a) SEM images show the change of morphology after 

growing ZnO nanorod forest on gold-coated glass, (b) treated with 

gold salt showing the formation of gold nucleation sites and (c) gold 

shell coated ZnO rod. (d) HAADF STEM image of the coated rod 

and (e) EDX map of Au (red) and Zn (green) X-ray counts. 
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 Figure 3.3 (a) HAADF-TEM image of ZnO rods from the substrate, (b) 

EDS spectrum of the feature for mapping. 

The XRD pattern of the gold salt treated substrate (Figure 3.4) clearly indicates 

the vertical growth of ZnO as well as the attachment of the Au seeds on the 

surface. The diffraction peaks at 34.49o and 62.91o correspond to Miller indices 
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(002), (103) of ZnO. The most intense peak at 34.49o confirms that the preferable 

growth of ZnO is vertically along [001] direction.36,37 The peaks at 38.16o, 44.49o, 

64.71o and 77.59o corresponding to (111), (200), (220), and (311) confirm the 

formation of Au fcc seeds on ZnO.38 The intensity of Au diffraction peaks 

increases after gold shell formation (Figure 3.4c). The UV-visible extinction 

spectra in the range of 400-800 nm were also recorded before and after silica 

coating with extinction maxima at 540 nm (Figure 3.5). Although the substrate is 

optically opaque, the absorption spectrum of densely packed nanoparticles can 

be measured using UV-visible diffused reflectance spectroscopy according to 

Kubelka-Munk theory.39 The thin silica coating caused increased extinction and a 

slight red shift in plasmon resonance, which agrees with previous reports.40 

Complete composition of the substrate was further confirmed by SEM-EDX 

(Figure 3.6). 
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 Figure 3.4 XRD analysis of (a) gold coated glass, (b) gold seed 

formation on ZnO nanorods forest, (c) comparison of spectrums of 

coated gold glass with the substrate after attaching gold seed and 

after silica coating. 



54 
 

 

 

 Figure 3.5 UV-visible extinction spectra of the substrate before and 

after silica coating.  

 

 Figure 3.6 SEM-EDX of the substrate after completing the silica 

protecting layer 

3.2.2 Electromagnetic enhancement plasmonic materials deposition 

To calculate the enhancement factor for the SERS substrate, 4-mercaptobenzoic 

acid (4-MBA) was chosen as a non-resonant probe molecule with a known 

molecular footprint. The Raman peaks of 4-MBA at 1077 and 1575 cm−1 are 
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assigned to the ring breathing mode ν(C-S) and ν(C-C).41 The characteristic peak 

at 1077 cm-1 is used to compare the performance of the designed substrate. 

First, in order to investigate the role of the first deposit-ed gold layer (Figure 

3.1a), we spin-coated the ZnO seed layer on plain glass (no Au) and repeated 

the substrate fabrication process. The substrate with gold coated glass shows a 

stronger signal in contrast to plain glass due to the combined electromagnetic 

field induced by the gold nanofeatures and the gold layer (Figure 3.6). Previous 

studies have confirmed such field enhancement resulting from nanoparticles 

coupled with metal planar.42,43  

 

 Figure 3.7 (a) SERS spectrum of 4-MBA concentration of 0.11 M for 

the substrate on gold coated glass and on plain glass. (b) SERS 

spectrum of 4-MBA concentration of 10-3 M before and after silica 

coating. 

Further Raman measurements at the same concentration of analyte before and 

after silica coating show a slight decrease in intensity due to the increasing 

distance between the probe and metallic surface (Figure 3.7b). A similar effect 
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has been reported when the thickness of the shell increases above a certain 

limit.44-46 However, coating the metal substrate with silica is necessary to prevent 

irreversible absorption of molecules with strong binding thiol or amine groups47 

and photodecomposition of the analyte when in direct contact with the active 

metal.35,48 SERS signal of 4-MBA (10-6 M) was taken from 15 randomly selected 

spots on the substrate to check substrate uniformity (Figure 3.8). The intensity of 

the peak at 1077 cm-1 was chosen as a reference for this comparison. The 

obtained results show 9.5 counts per seconds (cps) with a standard deviation of 

9% (Figure 3.8c). This validates the substrate uniformity and capability to 

produce a highly reproducible spectrum. 



57 
 

 

 

 Figure 3.8 (a) SERS spectra of 4-MBA adsorbed on the substrate at 

different concentrations: 10-2, 10-3, 10-4, 10-7 M. (b) SERS spectra of 

4-MBA (10- 6 M) collected on 15 randomly selected spots. (c) The 

intensity of peak 1076 cm-1 in SERS spectra for 10-6 M 4-MBA. 

The performance of the substrate was further quantified by substrate 

enhancement factor (SEF), which was defined as the ratio of SERS signal 

compared to normal Raman measurement (non-SERS) condition.49 The 

substrate SERS EF was 2.4 x 104 calculated according to the equation: 
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Equation 3.1 
/

/
SERS SERS

bulk bulk

I N
SEF

I N
  

In this equation, 
SERSI , bulkI  are intensities in counts per seconds per milliwatt 

(cps/mW) of peak 1077 cm-1 for 20 µM of 4-MBA on the substrate to ensure 

monolayer absorption and 0.11 M the plain glass (Figure 3.9). Even with higher 

concentrations and ten times more laser power, the performance of plain glass 

was inferior to the designed substrate.  

 

 

 Figure 3.9 (a) SERS spectra of 20 µM and 0.11M of 4-MBA on the 
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substrate and plain glass. The measurement was done with 2.51 

mW laser power, 3 seconds integration time and 4 accumulations. 

The laser power was increased to 22.4 mW for plain glass to obtain 

sufficient signal. (b) HAADF-STEM image of an individual rod. The 

dimension of the feature is 230 nm height and 70 nm in diameter. (c) 

Packing figure of standing Au coated ZnO rods on the substrate with 

four rods occupy a square area  
2

2D d  and packing density of 

NP   

bulkN  is the number of probe molecules detected on plain glass and is calculated 

as.50 

Equation 3.2  236.023 10 * c * / *bulk RS drop ringN x V A A   

 An amount of 5 µl ( dropV ) of 0.11M 4-MBA concentration C is allowed to 

dried on plain glass and left a circular ring with diameter 4 mm (area 

ringA =12.6 mm2) 

 Assuming that the molecules spread evenly throughout the ring, 

 
2

* 1.22 /A NA   is the area of laser spot51 with NA  is the numerical 

aperture of the objective lens. 

   is laser wavelength  

SERSN  is the number of molecules responsible for the signal and is calculated 

according to the equation: 

Equation 3.3  *  * * *m NPSERS m sN A A µ A µ  
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 NPµ  is the packing density of the nanoparticles. To measure the packing 

density of nanoparticles, we assume that each standing Au coated ZnO 

rod as a cylinder occupies a circular area with the diameter of the 

nanoparticle D  (Figure 3.9c).  
2

 4 / 2NPµ D d   with d  is the distance 

between nanoparticles approximately 50 nm, measured in Figure 3.2c. 

 
sµ  is the packing density of the probe molecule, which is 4.45 nm-2 

according to the molecular footprint of 4-MBA is 0.22 nm2.52  

 
mA  is the area of each metallic feature. Assuming that each feature is 

cylindrical with height and diameter measured from TEM image in Figure 

3.9b; 
mA  is equal to 54.4 x 103 nm2. 

3.2.3 Analysis of xylene isomers  

SERS not only provides sensitive and selective detection but also can be used 

as a quantitative tool53,54 due to the strong dependence of Raman Stoke signals 

to the number of analytes in a defined volume.55 Therefore, we used the obtained 

SERS spectra to quantify xylene isomers. The unknown concentration of each 

isomer in the sample can be calculated from a standard curve created from 

known concentrations of isomers. First, the reference spectra for pure xylene 

isomers and their mixtures were collected separately (Figure 3.10). 
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 Figure 3.10 Raman spectra of pure o, m, p-xylene and mixed xylenes 

histological grade sample on the substrate 

Raman peaks were assigned to strong aromatic ring stretches of p-xylene at 829 

cm-1, m-xylene at 726 cm-1 and o-xylene at 735 cm-1.56 In order to create the 

calibration curve, each isomer was diluted in the concentration range of 10-90 

v/v% and their SERS spectra were recorded (Figure 3.11a, b). The 

experimentally obtained intensity peaks for the assigned characteristic peaks of 

each xylene isomer together with the standard curve fit (blue line) are presented 

in Figure 3.11c-e. The high coefficient R-squared (R2 > 0.98) of the fitted line 

confirms the linear relationship between intensity-ty and v/v% of each isomer. 

Details of the calibration line fitting are provided in Table 3.1. 
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 Figure 3.11(a) SERS of m-xylene with different v/v% with p-xylene. 

(b) SERS spectrum of o-xylene with different v/v% with p-xylene. (c) 

Calibration data of intensity at peak 726 cm-1 versus v/v% m-xylene 

from b. (d) Calibration data of intensity at peak 735 cm-1 versus 

v/v% m-xylene from b. (e) Calibration data of intensity at peak 828 

cm-1 versus v/v% p-xylene from a and b. Error bars are standard 

deviations from three independent measurements. 

 Table 3.1 Fitting parameters and standard deviation for linear 

calibration curves in Figure 3.11 c, d, and e. 

  
Slope 

 
Intercept 

 
Statistics 

Isomer  
 

Value 
Standard 
Error 

Value 
Standard 
Error 

Adjusted 
R-Square 

m-xylene Intensity of 0.50871 0.03043 3.4256 1.44875 0.98236 
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peak 726 cm-1 

o-xylene 
Intensity of 
peak 735 cm-1 

0.54858 0.02865 11.70815 1.36384 0.98651 

p-xylene 
Intensity of 
peak 828 cm-1 

0.5233 0.03041 0.10781 1.69338 0.98007 

 

The SERS spectrum for the histological grade xylene mixture was measured 

(Figure 3.12 SERS spectrum of histological grade sample and background of the 

substrate in air. Baseline variation in background signal is 4 ppm. The intensity of 

the assigned peaks belonging to o, m, p-xylene is used in the formula of the 

calibration curves shown in Figure 3.11c, d, e to derive the v/v% of each isomer 

in the mixture sample. The result is shown in Table 3.2 and compared to GC 

results from the manufacturer to show the level of accuracy. The component 

v/v% of the sample is within 3.7% deviation from the GC results which 

demonstrates the reliability of the fabricated SERS substrate for accurate 

quantification. 

 

 Figure 3.12 SERS spectrum of histological grade sample and 

background of the substrate in air. Baseline variation in background 
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signal is 4 ppm 

 Table 3.2 Comparative concentration of xylene isomer calculated 

from calibration data and GC result from the manufacture 

 

Calculated 
from our 
SERS 
substrate v/v% 

GC result 
v/v% from 
manufacture 
(Product 
534056, 
Batch 
BCBQ2922V) 

%Difference 

p-xylene 18.44 17.79 3.7 

m-xylene 42.42 40.92 3.7 

o-xylene 23.61 24.31 2.9 

 

Another important parameter in quantitative analysis is the limit of detection 

(LOD) or the lowest concentrations of analyte that gives a distinguished Raman 

signal. It is calculated according to the formula.57 

Equation 3.4 
  

*  
 

Concentrations of analyte
LOD Baseline variation

Sensor response
   

 The concentration of o-xylene = sample volume* concentration*density 

= 1 µl*10%*0.879 g/ml = 87.9 µg/ml or 88 ppm.  

Similar calculations show a concentration of m-xylene and p-xylene is 87 

ppm and 86 ppm respectively. 

 Limit of detection (LOD) is calculated according to the formula  

LOD = Concentration of o-xylene/Sensor response*Baseline variation  

= 88 ppm/24.7*4 = 14 ppm 

 LOD=Concentration of m-xylene/Sensor response*Baseline variation 
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= 87 ppm/25.0*4= 14 ppm 

 LOD=Concentration of p-xylene/Sensor response*Baseline variation 

= 86 ppm/9.76*4= 35 ppm 

The LOD for o-xylene, m-xylene, and p-xylene were 14 ppm, 35 ppm, and 14 

ppm respectively. This is, to the best of our knowledge, the lowest LOD reported 

for xylene isomers using Raman spectroscopy thus far. 

3.3 Summary 

In conclusion, a large format, highly sensitive and selective SERS substrate was 

prepared by employing hybrid structures of Au-ZnO/Au/Si (core/shell/shell). The 

synergistic effect of the bottom gold layer and gold coated ZnO exhibits efficient 

and reliable non-resonant Raman signal for quantification of analytes at very low 

detection limit (14 ppm) in the near-infrared region. This substrate shows a huge 

potential to be practically employed in different industrial and commercial 

settings. 

3.4 Experimental section 

3.4.1 Fabrication of SERS substrate 

Chemical reagents were purchased from Sigma-Aldrich. Sodium hydroxide 

(NaOH), gold(III) chloride trihydrate (HAuCl4.3H2O), (3-

Aminopropyl)triethoxysilane (APTES), potassium carbonate (K2CO3), sodium 

silicate (Na2SiO3), 4-MBA (4-mercaptobenzoic acid), zinc nitrate dihydrate, 

hexamethylenetetramine, formaldehyde, o-xylene, m-xylene, p-xylene, methanol 

(MeOH), ethanol. 
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Step 1: ZnO forest fabrication was done using chemical bath deposition 

method58 

Glass piece of size 1.5 cm x 1.5 cm was first cleaned with detergent in DI water 

and treated with oxygen plasma before metal deposition. 10 nm of the titanium 

adhesion layer is sputtered on the glass substrate prior to depositing 100 nm 

thickness of gold.  

Seed solution of ZnO was prepared by mixing an ethanolic solution of zinc nitrate 

dihydrate 10 mM and NaOH 40mM at 65oC for 30 minutes and kept in the fridge 

at 4oC before use. ZnO seed solution was spin-coated on gold coated glass and 

normal glass at 500 rpm for 5 s and 3000 rpm for 30 s four times for full coverage 

and annealed at 100oC for 30 min. 

The glass was dipped in growth solution of equimolar of zinc acetate 

hexahydrate and hexamethylenetetramine 0.025 M in DI water at 85 oC for 45 

minutes. The glass was washed with plenty of DI water and dried in the oven at 

120oC for 30 minutes. 

Step 2: Au shell fabrication on ZnO rods33  

First, creating gold nucleation sites on ZnO rods followed method.  A DI/MeOH 

solution 20/1 v/v ratio of 0.5 mM of HAuCl4 and pH 7-8 adjusted with NaOH. 

Submerge the glass piece in solution and stir for 1 hr in an autoclave tube, then 

bring solution without stirring in the oven at 120oC for 1 hr. The glass was 

washed with DI water several times then dried at 80oC under vacuum. 

Complete gold shell followed procedure59 by placing the substrate in an aqueous 

solution of 1.8 mM K2CO3 and 0.375 mM HAuCl4, followed by adding 15 µL of 
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formaldehyde for 3 ml plating solution of to reduce gold and complete shell.  

Step 3: Silica masking on the substrate 

The silica shell was done by stirring 1mM (3-Aminopropyl)triethoxysilane 

(APTES) for 15 minutes, then add Na2SiO3 18 mM at 90oC for 1 hour and 

immediately submerged in an ice bath to stop the further reaction. Wash with 

water multiple times and dried in the oven at 80oC.34 

3.4.2 Characterization of SERS substrate  

Morphology of the SERS substrate was done with the scanning electron 

microscope (FEI SEM Nova Nano, operating at 5 kV, working distance 5 mm) 

X-ray diffraction (XRD) using a Bruker D8 Advance diffractometer at 40 kV and 

40 mA.  

The dark field image of Au coated ZnO rods are collected using high resolution 

transmission electron microscope (FEI Titan 80−300 CT). To obtain individual 

rods for mapping profile with high-angle annular dark-field (HAADF) scanning 

TEM (STEM) with energy-dispersive X-ray analysis (EDX), the substrate was 

sonicated in an ethanolic solution for 5 minutes and 2 μl of the solution was 

dropped onto a TEM grid.  

The plasmon resonance spectra of the substrate were determined by UV/Vis 

diffuse reflectance spectroscopy (DRS) using Varian Cary 5000 UV–VIS–NIR 

spectrophotometer coupled with an integrating sphere. The gold coated glass 

was used as a reference sample. 

3.4.3 SERS measurements 
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Raman analysis was conducted using Horiba Aramis Raman microscope, CCD 

detector, a diode laser 785 nm and 50x objective 0.75 N.A. SERS spectrum of 

each sample was collected from 400 to 1700 cm-1, laser power 2.51 mW, 3 

seconds integration time and 4 accumulations. Non-SERS spectrum for bulk 

sample was collected with laser power 22.4 mW with other parameters similar to 

SERS signal detection. Spectrum was background corrected using software 

Labspec 5.0.  

For 4-MBA experiments, 2 µl ethanolic solution of known concentration was 

dropped onto the substrates, and the solvent was allowed to evaporate under 

ambient conditions.  

For xylene experiments, 10 μl of pure isomers and histological grade sample was 

dropped directly on the substrate and collect the Raman spectrum immediately.  

In order to create a calibration curve for each xylene isomer, solutions of known 

v/v% of pure isomers are prepared and 10 μl of each solution are withdrawn and 

collect Raman signal three times. Average signal for three measurements is used 

to create the standard curve. Fitting parameters and standard deviations are 

calculated from Origin Pro 8.5 and given in Table 3.1. 
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Chapter 4.  

Integrated biosensor and signal processing for complex systemc 

Amino acid (AA) substitutions are directly correlated with specific pathologies 

such as Alzheimer’s disease, making their rapid screening and detection critical 

to treatment and scientific study. We demonstrate a proof-of-concept 

implementation of the label-free and non-invasive Raman spectroscopy 

technique for the detection of AA substitutions in primary peptide fragments. By 

encoding the Raman “fingerprint” of individual AAs into binary formats called 

optical identification tags (OITs), we create a library of identifiers, which can then 

be used for detecting mutations. When the recorded Raman signal is enhanced 

by using surface-enhanced Raman scattering (SERS) substrate, the mutation 

screening strategy can detect a single point missense mutation in a 11-AA 

peptide fragment of amyloid beta Aβ(25-35) and a frameshift mutation in a 42-AA 

fragment Aβ(1-42) down to picomol concentrations. The combination of high 

sensitivity and simple operation makes the use of OITs a promising approach for 

high-throughput automated screening. 

4.1 Introduction 

Changes in the structure of expressed proteins are an important hallmark of 

pathophysiology. Mutating one amino acid in the sequence can affect protein 

stability and lead to the formation of misfolded proteins. In Alzheimer’s disease, 

                                                
c This chapter was reproduced with permission from Hoang, P.; Khashab, N. M., Small Methods 
2019, 1900611. https://doi.org/10.1002/smtd.201900611. Copyright 2019, John Wiley & Sons, 
Inc. 
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single-point mutations in the amyloid beta (Aβ) protein result in aggregation into 

amyloid fibrils, which is recognized to be a key part of disease progression.1 

Therefore, rapid and accurate identification of such structural changes at the 

primary protein structure level is essential for early diagnosis. Traditional peptide 

sequencing techniques, i.e., Edman degradation,2 and mass spectrometry,3 are 

time-consuming, low-throughput, and require complete sample destruction. 

Hence, development of non-invasive methods is essential for better 

characterization and understanding of biological systems. Raman spectroscopy 

is one such promising technique that has been noted for its specific,4-6 label-

free,7-9 and sensitive nature.10-14 However, while Raman spectroscopy has been 

effectively used to study the conformation of Aβ,15-17 there have been no reports 

exploiting the high sensitivity of Raman for peptide composition analysis. 

In previous works, conjugated tags with unique Raman spectra have been 

utilized for peptide primary structure analysis.18,19 However, indirect methods 

require the chemical conjugation or physical binding of the molecule with a 

known tag. The tagging process itself is complicated and laborious as it requires 

the ad hoc preparation of compatible reactive tags and is prone to artifacts during 

coupling and purification.20,21 In contrast, label-free detection directly utilizes the 

spectroscopic fingerprint of the molecule as its identification tag.22-24 

Consequently, it is possible to build a library of unique optical identification tags 

(OITs) – analogous to barcodes – that is amenable for mass screening. In 

addition, the strong interconnection between the vibrational Raman spectrum and 

molecular structure,25 together with the multiplex capabilities,26,27 permits 
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structural composition to be deduced from the encoded spectra. Complicating the 

preparation of such libraries is the inherently weak nature of Raman scattering.28 

Here, we proposed a direct use of the Raman fingerprint of AAs to generate an 

OIT screening library and derived the AA composition of Aβ peptide fragments, 

specifically the Aβ(15-20), Aβ(25-35) and Aβ(1-42) that are heavily studied in 

Alzheimer’s research. A mutation point can then be detected by comparing the 

AA composition of the mutant and wild types. To address the problem of weak 

signal, we developed a sensitive SERS-active substrate composed of gold 

nanostars (Figure 4.1) to amplify detection of mutant protein at picomol 

concentrations based on plasmonic field Raman enhancement effect.29,30 An 

additional advantage of this substrate design was the incorporation of an 

omniphobic platform that prevents non-uniform enhancement of Raman spectra 

due “coffee ring” drying defect,31 and allowed a variety of carrier solvents to be 

used.  

4.2 Results and discussion 

4.2.1 Design of a Raman amplification unit  

Inspired by a previous report,32 the SERS-active substrate was fabricated by 

depositing gold nanostars on an omniphobic membrane. Nanostars were 

selected because of the higher magnitude of Raman enhancement due to their 

anisotropic geometry compared to smooth, spherical nanostructures.33-35 After a 

seed-mediated growth step from the icosahedral gold seeds according to the 

reported procedure,36 the stars were coated with perfluorinated ligand (PF) to 
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prevent the direct conjugation of the gold surface to high-affinity thiol and amine 

groups in biomolecules (Figure 4.1a).37 Characterization data of the seed and 

star nanoparticles including UV-visible extinction spectra, transmission electron 

microscopy (TEM) image and scanning electron microscopy (SEM) image were 

provided in Figure 4.2 in the Supporting Information. SERS-sensing spots were 

formed by depositing the SERS-active nanostructures onto a liquid-repellent 

lotus-leaf-inspired membrane fabricated using a slippery liquid-infused porous 

surface (SLIPS),38 (Figure 4.1b). Before each Raman experiment, the analyte 

solution was deposited on each spot (Figure 4.1c). Optical image of the substrate 

and SEM image of a single SERS-spot (150 μm in diameter) were shown in 

Figure 4.3 in the Supporting Information. 
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 Figure 4.1 Fabrication scheme for the SERS substrate. (a) Plasmonic 

nanostructure synthesis procedure: icosahedral seed – nanostar – 

nanostar@PF. (b) Teflon membrane was spin-coated with 

lubricating liquid (SLIP), following with nanostars@PF deposition on 

SLIP. (c) The analyte was deposited on a SERS-active spot prior to 

analysis. 
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 Figure 4.2 Characterization of the synthesized nanoparticles. (a) TEM 

image of the seed nanoparticles. (b) TEM image of the nanostars. 

(c) SEM image of the nanostars. (d) UV-visible extinction spectra of 

the seed and star nanoparticles 
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 Figure 4.3 Characterization of the substrate. (a) Optical image of the 

nanostars solution deposited on the substrate. (b) Optical image of a 
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single SERS-spot formed after drying of the nanostars solution. (c) 

SEM image of the SERS-spot. 

To evaluate the substrate uniformity, Raman spectrum of Aβ(15-20) at a 

concentration of 10-5 M was taken from eight SERS-spots (Figure 4.4a, 

Supporting Information). The intensity of the aromatic vibrational peak at 1003 

cm-1 was used to confirm the reproducibility of the spectrum, which showed an 

average value of 122 counts per seconds (cps) with a standard deviation of 16% 

(Figure 4.4b, Supporting Information). The SERS substrate improves the 

sensitivity of the OIT analysis when the available concentrations of the library 

members and targeted peptides are limited. 
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 Figure 4.4 Reproducibility of Raman signal on different SERS-spots. 

(a) Raman spectra of Aβ(15-20) at the concentration of 10-5 M 

deposited on 8 different SERS-spots. (b) The intensity of aromatic 

vibration peak (1003 cm-1) in spectra of Aβ(15-20) at the 

concentration of 10-5 M collected at 8 different SERS-spots. 

4.2.2 Development of the OIT library 



83 
 

 

Our proposed OIT screening system was based on the direct conversion of the 

Raman spectra of each of the twenty AAs and peptides into binary barcode tags 

(the OITs) (Figure 4.5a, b). First, Raman spectra of the samples were collected 

at 473 nm laser wavelength. The OITs were subsequently generated by 

subjecting the spectra to autonomous processing steps as fully detailed in the 

data analysis in the supporting information and the supplementary file. 

Demonstration of the encoding process was shown in Figure 4.6 in the 

Supporting Information for one library member, cysteine (C), as an example. 

Analysis result of all samples in this study was also provided in section 3-5 in the 

supporting information. Briefly, the procedure involved spectral calibration, 

followed by background subtraction and peaks extraction. Afterward, the spectra 

were reduced to a series of binary digits by labeling wavenumbers with positive 

intensities as 1 (black) and other wavenumbers as 0 (white) (Figure 4.6i, 

Supporting Information). The final binary pattern was referred to as the OIT, in 

which the position and width of each bar aligned well with the encoded peak in 

the original Raman spectra. Using this process, a unique OIT for each AA was 

created to build the screening library (Figure 4.5a). Single-letter code and 

vibrational peaks assignment for all AAs were shown in Table 4.1 in the 

Supporting Information. The binary barcodes of six Alzheimer Aβ peptides used 

in this study were also collected for the AA component analysis (Figure 4.5b). 

The AA sequence of these peptides was given in Table 4.2 in the Supporting 

Information. Our tagging system is distinctly different from the previously 

published methods,18,39 as this procedure provides an autonomous tag 
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generation and does not require post-synthetic modification of the compound 

with tags such as strong Raman scatterers or fluorescent probes. 

 

 Figure 4.5 AA component analysis scheme for peptides. (a) 

Conversion from the collected Raman spectrum at 473 nm laser 

wavelength to the OIT screening library of 20 AAs. (b) Conversion 
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from collected Raman spectrum to the OIT of peptides. (c) 

Demonstration of AAs screening process using distance metric for 

Aβ(15-20) with a sequence of QKLVFF and the aromatic component 

phenylalanine (F). (d) AA composition results for peptides with a 

chain length of 6 AAs Aβ(15-20), 11 AAs Aβ(25-35), and the full 

sequence Aβ(1-42). 
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 Figure 4.6 A detailed conversion procedure from the Raman 

spectrum to encoded OIT demonstrated for a library member-

cysteine (C). (a) Collected Raman spectrum was x-waveshift 
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calibrated. (b) Compatible spectrum with a common spectral 

resolution of 1 cm-1. (c) Compatible spectrum was smoothed using a 

first-order Sarvitzky-Golay filter over a 5-point window. (d) 

Background corrected spectrum. (e) Relative intensity correction 

(ISC) corrected spectrum. (f) Normalized spectrum. (g) 

Characteristic peaks of the spectrum. (h) Second order derivation of 

the spectrum. (i)  Final encoded OIT tag. 

 Table 4.1 Single-letter code and peaks assignment of 20 AAs.40 

AA Assignment Peak position [cm-1] 

Arginine R ρCH2 mode 985 

Histidine H νC=N+ νC-N (Nτ) 1318 

Lysine K CH bend 1358 

Aspartic acid D CH2 and CH3 rocking 777 

  C-COO- stretching 937 

Glutamic acid E C-C stretch 867 

Asparagine N COO-  symmetric stretch 1418 

Glutamine Q C-C stretch 849 

Serine S C-C stretch 854 

  CH2 wagging 1325 

Threonine T 
Deformation of O=C-O and C-C-

O/O=CN 
564 

Alanine A C-CH3 stretch 852 

  CH3 symmetric deformation 1359 

Isoleucine I CH2 wagging 1328 

Leucine L C-C stretch 847 

  CH3 symmetric deformation 1341 

  CH2 scissoring 1455 

Methionine M S-CH3 stretch 720 

Phenylalanine F Ring breathing mode 1006 

Tryptophan W 
Benzene stretch/pyrrole in-plane 

ring breathing 
756 

  
Benzene stretch/pyrrole out of 

plane ring breathing 
1009 

Tyrosine Y Tyr doublet/phenol ring 829 
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Valine V 
Deformation of O=C-O and C-C-

O/O=CN 
540 

Cysteine C C-S stretch 640 

Glycine G C-COO- stretch 892 

  CH2 wagging 1324 

Proline P Pyrrolidine ring breath 899 

 

 Table 4.2 The amino acid sequence of the Aβ fragments used in this 

study. 

Aβ Fragment AA sequence 

Aβ(15-20) QKLVFF 

Aβ(25-35) GSNKGAIIGLM 

M35G-Aβ(25-35) GSNKGAIIGLG 

K28A-Aβ(25-35) GSNAGAIIGLM 

Aβ(1-42) DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA 

Aβ(1-43) DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIAT 

 

As a preliminary demonstration of the OIT screening strategy, the OIT library 

collected at 473 nm was used to analyze the composition of three Aβ peptides 

including Aβ(15-20), Aβ(25-35) and the entire sequence Aβ(1-42) with 6, 11, and 

42 AA residues, respectively. The correlations of the molecular vibrational 

spectrum and its structure allows the structural components to be derived from its 

spectra or its OIT equivalent. By a matching function (Hamming distance),41 the 

OIT of the peptide can be screened through the constructed library containing the 

OIT-encoded structural information of all the AAs to determine its composition 

(Figure 4.5c). Details of the screening procedure were provided in the data 

analysis in the supporting information and the supplementary file. The screening 

process resulted in true positives/negatives when AAs were correctly detected as 

present/not-present and false positives/negatives when AAs were misassigned 
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(Figure 4.5d). All AA components of Aβ(15-20) were detected with one false 

negative value for tyrosine (Y). For Aβ(25-35), one false negative proline (P) and 

one false positive glycine (G) were misidentified. For the long peptide Aβ(1-42), 

only glycine (G) and methionine (M) were incorrectly identified as being present. 

Since glycine (G) is the smallest among all AAs and has no side chain, its 

signature could be overwhelmed by other components. Nonetheless, the OITs 

approach can detect the vast proportion of AAs present in each peptide chain, 

confirming the baseline sensitivity of the screening system.  

Having demonstrated the potential of OIT screening, we measured the limit of 

detection (LOD) of the SERS-active substrate by examining its sensitivity to two 

single point missense mutations in Aβ(25-35) and a frameshift mutation in Aβ(1-

42). The probability of correct identification of the AA composition at LOD level 

required the conservation of all spectral features of the peptide in its tag. 

Therefore, the LOD for the mutation point screening was determined at the 

highest Matthews correlation coefficient (MCC) between the decoded and the 

actual composition of the sequence. Table 4.3 compared the LOD results of the 

mutation detection for SERS and non-enhanced Raman analysis. While SERS 

spectra of the peptides contained similar chemical fingerprint information as 

conventional Raman (Figure 4.7, Supporting Information), measurements in 

SERS condition required significantly less amount of sample, which improved the 

LOD of Raman analysis and can be beneficial for limited sample clinical study. 

For the 11-AA peptide Aβ(25-35), a replacement of lysine (K) to alanine (A) 

[K28A-Aβ(25-35)] and methionine (M) to glycine (G) [M35G-Aβ(25-35)] were both 
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detected at concentrations close to 2 pmol using SERS-active substrates, which 

was five orders of magnitude lower compared to non-enhanced Raman analysis. 

For the full-length sequence Aβ(1-42), the procedure correctly recognized the C-

terminal insertion of threonine (T) [Aβ(1-43)] at a concentration of 1 nmol using 

SERS substrate; but there was a negligible improvement in detection compared 

to non-enhanced Raman analysis due to the increase in the sequence length and 

the complexity of the structure. Still, the developed OITs screening strategy was 

capable of extracting AA compositions and individual mutations at the sub-μmol 

level.  

 Table 4.3 Comparison of Raman and SERS detection limits for two 

single point substitution mutation of Aβ(25-35) and a C-insertion 

mutation of the full sequence Aβ(1-42) at 473 nm. 

Peptide Point mutation 
Limit of detection [mol] 

Raman SERS 

M35G-Aβ(25-35) Methionine (M) replaced 
with Glycine (G) 

2.09x10−7 2.3x10−12 

K28A-Aβ(25-35) Lysine (K) replaced with 
Alanine (A) 

2 x10−7 1.8x10−12 

Aβ(1-43) C-terminal insertion of 
Threonine (T) 

1.08 x10−8 1x10−9 
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 Figure 4.7 Comparison between non-enhanced Raman spectra 

collected on CaF2 and Raman spectra collected on SERS-spot for 

mutated peptides: K28A-Aβ(25-35) (2 x10−7 mole on SERS-spot and 

1.8x10−12 mole on CaF2), M35G-Aβ(25-35) (2.09x10−7 mole on 

SERS-spot and 2.3x10−12 mole on CaF2) and Aβ(1-43) (1.08 x10−8 

mole on SERS-spot and 1x10−9 mole on CaF2). (SERS spectra were 

red color and non-enhanced Raman spectra were black color). 

4.2.3 Optimized screening range and sources of excitation   

The correct determination of AA composition relied on the spectral features 

encoded in the OITs of both individual AAs and the target peptide, which 

contained information from two spectral regions – the low wavenumber (LW) 



91 
 

 

(200-1700 cm−1) and high wavenumber (HW) (2500-4000 cm−1) regions. To 

examine the relative importance of both regions in encoding the OITs, we 

compared the following performance metrics (sensitive, specificity and MCC) of 

the AA composition screening for Aβ(15-20) with the sequence of glutamine-

lysine-leucine-valine-phenylalanine-phenylalanine (QKLVFF) using only one of 

the two regions obtained at 473 nm excitation wavelength (Table 4.4). Despite 

the significant spectral information contained in the LW region, the overwhelming 

dominance of the aromatic signal at 1006 cm−1 from the aromatic ring in the side 

chain of phenylalanine (F) resulted in a low MCC correlation value of 0.25 when 

using only the LW region for screening, and 22% of the negatives residues 

detected were false negatives. Therefore, the LW region of the OIT could not be 

used alone for composition analysis of peptides containing both aromatic and 

non-aromatic AAs. The ability of aromatic signals to overwhelm other signals in a 

spectrum has been reported in previous Raman study of peptides,42 indicating 

the necessity of including additional spectral indicators. In contrast, this effect 

was not observed in the HW region of the Raman spectrum, which mainly 

contained the stretching vibrations of the methyl and methylene (CH3 and CH2) 

group in the side chain of non-aromatic AAs.28,43 The OIT in this range accurately 

identified all non-aromatic AAs, but gave false identification results for ring-

containing structures including tyrosine (Y) and phenylalanine (F) in Aβ(15-20) 

(Figure 4.8a). When using only the HW region, 90% (18 out of 20) of AAs were 

correctly identified in Aβ(15-20) with two false detection values, which resulted in 

a MCC correlation value of 0.69. When both ranges were accounted for in the 
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sequence OIT, the success rate rose to 95% with one false positive and a 

correlation of 0.77 (Table 4.4). This showed that the highest level of accuracy 

was only achieved when both regions were utilized. 

 Table 4.4 Performance comparison of composition analysis for 

fragment Aβ(15-20) using the LW, HW, extended range at 473 nm, 

633 nm and 785 nm 

Excitation source [nm] 473 nm 633 nm 785 nm 

Scanning range LW HW Extended range 200-4000 cm-1 

True positives 50% 80% 83% 80% 50% 

True negatives 78% 93% 100% 93% 81% 

False positives 50% 20% 17% 20% 50% 

False negatives 22% 7% 0% 6.67% 18.75% 

MCC correlation 0.25 0.69 0.77 0.69 0.27 

Sensitivity 50% 80% 83% 80% 50% 

Specificity 61% 82% 86% 82% 62% 
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 Figure 4.8 (a) Identification of AAs composition of Aβ(15-20) at 473 

nm using the 200-1700 cm−1 LW region and the 2500-4000 cm−1 

HW region. (b) Normalized intensity of Aβ(15-20) and the AA 

components at 473 nm, 633 nm and 785 nm are visualized in 

intensity map from 0 to 1 corresponding to the peak intensity. 

Since the Raman spectra in SERS condition are highly dependent on the 

excitation condition, it is important to determine if the use of other laser excitation 

wavelengths would affect the accuracy of OIT screening. Therefore, OITs library 

of AAs and Aβ peptides were constructed by acquiring the complete Raman 

spectral range with both LW and HW regions at different laser wavelengths of 

633 nm and 785 nm (Figure 4.9, Supporting Information). Overall, identification 

results using OITs obtained at 633 nm and 785 nm were less accurate compared 
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to 473 nm (Figure 4.10, Supporting Information), which can be attributed to the 

decreased amount of spectral features collected at longer excitation wavelengths 

(Figure 4.8b). Based on the generated OITs, it was observed that the spectral 

patterns in the LW range remained similar for all laser wavelengths, but a lower 

proportion of the HW region was converted into the OITs at 633 nm and 785 nm 

compared to 473 nm (Figure 4.11, Supporting Information). Despite the added 

relative intensity correction in the calibration procedure to account for the 

inherent lower sensitivity of the charge-coupled detector (CCD) in the near-

infrared range,44 not all characteristic features of AAs in the HW range were 

recorded, the OITs derived from longer wavelength sources had lower sensitivity 

and specificity. For the Aβ(15-20) fragment, 7% and 20% of negatives were 

misidentified using 633 nm- and 785 nm-based OITs, while no false negatives 

were found at 473 nm (Table 4.4). Similarly, the rate of false positives increased 

from 17% at 473 nm to 20% at 633 nm and 50% at 785 nm. Therefore, careful 

selection of the excitation laser wavelength and the spectral region in the OITs 

are necessary for successful AAs identification. 
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 Figure 4.9 OITs of the AAs and five peptide samples used in this 

study. (a) OIT tags of 20 AAs and the peptide samples at 633 nm. 

(b) OIT tags of 20 AAs and the peptide samples at 785 nm. 
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 Figure 4.10 AA composition analysis using OITs with full Raman 

spectral range (200-4000 cm-1) at different laser wavelengths for 

peptides with a chain length of 6 AAs Aβ(15-20), 11 AAs Aβ(25-35), 

and the full sequence Aβ(1-42). (a) 633 nm. (b) 785 nm. 
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 Figure 4.11 AA composition results of Aβ(15-20) using OITs at 

different laser wavelengths in the LW range (200-1700 cm-1) and the 

HW range (2500-4000 cm-1). (a) 633 nm. (b) 785 nm. 

4.2.4 OIT tag compared with MCR-ALS 

To benchmark our system with other screening systems, we compared the AA 

composition derived from one of the established component analysis models 

using multiple component regression with alternating least square constraints 

(MCR-ALS) with our proposed OIT approach (Figure 4.12, Supporting 

Information). A more detailed comparison of these multivariate statistical models 

is available in the literature.45 Overall, MCR-ALS analysis was less accurate than 

the OIT system, as it failed to identify two AAs in Aβ(15-20) (versus one for OIT), 
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eight AAs in Aβ(25-35) (versus two for OIT), and eleven AAs in the whole peptide 

Aβ(1-42) (versus two for OIT). Complex algorithms such as MCR-ALS, principal 

component analysis, and machine learning have been tested to predict the 

aggregation propensity of proteins upon point mutation.46,47 However, the 

accuracy of these models is substantially dependent on large volumes of training 

data, which can be challenging for biological applications; while the SERS-

enabled OIT strategy described here only required a minute amount of samples. 

Furthermore, composition analysis using OITs has several advantages over 

other methods, including ease of library preparation and straightforward 

screening procedure. These advantages are particularly critical when compared 

with other analysis methods in terms of the cost of acquiring training data and 

complicated result interpretation. 
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 Figure 4.12 AA composition results using MCR-ALS method using 

Raman spectra obtained different laser wavelengths for the 
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following fragments: Aβ(15-20), Aβ(25-35) and Aβ(1-42). (a) 473 

nm. (b) 633 nm. (c) 785 nm. 

4.3 Summary 

In this report, we established a reliable method for AAs identification in peptides 

using a screening library of binary optical tags (OITs) containing encoded Raman 

spectra of AAs and peptides. The specificity of the encoding system stemmed 

from the extended screening range, which combined the LW (200-1700 cm−1) 

and HW (2500-4000 cm−1) Raman spectral regions. Simultaneously, high 

sensitivity was achieved through the integration of a SERS substrate, resulting in 

the successful detection of point mutations of Aβ peptides at picomol 

concentrations. Furthermore, the OIT strategy did not require labels or 

destructive preparation. The direct conversion of chemical information into an 

electronic tag without the need for complicated intermediate processes was 

shown to be useful in the mutations detection of Aβ peptides. Although OIT 

screening for AAs was used here as a proof-of-concept to identify mutation 

points, the system is not limited to the analysis of peptide sequences. Rather, our 

study provides a general avenue for designing corresponding libraries used for 

selection and compositional screening. Finally, the fast and straightforward 

strategy by which vibrational fingerprints are encoded raises the possibility that 

OIT libraries can be used as a new method by which automation and machine 

learning can be used to rapidly collect, identify, and store proteomic information. 

4.4 Experimental section 
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4.4.1 Fabrication of SERS substrate 

Chemicals: 

Triethylene glycol (TEG), gold(III) chloride trihydrate (HAuCl4.3H2O), 

polyvinylpyrrolidone (PVP, average MW 55,000), distilled ultrapure water (DI), 

octylamine, hydrochloric acid (HCl) 37%, 1H,1H,2H,2H-Perfluorodecanethiol 

(PF), N-dimethylformamide  (DMF) were acquired from Sigma-Aldrich and used 

without further purification. Peptides were purchased from Sigma-Aldrich and 

Abcam. CaF2 Raman-grade slides were purchased from Crystran. GPL-100 

solution was purchased from Chemours. Teflon membranes were obtained from 

Thermo Fisher Scientific.  

Preparation of gold nanostars:  

The icosahedral gold seeds were synthesized as previously reported with some 

modification 36. PVP (0.1 g) in TEG (25 ml) was heated to reflux in a sand bath 

(330oC), after which HAuCl4.3H2O (20 mg) in TEG (2 ml) was rapidly transferred. 

After 10 minutes, the reaction flask was cooled to room temperature. Ethanol 

was then added to the flask, and the entire solution was centrifuged at 600 g 

twice for 30 minutes, each time discarding the precipitate and keeping the 

supernatant. Afterward, the supernatant was centrifuged at 1125 g for 30 

minutes. The pellet was resuspended in DMF and re-centrifuged twice before the 

final pellet was dispersed in DMF (27 mL).  

The growth solution to form stars was prepared as follows: DMF (15 ml) 

containing PVP (1.2 g), octylamine (40 µl), 2.5 M HCl (60 µl) was stirred for 15 

minutes. Next, the gold seed solution in DMF (1 ml, O.D. =2.17) was pipetted to 
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the reaction flask and stirred for 2 hours at room temperature before immersion 

in an 80°C oil bath for 4 hours. The nanostars were obtained by centrifugation at 

400 g for 30 minutes and washed with ethanol twice before dispersion in 2 ml 

ethanol solution. Finally, the nanostars were then coated with PF, and excess 

reagent was removed by centrifuged and washed with ethanol five times.  

Final substrate fabrication: 

The Teflon membrane was spin-coated with GPL-100 solution at 500 rpm for 1 

minute, after which concentrated gold nanostars (2 µl) was deposited for each 

SERS-spot.  

4.4.2 Characterization of SERS substrate 

SERS measurements 

To obtain SERS spectra of samples for binary tag conversion, the 0.01 M of AA 

(2 µl) was dissolved in 18 MΩ water and drop-coated each SERS-spot for 

screening library. The spectra of the samples were taken after drying at room 

temperature. Spectra were acquired using a Horiba Aramis dispersive micro-

Raman spectrometer with a motorized XYZ stage equipped with a 50× objective 

lens (N.A. = 0.75) in backscattering configuration mode. Three wavelengths of 

laser excitation (473, 633, and 785 nm) were used for the evaluation. The laser 

power was kept constant at around 2 mW. Before each experiment session, the 

system was calibrated using naphthalene as a standard reference. All spectra 

represented averages of 16 measurements collected across a 4x4 point grid on 

the substrate with a point spacing of 1 μm. A spectral range of 200-4000 cm-1, an 

acquisition of 10 seconds and 3 accumulations were collected for each 
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measurement point. 

Raman spectroscopy measurements  

To obtain Raman spectra of samples for comparison, the sample solid was 

crushed and milled to eliminate the effect of crystal orientation. CaF2 was used 

as the substrate for Raman measurement. Spectral data were collected in the 

same manner as with the SERS experiment.  

Physical characterization 

Gold nanostars and seeds were imaged with transmission electron microscopy 

(Tecnai G2 20 TWIN, FEI) after casting on a copper grid. Scanning electron 

microscopy (Nova 600 NanoLab, FEI) was used to image the nanostars 

deposited on ITO glass as well as the final SERS substrate. The UV-visible 

absorption spectra of the seed and star nanoparticles were measured using a 

spectrophotometer (Cary 6000, Agilent). 

4.4.3 Optical identification tag (OIT) conversion and amino acids 

(AA) composition screening for detection of point mutation   

OIT conversion 

An averaged spectrum for each sample was x-wavenumber calibrated with the 

reported Raman spectrum of the standard reference (Figure 4.6a) 48. The Raman 

shift calibrated spectrum was made compatible with a common spectral 

resolution of 1 cm-1 (Figure 4.6b). Compatible spectrum was smoothed using a 

first-order Sarvitzky-Golay filter over a 5-point window (Figure 4.6c). Background 

subtraction was done using asymmetric least squares with a smoothing factor of 

6 and an asymmetric factor of 0.001 (Figure 4.6d). Relative intensity correction 



104 
 

 

was calibrated with a reference halogen-tungsten source for the chosen laser 

excitation wavelength and the grating (Figure 4.6e). Corrected spectrum was 

normalized to a maximum intensity of 1 (Figure 4.6f). Peaks fitting was done 

using Gaussian-Lorentz formula (Figure 4.6g). Features refinement was done 

using second order derivatives (Figure 4.6h) 49.  Final peaks were converted to a 

barcode format to use as OIT tag (Figure 4.6i). A detailed procedure, including 

calibration steps and conversion steps, were shown in Figure 4.6 and in the 

provided template.  

Structural AA components detection  

First, the Hamming distance was used to count the total of features (Raman 

wavenumbers) in the binary sequence of the OIT representing the AA component 

that would need to change to be identical to the binary sequence of the peptide. 

Demonstration of the process for screening of Aβ(15-20) and the aromatic 

component was provided in Figure 4.5c in the manuscript. A detailed procedure 

was described here and provided in the provided template.  

Equation 4.1  
1

0 , B,
,





  
  

n

HAD k A k k
A B y yd   

k is the index of wavenumber compared between spectrum A (individual AA) and 

B (peptide) 

y is the value of k-variable out of total N wavenumbers (size of the sequence) 

recorded in the barcode 

Following, the similarity score was the structural similarity features between the 

scanned OIT sequence and the peptide and was normalized with respect to the 

sequence size (N). A similar process was repeated for all the AAs in the library. It 
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is important to record Raman spectra of all AAs and peptide in the screening 

process with the same experimental conditions. 

Equation 4.2 *100HADN d
Similarity score

N


   

The lower limit of similarity score to determine the AA composition of the 

reference peptide was determined at the highest MCC correlation value. AA 

composition of the mutated peptide was derived above the calculated limit value 

of the reference peptide.  

The performance metrics 

Mathews correlation coefficient (MCC) was used to calculate the correlation 

between true positive/ negative (TP/TN) and false positive/negative (FP/FN) 

values with the actual composition.50  

Equation 4.3 
   

    

* *TP TN FP FN
Correlation factor

TN FN TN FP TP FN TP FP




   
 

Sensitivity and specificity were used to evaluate the efficiency of the screening 

method for optimization 51. 

Equation 4.4 
TP

Sensitivity
TP FN




  

Equation 4.5 
TN

Specificity
TN FP




  

MCR-ALS analysis was done using MCR-ALS 2.0 toolbox 52 

Normalized Raman spectrum of AAs and peptides were used as input for MCR-

ALS. All spectra were x-waveshift calibrated and relative intensity corrected.  
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 Figure 4.13 Raman spectra and OITs of 20 amino acids and peptide 

samples at 473 nm laser wavelength. 
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 Figure 4.14 Raman spectra and OITs of 20 amino acids and peptide 

samples at 633 nm laser wavelength 
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 Figure 4.15 Raman spectra and OITs of 20 amino acids and peptide 

samples at 785 nm laser wavelength. 
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Chapter 5.  

A chiral induced nanostructure for SERS discrimination of 

enantiomersd  

A hybrid SERS satellite nanostructure was designed to characterize the 

stereoselectivity of chiral molecules without the requirement of circularly 

polarized light. A double internal standards detection scheme was provided for 

simultaneous quantification of enantiomers and monitoring the effect of 

environmental conditions on stereoselective interactions.  

5.1 Introduction 

Chirality is very important for the proper functioning of all physiological 

processes. The preference for a single structure handedness is reflected in the 

homochirality of almost all biomolecules such as DNA, amino acids, protein.1,2 

Enantiomers of these biomolecules are shown to have different biological 

responses and toxicities. For example, while all normal activities in living 

organisms involved the L-form of amino acids, the presence of D-amino acids is 

associated with the pathogenesis of human aging and neurogenerative 

diseases.3 Published works also show a significant difference in cell response 

towards different mirror-image isomers of these chiral molecules.4,5 Thus, a 

sensitive method for chirality detection and characterization is essential for 

biomedical research and pharmaceutical industries.  

Commonly used techniques such as circular dichroism (CD) or optical rotatory 

                                                
d This chapter was adapted from Hoang, P.; Moosa B.; Carboni V.; Khashab, N.M. in preparation 
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dispersion (ORD) detect these enantiomers by measuring differences in 

response to opposite-direction polarized lights.6 Further combining vibrational 

spectroscopy such as Raman with CD in Raman optical activity (ROA) allows 

chiral analysis at a molecular specific level.7 ROA was reported to have even 

weaker signals compared to Raman by a factor of 10-3, thus limit the use of this 

technique for sensitive detection.8 To overcome this, plasmonic nanostructure 

was used to amplify ROA signal through surface-enhanced plasmon resonance 

effect, which results in surface-enhanced ROA (SEROA).9-11 However, careful 

SEROA experiment needs to be done to avoid the loss of signal due to the 

ensemble orientation averaging effect, which leads to complications in data 

interpretations.12,13 Other techniques that do not require circularly polarized light 

such as SPR14, UV15, NMR16, electrical transducer,17 distinguish enantiomer 

based on stereoselective intermolecular interaction with an external chiral 

selector but do not provide structural information. Therefore, a more reliable and 

efficient strategy to detect enantiomer at a molecular level is desirable. SERS 

has been used extensively to study molecular structure at a single molecule 

sensitivity level. Compared to SEROA, SERS is linearly polarized light-based 

technique and is blind to chirality.18,19 Despite that, several groups reported 

possible identification of enantiomers through selective binding complex 

formation with an external chiral selector.20-22 

In this work, we fabricate a chiral induced hybrid plasmonic nanostructure with 

dual internal standards to quantify the enantiomers and study the conditions of 

these symmetry selective interactions using SERS. The first internal standard is 
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sandwiched between gold nanostar core and satellite nanoparticles to calibrate 

the SERS-active surface area and compare across different experiments. The 

second reporter consists of a chiral induced ligand connected with a stimuli 

sensitive probe,23 which allows simultaneous detection of enantiomers and 

conduct pH and temperature-dependent SERS experiments. To our knowledge, 

this is the first cleavable ligand to link reporter and chiral modifying molecules. 

The established method does not require circularly polarized light to identify 

chirality while still provides sensitive detection at a molecular level, which can be 

used to design artificial biointerfaces. 

5.2 Results and discussion 

5.2.1 Design of dual internal standards hybrid plasmonic 

nanostructure 

The fabrication scheme of the plasmonic enhancement platform was provided in 

Figure 5.1. First, the symmetrical nanostars were synthesized from icosahedral 

seeds by the seeded growth solution technique.24 The first reporter was then 

embedded between a gold nanostar core and the surrounding satellite gold 

nanoparticles. This functional ligand has an absorption peak around 440 nm and 

served as the first internal standard to calibrate the active SERS surface area 

and compare between SERS experiments (Figure 5.2). Characterization of the 

SERS satellite structure included TEM (Figure 5.3) and extinction spectra (Figure 

5.4).  
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 Figure 5.1 Synthesis of chiral induced SERS nanostructure 

 

 Figure 5.2 (a) Extinction spectrum of SERS nanostar with the first 

reporter. (b) Absorption spectra of the first internal standard at 

different concentration. (c) Linear calibration curve of absorption 

intensity at 440 nm with respect to the concentration of the first 

internal standard.  

 

 Figure 5.3 TEM images. (a) Gold seed. (b) Gold nanostar. (c) 
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Surrounding nanoparticles. (d) Satellite nanostructure 

 

 Figure 5.4 Extinction spectrum of gold seed, nanostar and SERS 

nanostructure 

Inspired from natural stereoselectivity, the SERS-active surface is further 

functionalized with the second reporter containing a chiral induced ligand. A 

chiral amino acid L-tryptophan (L-Trp) was selected to transfer the chirality 

property to the SERS structure and impart stereospecific sensing ability. The 

synthesis procedure of the chiral ligand was shown in Figure 5.5 and detailed in 

the experimental section. The characteristic signal of both reporters in the 

nanostructure could be quantified with UV-Visible extinction and SERS (Figure 

5.6). Chirality of the ligands was confirmed using optical rotatory dispersion 

technique (Table 5.1) 



142 
 

 

 

 Figure 5.5 Synthesis of chiral induced ligand  

 

 Figure 5.6 (a) Extinction spectrum of nanostructure with the first 

reporter and chiral induced ligand. (b) Raman spectrum of the first 

reporter and SERS spectrum of the final chiral induced structure 

 Table 5.1 ORD of the chiral ligands 

Compound 
Concentration 

(mg/ml) 
Optical rotation 

(o) 

 

9.77 -0.328 ± 0.001 

 

0.6 +0.022 ± 0.012 
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8.45 +0.153 ± 0.004 

 

5.2.2 SERS study on the stereoselective binding of enantiomers 

Compared to other amino acids, L-Trp has the largest polarizable nonpolar 

surface area25 and is a crucial component in the interfacial region of a membrane 

protein.26 In addition, L-Trp has the highest electrostatic potential for cation-pi 

interaction27 and the indole ring of the structure is very sensitive to hydrogen 

bonding formation.28,29 It was demonstrated that the chiral induced nanostructure 

exhibit selective absorption towards D-Amino Acids (Figure 5.7). After incubation 

and thoroughly washed to remove non-binding analyte, both characteristic peaks 

of D-Phe and D-Arg could be identified in the SERS spectra of the nanostructure. 

This binding behavior was not observed for L-Amino Acids.  

 

 Figure 5.7 Selective absorption of chiral induced nanostructure with 

D-Amino acids. (a) SERS spectra of nanostructure after incubation 

with D-Arg and D-Phe. (b) SERS spectra of nanostructure after 

incubation with L-Arg and L-Phe.  
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To understand the stereospecific absorption, the MM2 force field method was 

conducted to measure and compared the minimum energy of the complexation 

between the chiral ligand and the L/D-Amino Acid (Figure 5.8). The minimum 

energy of the complex configuration of the chiral ligand and D-Arg was -28 

kcal/mol, which was much lower than that of the chiral ligand and L-Arg at -16 

kcal/mol. In addition, Figure 5.8 also illustrates that the orientation of D-Arg 

allowed more hydrogen bonding formation with the chiral ligand, thus created a 

more stable conformation. This is in agreement with the reported works, which 

show that non-covalent intermolecular interactions such as hydrogen bonding, 

dipole stacking, electrostatic interaction are responsible for the chiral selective 

interaction.30,31 Besides the conventional interaction between OH-H and OH-N, 

hydrogen bonding between the proton donor group to π electron density in an 

aromatic containing structures such as D-Phe could also promote a more 

preferable interaction with the chiral ligand.32 Besides weak interactions, previous 

work also indicated that symmetry constraints due to spin polarization between 

chiral molecules could also lead to the selectivity in their interactions.33 Further 

DFT study and experiments will be accomplished in order to provide a more in-

depth explanation for the symmetry selective between the chiral induced 

nanostructure L/D-Amino Acid.  
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 Figure 5.8 MM2 study of chiral complex formation. (a) S6 and D-Arg. 

(b) S6 and L-Arg.  

5.2.3 Chiral discrimination and conditions for chiral discrimination  

Since intermolecular forces depend strongly on the pH and temperature of the 
environment, which in turn determine the efficiency of the selective interactions, it 
was important to study the effect of these factors on the symmetry selection. The 

second reporter was modified by connecting the chiral induced ligand with a –
diyne functional group, which was known to be responsive towards external 

stimuli (Figure 5.9). The synthesis protocol for the linker is shown in  

Figure 5.10 and detailed in the experimental section. The disulfide part of the 

linker was used to conjugate the chiral inducer and the –diyne group 

simultaneously to the gold surface of the nanostructure (Figure 5.11). This probe 

was also used as a secondary internal standard to calibrate the amount of the 

chiral inducer, which was in a 1:1 ratio with the –diyne signal. In addition, the 

characteristic Raman frequency of the –diyne group was located in the silent 

region of the Raman spectrum (1800-2400 cm-1) (Figure 5.2), which will not 
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overlap with vibrations due to chiral interactions in the fingerprint region.34 

 

 Figure 5.9 Design of the second linker: chiral induced ligand was 

connected with the –diyne reporter group through disulfide linker 

 

 Figure 5.10 Synthesis of disulfide linker reporter-S-S-L-Trp 

 

 

 Figure 5.11 Synthesis of the chiral induced structure with a stimuli-

responsive group. 
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 Figure 5.12 Raman spectrum of the –diyne-group and SERS 

spectrum of the final chiral induced structure 

SERS measurements of the complexation between the chiral induced 

nanostructure with L/D-Amino Acid at various pH and temperature will be 

conducted to determine the relationship between these environmental factors on 

the chiral-controlled recognition process. Further, the ability to quantify D-Amino 

Acid using the chiral induced SERS will also be evaluated.  

5.3 Summary 

Thie method does not use circularly polarization light while still provide chiral 

structural information at a molecular level. Such selectivity inspired by 

biosystems can be adapted to design artificial biointerfaces to monitor biospecific 

interaction between the analyte and binding partners and provide an insightful 

understanding of the chiral-controlled molecular recognition process.  

5.4 Experimental section 
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Materials  

Unless otherwise stated, all reactions were set up under inert atmosphere 

(Argon) utilizing glassware that was oven-dried and cooled under Argon purging. 

Silica Gel Flash Column Chromatography was performed on deactivated Silica 

gel Merck 60 (particle size 40-63 μm). 10,12-Pentacosadynoic acid (PDCA), N-

hydroxysuccinimide (NHS), (3-Dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (EDC), Triethylamine (TEA), di-tert-butyl dicarbonate (Boc-

anhydride), Cystamine dihydrochloride, Sodium dihydrogen phosphate 

(NaH2PO4), Sodium hydroxide (NaOH), Sodium sulfate anhydrous (Na2SO4), 

Magnesium sulfate anhydrous (MgSO4), Thionyl chloride, Succinic anhydride, 

Potassium bisulfate (KHSO4), L-Tryptophan (L-Trp), Thioacetic acid, Bromoacetic 

acid, Sodium bicarbonate (NaHCO3), 1-[Bis(dimethylamino)methylene]-1H-1,2,3-

triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU), 

Diisopropylethylamine (DIPEA), concentrated hydrochloric acid (HCl), 4-Cyano-

4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (Reporter 1) 

Dichloromethane (DCM), Methanol (MeOH), Diethyl ether, Acetone, Ethyl 

acetate (EtOAc), Acetonitrile (AcCN), Tetrahydrofuran (THF), Chloroform 

(CHCl3), Chloroform-d (CDCl3), Dimethyl sulfoxide-d (DMSO-d6), Methanol-d 

(CD3OD), Dichloromethane-d (CD2Cl2). 

5.4.1 Fabrication of SERS substrate 

Gold nanostar was synthesized according to the procedure in the Experimental 

section of Chapter 4. 

15 nm gold nanoparticles were synthesized according to the reported 
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procedure.35 

The satellite nanostructure was assembled as followed: First, 15 ml solution of 

gold nanostar was mixed with 10 mg of Reporter 1 in EtOH and stirred overnight. 

The excess of the first reporter was removed by centrifuge at 600 g twice times 

for 30 minutes and dispersed in 15 ml EtOH. Following, 15 ml the solution of 

satellite gold nanoparticles were added and mixed overnight. Excess 15 nm 

nanoparticles were removed by centrifuge at 400 g five times for 30 minutes and 

redispersed in EtOH. Finally, the satellite nanostructure was reacted with ligand 

S6 or ligand 4. Excess 15 nm nanoparticles were removed by centrifuge at 400 g 

five times for 30 minutes and redispersed in water. 

5.4.2 Characterization of SERS nanostructure and linkers  

1H NMR, 13C NMR, 13C-DEPT 45 NMR, 13C-DEPT 90 NMR, 13C-DEPT 135 NMR 

were acquired on Bruker AVANCE – III NMR 500 and 700 MHz. Spectra were 

visualized and analyzed using MestReNova (version 10.0). High-resolution mass 

spectra were acquired with mass spectrometer LC/MS Thermo LTQ Orbitrap 

Velos. Ultraviolet-visible (UV−vis) measurements or spectra were recorded on 

Varian Cary 5000 UV–VIS–NIR spectrophotometer. Raman studies were done 

using Horiba HR 800. CD was done using Rudolph Autopol V polarimeter. FTIR-

ATR was acquired with Thermo Nicolet iS10. The transmission electron 

microscope (TEM) image was acquired with FEI TEM Tecnai Twin. The scanning 

electron microscope (SEM) image was acquired with FEI Nova NanoSEM630. 

Raman was acquired using Horiba Aramis and 785 nm laser wavelength.  

5.4.3 Synthesis of linker  
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Synthesis of chiral disulfide ligand  

 

 Figure 5.13 Synthesis of reporter 

Synthesis of 2,5-dioxopyrrolidin-1-yl pentacosa-10,12-diynoate36 (S1 - 

PCDA-NHS)  

5 g of PDCA was dissolved in chloroform and the solution was filtered through 

Whatman 0.2 µm membrane. Monomers of PDCA was collected by evaporating 

solvent with the rotatory evaporator. To 10 ml solution of 1.00 g (2.67 mmol) of 

PDCA in DCM, add 0.38 g (3.47 mmol) of NHS and 0.38 g (4.01 mmol) of EDC 

at room temperature. The reaction mixture was stirred at room temperature for 2 

hours. The solvent was evaporated. The product was obtained by extraction with 

EtOAc to obtain 5.67g (90 %) as white solid. The product was stored in a 

desiccator protected from light.  

1H NMR (500 MHz, CDCl3) δ 2.84 (d, J = 3.0 Hz, 2H), 2.60 (t, J = 7.5 Hz, 2H), 

2.24 (t, J = 7.0 Hz, 4H), 1.79 – 1.69 (m, 2H), 1.54 – 1.48 (m, 4H), 1.45 – 1.21 (m, 

26H), 0.88 (t, J = 6.8 Hz, 3H). The data is in accordance with the literature. 

 

 Figure 5.14 Synthesis of disulfide linker for amino acid and reporter 

Synthesis of tert-butyl (2-((2-aminoethyl)disulfaneyl)ethyl)carbamate37 (S2 - 
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monoBoc-Cys): 

To a 250 ml MeOH solution of 8 g (35.56 mmol) of cystamine dihydrochloride, 

14.9 ml of TEA (106.66 mmol) was added at ice-cold 0oC and stirred for 30 min. 

Then, 8.1 ml (35.56 mmol) of Boc-anhydride was added dropwise for 20 minutes. 

The reaction was stirred at 0oC for 30 minutes then at room temperature for 2 

hours. The solvent was evaporated and the solid was dissolved in 60 ml of 1M 

NaH2PO4. The mixture was washed with diethyl ether to remove diBoc-

cystamine. The aqueous layer was basified to pH 9 and extracted with EtOAc. 

The organic layer was dried with Na2SO4, filtered and evaporated to obtain 

monoBoc-Cystamine as yellow oil 4.21 g ( 47 %). 

1H NMR (500 MHz, CDCl3) δ 5.08 (br, 1H), 3.43 (q, J = 6.3 Hz, 2H), 3.00 (t, J = 

6.2 Hz, 2H), 2.76 (t, J = 6.2 Hz, 4H), 1.55 (br, 2H), 1.43 (s, 9H). The data is in 

accordance with the literature. 

 

 Figure 5.15 Esterification of L-Trp. 

Synthesis of methyl L-tryptophanate38 (S3 - Trp-OMe) 

3.7 g (18.2 mmol) of L-Trp was dissolved in 20 ml of MeOH at 0oC. Then, 1.6 ml 

(22 mmol) of thionyl chloride was added dropwise over 10 min. The reaction flask 

was allowed to warm to room temperature then heated under reflux at 70oC 

overnight. The solvent was evaporated and the product was triturated with EtOAc 

to obtain 4.17 g (90 %) of compound S3.  
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1H NMR (500 MHz, CD3OD) δ 7.54 (d, J = 7.9 Hz, 1H), 7.40 (d, J = 8.1 Hz, 1H), 

7.20 (s, 1H), 7.15 (t, J = 7.6 Hz, 1H), 7.07 (t, J = 7.5 Hz, 1H), 4.31 (dd, J = 7.1, 

5.7 Hz, 1H), 3.80 (s, 3H), 3.46 (dd, J = 15.1, 5.5 Hz, 1H), 3.36 (dd, J = 15.1, 7.4 

Hz, 1H). The data is in accordance with the literature. 

Synthesis of (S)-4-((3-(1H-indol-3-yl)-1-methoxy-1-oxopropan-2-yl)amino)-

4-oxobutanoic acid38 (1 - COOH-Trp-OMe): 

The protocol was followed with slight modification. 1.17 g (11.7 mmol) of succinic 

anhydride and 11.7 mmol of compound S3 was added in 10 ml DMF and 3 ml of 

DIPEA. The reaction mixture was stirred for one day at room temperature under 

Argon. 50 ml of EtOAc was added to the mixture and washed with 50 ml of 1M 

HCl three times. The organic layer was dried with Na2SO4. The solvent was 

evaporated to obtain 2.61 g (70 %) of compound 1.  

1H NMR (500 MHz, DMSO-d6) δ 11.86 (s, 1H), 10.86 (s, 1H), 8.32 (d, J = 7.5 Hz, 

1H), 7.48 (d, J = 7.9 Hz, 1H), 7.33 (d, J = 8.1 Hz, 1H), 7.15 (d, J = 2.3 Hz, 1H), 

7.06 (t, J = 7.5 Hz, 1H), 6.98 (t, J = 7.4 Hz, 1H), 4.48 (td, J = 7.8, 6.0 Hz, 1H), 

3.56 (s, 3H), 3.12 (dd, J = 14.5, 6.0 Hz, 1H), 3.02 (dd, J = 14.5, 8.1 Hz, 1H), 2.43 

– 2.27 (m, 4H). The data is in accordance with the literature. 

Synthesis of methyl (2,2-dimethyl-4,13-dioxo-3-oxa-8,9-dithia-5,12-

diazahexadecan-16-oyl)-L-tryptophanate (2 - Boc-S-S-Trp-OMe) 

4.95 mmol of COOH-Suc-Trp-OMe (1) and 3.01 g (4.95 mmol) of monoBoc-Cys 

(S2), 1.88 g (4.95 mmol) of HATU and 1.75 g (2.35 ml, 13.5 mmol) of DIPEA 

were dissolved in 40 ml of dried DMF. The reaction flask was stirred overnight. 

The solvent was evaporated and the residue was dissolved in 40 ml of EtOAc. 
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The organic layer was washed with brine, 40 ml of saturated NaHCO3, 5% 

NaH2PO4 and dried with Na2SO4, filtered. Compound was purified by flash 

chromatography (50%-100%) EtOAc and DCM. The yield is 1.64 g (60 %)   

1H NMR (500 MHz, Chloroform-d) δ 8.66 (br, 1H), 7.51 (d, J = 7.9 Hz, 1H), 7.36 

(d, J = 8.1 Hz, 1H), 7.17 (t, J = 7.5 Hz, 1H), 7.10 (t, J = 7.4 Hz, 1H), 7.06 (s, 1H), 

7.00 (br, 1H), 6.84 (br, 1H), 5.09 (br, 1H), 4.87 (q, J = 7.1, 6.6 Hz, 1H), 3.68 (s, 

3H), 3.54 – 3.45 (m, 2H), 3.44 – 3.36 (m, 2H), 3.30 (qd, J = 14.8, 5.7 Hz, 2H), 

2.86 – 2.66 (m, 4H), 2.62 – 2.34 (m, 4H), 1.44 (s, 9H) 

13C NMR (500 MHz, CDCl3) δ 172.89, 172.47, 172.34, 156.10, 136.29, 127.61, 

123.42, 122.21, 119.65, 118.52, 111.55, 109.75, 79.85, 53.31, 52.57, 39.64, 

38.60, 38.07, 37.91, 31.35, 31.24, 28.54 (three carbons), 27.61 ppm. 

MS (ESI): 575.4 (M+Na+). Calculated for C25H36N4O6S2Na (M+Na+): 575.20. 

Found: 575.43. = +0.153 (c = 8.45, MeOH) 
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 Figure 5.16 1H NMR (500 MHz, DMSO-d6) of 2 



155 
 

 

 

 Figure 5.17 13C NMR (500 MHz, DMSO-d6) of 2 

Synthesis of (4-oxo-4-((2-((2-(pentacosa-10,12-

diynamido)ethyl)disulfaneyl)ethyl)amino)butanoyl)-L-tryptophan (3 - Reporter-S-

S-Trp-OMe)  

4.95 mmol of NH2-S-S-Trp-OMe was isolated from corresponding Boc-S-S-Trp-

OMe (2) by de-Boc process.39 It was then mixed with 4.95 mmol of compound 

PDCA-NHS (S1) and 1.75 g (2.35 ml, 13.5 mmol) of DIPEA in 40 ml of dried 

CHCl3. The reaction flask was stirred overnight. The solvent was evaporated and 

the residue was dissolved in 40 ml of EtOAc. The organic layer was washed with 

40 ml of saturated NaHCO3, 5% citric acid and dried with MgSO4, filtered and 

evaporated. Compound was purified by flash chromatography with 9:1 EtOAc: 
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acetone. The yield is 1.36 g (34 %).  

1H NMR (500 MHz, CD2Cl2) δ 8.53 (s, 1H), 7.51 (d, 1H), 7.39 (d, J = 8.1 Hz, 1H), 

7.17 (t, J = 7.6 Hz, 1H), 7.14 – 7.06 (m, 2H), 6.56 (br, 1H), 6.44 (d, J = 7.8 Hz, 

1H), 6.24 (br, 1H), 4.85 (d, J = 5.7 Hz, 1H), 3.68 (s, 3H), 3.50 (dq, J = 19.5, 6.4 

Hz, 4H), 3.35 – 3.19 (m, 2H), 2.78 (dt, J = 14.3, 6.5 Hz, 4H), 2.60 – 2.28 (m, 4H), 

2.29 – 2.17 (m, 4H), 2.17 – 2.12 (m, 2H), 1.53 – 1.25 (m, 32H), 0.88 (t, J = 6.8 

Hz, 3H). 

13C NMR (500 MHz, CD2Cl2) δ 14.45, 19.63, 23.26, 26.24, 28.10, 28.94, 28.98, 

29.37, 29.4, 29.50, 29.65, 29.75 (2C), 29.91, 30.05, 30.17, 30.19, 30.21, 31.70, 

31.88, 32.49, 36.97, 38.41, 38.47, 39.04, 39.14, 52.83, 53.66, 65.61, 65.65, 

78.11, 78.20, 110.36, 111.89, 118.96, 120.01, 122.56, 123.89, 128.10, 136.76, 

172.53, 172.73, 173.13, 174.27. The assignment was done using 13C-DEPT 45 

NMR, 13C-DEPT 90 NMR, 13C-DEPT 135 NMR.  

HRMS (ESI): 831.47 (M+Na+). Calculated for C45H68N4O5S2Na (M+Na+): 

831.45. Found: 831.45. 

Synthesis of (4-oxo-4-((2-((2-(pentacosa-10,12-

diynamido)ethyl)disulfaneyl)ethyl)amino)butanoyl)-L-tryptophan (4 - Reporter-S-

S-Trp):  

1.5 mmol of compound 3 was dissolved in degassed MeOH and 10 ml of 

degassed 1M of NaOH was added. The solution was stirred under argon for one 

hour. The solvent was evaporated then 30 ml of degassed DI water was added. 

The solution was washed with 40 ml of degassed EtOAc. The aqueous layer was 

adjusted to pH 1 with concentrated HCl. The solution was extracted with 40 ml 
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EtOAc and washed with 5x50 ml of water. The organic layer was dried with 

Na2SO4, filtered and evaporated to obtain 954 mg (80 %).  

 

 

 Figure 5.18 1H NMR (500 MHz, CD2Cl2) of 3 
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 Figure 5.1613C NMR (500 MHz, CD2Cl2) of 3 
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 Figure 5.20 13C-DEPT 135 NMR (500 MHz, CD2Cl2) of 3 

 

 Figure 5.17 13C-DEPT 90 NMR (500 MHz, CD2Cl2) of 3 
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 Figure 5.22 13C-DEPT 45 NMR (500 MHz, CD2Cl2) of 3 

Synthesis of 2-(acetylthio)acetic acid40 (S4) 

8.1 g (106 mmol) of thioacetic acid and 11.2 g of bromoacetic acid were added to 

100 ml of DI water. Then, 15.7 g (187 mmol) of NaHCO3 was slowly added to the 

reaction flask. The reaction was stirred overnight. The solution was acidified to 

pH 1 with concentrated HCl and extracted with EtOAc. The organic layer was 

washed with 3x100ml DI water, dried with Na2SO4, filtered and evaporated to 

obtain yellow oil 8.53 g (60 %). The product was stored in a desiccator in dark.  

1H NMR (400 MHz, CD3Cl) δ 3.74 (s, 2H), 2.40 (s, 3H).The data is in accordance 

with the literature. 

Synthesis of methyl (2-(acetylthio)acetyl)-L-tryptophanate40 (S5 – SH-Trp-

OMe):  
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4.50 mmol of compound S3, 4.95 mmol of compound S4, 1.88 g (4.95 mmol) of 

HBTU and 1.75 g (2.35 ml, 13.5 mmol) of DIPEA were dissolved in 40 ml of THF. 

The reaction flask was stirred overnight. The solvent was evaporated and the 

residue was dissolved in 40 ml of EtOAc. The organic layer was washed with 40 

ml of saturated NaHCO3, dried with Na2SO4, filtered and evaporated to obtain 

1.49 g (90 %). 

1H NMR (500 MHz, CD3Cl) δ 8.48 (s, 1H), 7.51 (d, J = 7.9 Hz, 1H), 7.33 (d, J = 

8.1 Hz, 1H), 7.16 (t, J = 7.4 Hz, 1H), 7.10 (t, J = 7.4 Hz, 1H), 6.98 (d, J = 2.2 Hz, 

1H), 6.71 (d, J = 7.6 Hz, 1H), 4.87 (dt, J = 7.6, 5.6 Hz, 1H), 3.67 (s, 3H), 3.56 – 

3.45 (m, 2H), 3.30 – 3.28 (m, 2H), 2.22 (s, 3H). The data is in accordance with 

the literature. 

Synthesis of (2-mercaptoacetyl)-L-tryptophan40 (S6 - SH-Trp)  

2.40 mmol of compound S5 was dissolved in degassed MeOH and 10 ml of 1M 

of NaOH was added. The solution was stirred under argon for one hour. The 

solvent was evaporated then 30 ml of degassed DI water was added. The 

solution was washed with 40 ml of degassed EtOAc. The aqueous layer was 

adjusted to pH 1 with concentrated HCl. The solution was extracted with 40 ml 

EtOAc and washed with 5x50 ml of water. The organic layer was dried with 

Na2SO4, filtered and evaporated to obtain 0.448 g (67%).  

1H NMR (500 MHz, CD3OD) δ 7.57 (d, J = 7.9 Hz, 1H), 7.33 (d, J = 8.1 Hz, 1H), 

7.11 (d, J = 5.4 Hz, 1H), 7.09 (t, J = 7.2 Hz, 1H), 7.06 – 6.96 (m, 1H), 4.73 (dd, J 

= 7.1, 5.3 Hz, 1H), 3.37 (dd, 1H), 3.23 (dd, J = 14.8, 7.3 Hz, 1H), 3.14 (s, 

2H).The data is in accordance with the literature.  
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Chapter 6.  

Summary and future works 

6.1 Summary 

Sensitive and reliable detection techniques are essential to afford a better 

understanding of biomedical and biophysical processes. SERS has been one 

such technique, which enables studying structural information and good 

detection even at extremely low concentrations. The main limitation that prevents 

this technique to be effectively utilized in practical industrial applications is the 

limited stability of the substrate and the reproducibility of the analysis. In this 

thesis, various hybrid materials and fabrication techniques were designed to 

achieve a more reliable SERS analysis and versatile SERS sensor designs that 

adapt to the industrial and research applications. 

Chapter 2 provided a theoretical background on the source of signal 

enhancement in SERS and the current status of SERS sensor fabrication 

techniques. The main contribution of scattering signal enhancement was due to 

the coupling of the electromagnetic field with localized plasmon resonance. The 

charge transfer process is also responsible for the enhancement of Raman signal 

in some instances, which requires a specific tuning of both excitation energy 

source and analyte-substrate energy levels. This chapter also outlines the 

advantages and disadvantages of the current SERS sensor manufacturing. While 

top-down lithography based fabrication methods provide an impressive control of 

the substrate design and a more consistent signal enhancement effect, these 
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techniques are usually restricted in small scale, low through-put and expensive 

nanofabrication facilities. In contrast, bottom-up manufacturing is high 

throughput, cost-effective and suitable for large-format scaleup of sensors.  The 

downside of this technique is the irreproducible signal enhancement, which 

affects the sensor performance for analyte quantification. 

In chapter 3, combining the advantages of both top-down and bottom-up 

techniques were proposed to improve the reproducibility of the SERS signal in 

bottom-up solution methods while increasing the physical size of sensor 

fabrication in top-down manufacturing. A secondary template was produced to 

help control the deposition of plasmonic materials; which results in more 

reproducible readouts. In this work, standing ZnO nanorods array was fabricated 

as a platform to control the deposition of plasmonic nanomaterials. While the 

template provides the reproducibility of the measurement with a deviation of 9%, 

the enhancement of the signal was attributed to the efficient coupling of the base 

gold layer and deposited gold nanoparticles. To improve the stability of the 

sensor, a thin protecting layer of organic silica was proposed to prevent the 

oxidation effect of the SERS-active nanostructure and non-specific sorption of 

high affinity thiolated or amine contaminants. The performance of the substrate 

was evaluated by comparing SERS quantification results of xylene isomers, a 

common additive in the petroleum industry, with the established gas 

chromatography (GC) technique. A low detection limit (14 ppm) was achieved in 

the near-infrared region using the provided substrate and only 3.7% deviation 

compared with the GC result was found, which confirmed the reliability of the 
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analysis. The employment of hybrid materials not only provides highly sensitive 

and specific detection but also enables large scale fabrication of SERS sensors. 

In chapter 4, surface modification of the SERS substrate was carried out to help 

control the uniformity of sample deposition and improve the limit of detection. The 

SERS substrate consisted of a superhydrophobic perfluoro-based coating that 

eliminates the coffee ring drying defect and allows analytes to be deposited on 

the sensor using any carrier solvents. The SERS active nanostructure was 

refined using a two-step seed growth method to obtain the final structure of 

highly symmetrical gold nanostar, which provides a more reproducible source of 

enhancement compared to asymmetrical nanostars and gold nanoparticles.  

To address the specificity of the SERS measurement in multiplex detection, a 

rapid screening method was developed by creating a Raman library that contains 

position and bandwidth of the molecular vibration bands in a series of binary 

barcoded information. These tags readouts can be amplified using the provided 

sensitive SERS platform, which allows sensitive, specific and label-free 

detection. This chapter also demonstrates a selective choice of laser wavelength 

can help collect additional Raman structural information in the high-frequency 

range of the Raman spectrum, which improved the specificity of the detection. 

The provided sensing strategy was applied to detect mutation points in Aβ 

peptides. Substitution of single point mutation was detected in 6 and 11 amino 

acid-fragment at picomolar concentration and single point addition mutation point 

was detected in 43 amino acid-fragment at nanomolar concentration. The 

sensitivity level of this technique indicates that it could be potentially used as an 
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alternative to traditional Edman degradation or machine learning method. Both of 

these techniques were not suitable for a limited samples experiment due to the 

complete sample destructure of Edman degradation and a large number of 

training samples in machine learning. Finally, a fast and straightforward strategy 

by which vibrational fingerprints are encoded raises the possibility that OIT 

libraries can be used as a new method for automated and high throughput 

screening. 

In chapter 3, SERS substrate was used to quantify structural isomers of xylene, 

which have the same chemical formula but different constituents arrangement. In 

chapter 5, we present that surface modification of the SERS sensor enables the 

detection of stereoisomers, which have the same chemical structure but a 

different spatial arrangement. Conventional SERS was blind to chirality and 

required circular rotational polarized excitation source to distinguish 

stereoisomers (SEROA). However, the chiral sensitivity of SEROA was not 

reliable due to the ensemble averaging effect. This chapter illustrates that 

chirality property can be transferred to nanostructure, hence indirect detection of 

chiral enantiomers can be possible through their interaction with the chiral 

induced nanostructure. In this project, the satellite assembly of nanostructures 

was used to enhance the Raman signal. A double internal standards detection 

scheme was also introduced for simultaneous quantification of enantiomers while 

monitoring the effect of environmental conditions on stereoselective interactions. 

The first internal standard of SERS active surface area was incorporated 

between the core nanostar and the satellite nanoparticles. The entire 
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nanostructure was then functionalized with a chiral ligand to transfer the chirality 

property to the entire nanostructure and act as the chiral selector. The chiral 

induced nanostructure was used to study the symmetry recognition between the 

opposite configuration of amino acids and study the effect of environmental pH 

and temperature on such interaction. This method does not require the circularly 

polarized light while still provide spatially related structure information at 

molecular level. Such selectivity from biosystems can be adapted to design 

artificial biointerfaces that help understanding chiral-controlled molecular 

recognition process.  

6.2 Future works 

Besides the sensitive detection ability, the OIT processing scheme for molecular 

screening contains several technical challenges such as OIT relies on the tuning 

of the specific excitation laser wavelength to improve the Raman scattering 

efficiency in the high wavenumber range. Another disadvantage of the OIT 

system was the difficulty in detection of a replication point mutation due to the 

conversion process which renders the barcode tag insensitive to the relative 

intensity between peaks. The additional drawback was that this screening 

procedure restricted application for primary fragments because the screening 

library does not contain coded information about the effect of individual AA on the 

conformation of peptides and protein. These challenges might be solved by 

optimizing the OIT tag conversion system to allow sensitive relative intensity 

coding and combining with a different light excited and detected sensing 

technique, which provides complementary conformational information to Raman 
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spectra. Despite these shortcomings, our results have illustrated that OIT tagging 

system is a powerful tool for biomolecule label-free identification.  

Surface modifications of SERS sensor help extend the detection capability of 

SERS, such as chirality sensing demonstrated in chapter 5. Preliminary 

experimental results indicated selective absorption of stereospecific analytes. 

Although this specificity could be due to favorable hydrogen bondings between 

chiral nanostructure and the enantiomer, binding constants and NMR 

experiments could be used to pinpoint the functional group involved in the 

interactions and allow a more accurate computational study of these preferential 

binding. Since these intermolecular interactions are sensitive to the protonation 

state of the molecules, it is essential to study the effect of these factors on the 

recognition processes of chiral ligands. A detailed study of such interactions can 

provide a better understanding of the biophysical processes.  

.  



172 
 

 

Chapter 7.  

List of publications/patent 

Publications based on the results of my research: 

6. Hoang, P.; Moosa B.; Carboni V.; Khashab, N. M., A Chiral-induced SERS 

nanostructure to Detect and Quantify Amino Acids Enantiomers. In 

preparation.  

5. Hoang, P.; Khashab, N.M., Barcoding Amino Acids for Mutation Screening 

in Amyloid Beta Peptides. Small Methods 2019, 1900611. 

https://doi.org/10.1002/smtd.201900611 

4. Hoang, P.; Khashab, N. M., Non-Resonant Large Format Surface 

Enhanced Raman Scattering Substrates for Selective Detection and 

Quantification of Xylene Isomers. Chem. Mater. 2017, 29 (5), 1994. 

In addition, the author has contributed to the following articles: 

3. Chaix, A.;  Mouchaham, G.;  Shkurenko, A.;  Hoang, P.;  Moosa, B.;  Bhatt, 

P. M.;  Adil, K.;  Salama, K. N.;  Eddaoudi, M.; Khashab, N. M., 

Trianglamine-Based Supramolecular Organic Framework with Permanent 

Intrinsic Porosity and Tunable Selectivity. J. Am. Chem. Soc. 2018, 140 

(44), 14571. 

2. Rahmani, S.;  Chaix, A.;  Aggad, D.;  Hoang, P.;  Moosa, B.;  Garcia, M.;  

Gary-Bobo, M.;  Charnay, C.;  AlMalik, A.;  Durand, J.-O.; Khashab, N. M., 

Degradable Gold Core–Mesoporous Organosilica Shell Nanoparticles for 

Two-Photon Imaging and Gemcitabine Monophosphate Delivery. Molecular 



173 
 

 

Systems Design & Engineering 2017, 2 (4), 380. 

1. Chen, Y.;  Tao, J.;  Hammami, M. A.;  Hoang, P.; Khashab, N. M., Self-

Assembly of Single-Crystal Silver Microflakes on Reduced Graphene Oxide 

and Their Use in Ultrasensitive Sensors. Advanced Materials Interfaces 

2016, 3 (7), 1500658. 

 

Patent based on the results of my research: 

1. Barcoding Amino Acids for Mutation Screening in Amyloid Beta Peptides 

(provisional patent application, Serial No. 62/903,314, September 20th, 

2019) 


	EXAMINATION COMMITTEE PAGE
	ABSTRACT
	ACKNOWLEDGMENTS
	TABLE OF CONTENTS
	LIST OF ABBREVIATIONS
	LIST OF SYMBOLS
	LIST OF FIGURES
	LIST OF TABLES
	Chapter 1.  Introduction
	1.1 Motivation
	1.2 Structure of the dissertation

	Chapter 2.  Background
	2.1 Raman scattering: light interaction with the molecule
	2.2 Localized surface plasmon resonance (LSPR): light interaction with plasmonic materials
	2.3 SERS enhancement mechanism
	2.3.1 Electromagnetic enhancement
	2.3.2 Chemical enhancement
	2.3.3 Other associated factors
	2.3.4 Quantification of SERS enhancement

	2.4 History and state of the art in SERS and SERS fabrication
	2.4.1 Developmental milestones in SERS
	2.4.2 Current SERS fabrication techniques: Top-down versus Bottom-up

	2.5 References

	Chapter 3.  Semiconductor as template support for assembly of noble metals
	3.1 Introduction
	3.2 Results and discussion
	3.2.1 Semiconductor template
	3.2.2 Electromagnetic enhancement plasmonic materials deposition
	3.2.3 Analysis of xylene isomers

	3.3 Summary
	3.4 Experimental section
	3.4.1 Fabrication of SERS substrate
	3.4.2 Characterization of SERS substrate
	3.4.3 SERS measurements

	3.5 References

	Chapter 4.  Integrated biosensor and signal processing for complex system
	4.1 Introduction
	4.2 Results and discussion
	4.2.1 Design of a Raman amplification unit
	4.2.2 Development of the OIT library
	4.2.3 Optimized screening range and sources of excitation
	4.2.4 OIT tag compared with MCR-ALS

	4.3 Summary
	4.4 Experimental section
	4.4.1 Fabrication of SERS substrate
	4.4.2 Characterization of SERS substrate
	4.4.3 Optical identification tag (OIT) conversion and amino acids (AA) composition screening for detection of point mutation

	4.5 References

	Chapter 5.  A chiral induced nanostructure for SERS discrimination of enantiomers
	5.1 Introduction
	5.2 Results and discussion
	5.2.1 Design of dual internal standards hybrid plasmonic nanostructure
	5.2.2 SERS study on the stereoselective binding of enantiomers
	5.2.3 Chiral discrimination and conditions for chiral discrimination

	5.3 Summary
	5.4 Experimental section
	5.4.1 Fabrication of SERS substrate
	5.4.2 Characterization of SERS nanostructure and linkers
	5.4.3 Synthesis of linker

	5.5 References

	Chapter 6.  Summary and future works
	6.1 Summary
	6.2 Future works

	Chapter 7.  List of publications/patent

