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Abstract 
 

In the past few decades, surface enhanced Raman scattering (SERS) has been evolving as 

a powerful analytical technique for the detection of a wide of chemical and biological 

molecules. The technique can reach a sensitivity of single molecule detection, which 

triggered plenty of ongoing research. In addition, technological advancements in 

photonics and nanoscience have resulted in the advent of portable and handheld Raman 

systems. These devices help SERS analysis move from expensive heavy-equipped 

research labs to low cost field deployable-research. The development of efficient SERS 

substrates that can provide signal enhancement by many orders of magnitude is a core 

component for SERS. The SERS substrates market and research are generally dominated 

by rigid solid substrates that are fabricated mostly by micro/nanofabrication techniques. 

Although these methods can provide reproducible substrates, they suffer from usability 

constraints because of their high cost of fabrication.   

The work presented in this thesis explored cost-effective approaches to develop 

and optimize SERS substrates. The substrates investigated are divided into two main 

categories, membrane-based SERS substrates and in-solution SERS substrates. The 

membrane-based SERS substrates were fabricated by equipment-free methods. In these 

deviceless methods, gold and silver nanostructures were incorporated in-situ within the 

micropores of polyvinylidene fluoride (PVDF) membranes by seed mediated and 

seedless protocols, respectively. The SERS performance of these substrates was 

investigated and optimized by controlling the loading of plasmonic nanostructures. 

These flexible inexpensive substrates have the advantages of being easy to fabricate and 
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to use. In addition, the variation in the SERS performance of these substrate was less than 

20% within the same substrate and from substrate-to-substrate, which reflects 

acceptable reproducibility. Analytical applications of these substrates were 

demonstrated using a Raman microscope as well as a handheld Raman spectrometer.  

The second category of the SERS substrates studied was based on the optimization 

of gold nanostars and graphene–silver nanocomposites for water dispersible SERS 

measurements. In-solution SERS platforms are not used as commonly as solid-based 

substrates; however, these wet platforms can provide some advantages over the dried-

based ones in terms of cost, reproducibility, and analysis time. The SERS performance of 

gold nanostars with different branch lengths was optimized based on the type of Good’s 

buffer, the ratio of buffer to gold concentration, and their aggregation. Our results were 

counterintuitive in that the gold nanostars with the shorter branches provided the 

largest in-solution SERS intensity. These findings can be attributed to higher surface 

coverage of the Raman probe rather than enhanced electromagnetic effects. Graphene–

silver nanocomposites were investigated also as in-solution SERS substrates with a large 

2D surface area. The SERS behavior of these nanocomposites were studied using 

graphene, a thiolated Raman probe, and a dye labelled ssDNA to simulate different 

possible interactions. The SERS and plasmonic performance of these nanocomposites can 

be tuned by the size of silver nanoparticles on these substrates. The nanocomposites 

were more stable and showed superior SERS performance when compared to 

commercial silver nanoparticles. The contributions of this work can pave the way for 

flexible membrane-based and in-solution SERS substrates to be accompanied with a 

handheld Raman device for field-deployable SERS measurements.   
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Chapter 1 

General Introduction 
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1.1 Research Scope and Objectives 

Technological advancements in Raman systems with portable options and single 

molecule detection capability of surface enhanced Raman scattering (SERS) have made 

SERS a powerful analytical technique.1-6 These have led to the expansion of fields where 

SERS can be applied, such as surgery, security, quality control of  pharmaceuticals, 

investigation of artwork, environmental monitoring, and many more.7-11 Besides the 

advantage of single molecule detection, SERS has the advantages of normal Raman.  It is 

(1) a non-destructive technique, (2) it can provide chemical information of molecules 

from their vibrational fingerprints, (3) it is water compatible, (4) it requires minimal 

sample preparation, (5) it has remote analysis and on-site analysis capabilities, and (6) 

it has a multiplexing capability.5-6 In addition, SERS as a technique has been combined 

with other techniques, such as chromatographic and electrochemical techniques.12-15  

A nanostructured substrate is a vital component for SERS and is responsible for 

the Raman signal being enhanced by several orders of magnitude. The development of 

efficient SERS substrates is challenged always by reproducibility and the cost of 

fabrication. Nanosphere lithography, oblique angle metal film evaporation, electron 

beam (e-beam) lithography, and focused ion beam (FIB) milling are some examples of 

micro/nanofabrication techniques that are used widely in SERS substrates fabrication.16-

20 These methods can yield SERS substrates with highly ordered nanopatterns and high 

enhancement factors; however, they require very specialized equipment, highly trained 

personnel, and a high cost to operate.21  

The motivation behind this thesis is the exploration of cost-effective approaches 

that can be used to develop and optimize SERS substrates for applications in analytical 
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chemistry. The research work within this thesis is divided into two major parts. The first 

part is focused on the development of flexible SERS substrates using in-situ synthesis 

approaches. These approaches are used to incorporate plasmonic nanostructures into 

the 3D porous network of polyvinylidene fluoride (PVDF) filters. The plasmonic 

behaviour and the SERS performance of these substrates are studied using different 

techniques. The second part is focused on the exploration and optimization of the in-

solution SERS behaviour of gold nanostars and graphene–silver nanocomposites.  

The main experimental research objectives of this thesis include: (1) the 

development of equipment-free methods to incorporate metal nanostructures into PVDF 

membranes to be used as SERS substrates; (2) the optimization of gold nanostars with 

different branch lengths as in-solution SERS substrates; (3) the exploration of graphene–

silver nanocomposites as in-solution SERS substrates; and (4) the demonstration of 

potential applications using these substrates.  

This chapter aims to introduce some relevant topics that are fundamental to 

understanding the development of inexpensive SERS substrates. Raman scattering and 

SERS theories will be discussed briefly. A particular focus on the development of cost-

effective SERS substrates will be presented in this chapter. SERS substrates based on 

membranous materials and in-suspension SERS substrates are emphasized, as these 

substrates are relevant to this thesis. The current market of SERS substrates and 

commercially available SERS substrates are highlighted at the end of this chapter.  
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1.2 Raman Scattering 

Raman scattering is an inelastic light scattering phenomenon that was described first by 

Chandrasekhara Venkata Raman in a Nature paper entitled “A New Type of Secondary 

Radiation” in 1928.22 This new type of secondary radiation, Raman scattering, granted C. 

V. Raman the Nobel prize in physics in 1930. His discovery used a simple setup consisting 

of a telescope, coloured filters, sunlight as a light source, and eye as a detector.23 The 

effect had been predicted theoretically five years before C.V Raman’s experiment by A. 

Smekal in 1923.23 Seventy years after the discovery of the Raman effect, the American 

Chemical Society considered Raman scattering a national historic landmark for its 

analytical capability in molecular level characterization of gases, liquids, and solids.24  

 When light interacts with matter, the large majority of the scattered photons are 

of the same frequency as the incident light (Rayleigh scattering). Raman scattered light, 

on the other hand, has frequencies other than the incident light.6 The frequency shift 

between the incident and scattered light in Raman scattering is equal to vibrational 

transitions.6 Figure 1-1 is a graphical representation that shows the difference between 

Rayleigh and Raman scattering. The virtual state in Figure 1-1 is a very short-lived 

distortion of the electron cloud produced by the oscillating electric field of the light, and 

it is not a true quantum state.6  
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Figure 1-1. Rayleigh, Stokes and Anti-Stokes Raman scattering. 
 
 

 
The following section contains a summary of a few equations that describe Raman 

scattering.6 The classical and quantum mechanics explanation of Raman scattering 

depend on Equation 1-1: 

P = α E      (Eq1-1) 

where P is a polarization induced in the molecule by the oscillating electric field (E) of 

the incoming light, and α is the polarizability.6 The induced polarization is proportional 

to the polarizability and the strength of electric field E, which can be expressed in 

Equation 1-2 as 

E = E0 cos 2πν0t     (Eq1-2) 

where ν0 is the frequency of the incident laser light, and t is the irradiation time.6 A 

molecule with number of atoms (N) will have its normal molecular vibration modes, Qj.6 

Qj = Q0j cos 2πνjt      (Eq1-3) 
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where νj is referred to the characteristic harmonic frequency of the jth normal mode.6 

Since the molecular vibrations can control the polarizability of electrons in the molecule, 

polarizability, α, can be expressed as: 

                                                  α =  α0  + ( 
δα

𝛿𝑄𝑗
 ) 𝑄𝑗 +..          (Eq1-4) 

By substituting Equations 1-2 and 1-4 into Equation 1-1 and disregarding higher order 

in Equation 1-4, polarization, P, can be expressed as: 

                𝑃 =  α0𝐸0 cos 2πν0𝑡 +  𝐸0 𝑄0
𝑗  ( 

𝛿α

𝛿𝑄𝑗
 )

cos 2π (ν0+ ν𝑗) + cos2π (ν0− ν𝑗)

2
   (Eq1-5) 

Equation 1-5 shows that light will be scattered with three possible frequencies, with the 

assumption that that the polarized electrons will radiate light at the frequency of their 

oscillations.6 The first part of the equation, α0𝐸0 cos 2πν0𝑡, refers to Rayleigh scattering, 

where the scattered light has the same frequency as the incident light. The second part 

refers to the anti-Stokes Raman scattering, where the scattered light will have a higher 

frequency than the incident light, (ν0 +  ν𝑗).6 The third part refers to the Stokes Raman 

scattering, where the scattered light will have a lower frequency than the incident light, 

(ν0 −  ν𝑗).6 This means that Raman frequencies may have lower or higher frequencies 

when compared to the incident light frequency.6 While the last equation was based on a 

classical derivation and is incomplete, it can offer some significant understandings about 

Raman scattering.6 From Equation 1-5, we can deduce that polarization and scattering 

intensities are in a linear relationship with the incident intensity for Rayleigh and Raman 

scattering.6 In addition, Raman scattering will be produced only by vibrations that can 

result in a change in the polarizability, where  
δα

𝛿𝑄𝑗
 ≠ 0 is considered as the primary 

selection rule for Raman scattering.6  
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 Although Raman scattering as a technique offers some advantages that we 

discussed earlier in this chapter, Raman scattering is considered as an insensitive 

technique due to two main limitations, low intensity and fluorescence interference.6 The 

low intensity is a result of only one photon in approximately 10 million photons being 

Raman scattered.25 Although fluorescence interference can be reduced by using lasers 

with longer wavelengths (785 and 1064 nm), this will result in low intensity, as scattering 

scales with the fourth power of the frequency of the incident laser.6 Besides, the Raman 

cross section is many orders of magnitudes lower than that of fluorescence.6 

 

1.3 Surface Enhanced Raman Scattering (SERS) 

The journey of the discovery of SERS was started in 1974 by Fleischmann et al.26 An 

intense Raman signal of pyridine was observed when it was adsorbed onto a roughened 

silver electrode.26 The researchers initially assumed that the electrochemical surface 

roughening of the electrode resulted in increasing its surface area and, consequently, 

increased the number of adsorbed pyridine molecules.26 However, SERS was explained 

independently three years later by two different research groups in 1977.27-28 The two 

research groups established that there is an enhancement mechanism that led to such an 

intense Raman signal and that the large surface area postulation is not adequate to 

account for it solely. An electric field enhancement mechanism was suggested by 

Jeanmarie and Van Duyne.27 Albrecht and Creighton, on the other hand, proposed that 

the electronic energy levels of pyridine got broadened upon adsorption onto the 

roughened electrode, which may have induced resonant Raman scattering through the 

interaction between the adsorbed molecules and surface plasmons.28 Afterward, 
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Moskovits suggested that the enhancement was due to the optical excitation of the 

collective oscillation of the surface electrons of the metal nanostructures.29-30 The SERS 

effect is attributed to two main mechanisms: an electromagnetic enhancement 

mechanism (EM) and a chemical enhancement mechanism (CE).27-32 

The two enhancement mechanisms can be explained by the direct relationship 

between the intensity of Raman scattering and the square of the induced dipole 

moment.32 This induced dipole moment is the product of the Raman polarizability and 

the strength of the incident electromagnetic field; as a result of exciting the localized 

surface plasmon resonance (LSPR) of nanofeatures on a metal surface, the local 

electromagnetic field is enhanced.32 The dominant enhancement mechanism in SERS is 

the EM mechanism, which can contribute a 104-108 enhancement factor, while the CE 

mechanism may contribute to an enhancement factor of 102.32 An enhancement factor up 

to 109–1010 can result from combining SERS and resonance Raman scattering.32 Although 

there is always a debate about the exact contribution of these enhancement mechanisms 

in SERS,33 the capability of SERS to reach a single molecule detection limit has made SERS 

a powerful analytical technique.1-2   

 

1.3.1 Electromagnetic Enhancement Mechanism 

As stated in the last section, the main enhancement mechanism in SERS is the 

electromagnetic (EM) mechanism, as illustrated in Figure 1-2 for a gold nanoparticle. 

This enhancement mechanism results from the excitation of LSPR of metal nanoparticles 

by the incident laser with a frequency of (ωinc) and strength of (E0), leading to charge 

separation and the amplification of the electromagnetic field.34  
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Figure 1-2. Electromagnetic enhancement in SERS. (A) A gold nanoparticle acts as a nanoantenna by 
excitation of a dipolar localized surface plasmon resonance (LSPR). (B) Both the “incoming” field (ωinc, 
green) and the “outgoing” field (ωinc−ωvib, orange) are enhanced by elastic light scattering off the LSPR‐
supporting metal nanostructure. Reproduced with permission from Angewandte Chemie, International 
Edition 2014, 53 (19), 4756-4795.34  

The LSPR of metal nanoparticles varies mainly with the dielectric functions of the 

metal (εmetal) and the surrounding medium (εm).34 The polarizability of the metal and 

incident electric field strength can determine the induced dipole of the metal.34  As a 

result of exciting the LSPR of the metal nanoparticle with the incident laser, a 

nanoantenna is generated that can emit light at the same frequency, ωinc, as shown in 

Figure 1-2.34 Figure 1-2A shows an elastic light scattering off a gold nanoparticle, which 

resulted in enhancing the local electric field of the incident light close to the surface of 

the metal nanoparticle.34 
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Figure 1-2B illustrates the interaction between the local electric field (ωinc) and 

pyridine as an example of a Raman reporter near the gold nanoparticle surface with the 

exciting LSPR.34 It also illustrates the interaction between the outgoing stokes scattered 

light (ωinc−ωvib) and the LSPR of the gold nanoparticle.34 This interaction means that the 

SERS intensity is dependent on both the incident (ωinc) and scattered (ωinc − ωvib) electric 

fields: 

        ISERS=Iinc(ωinc)I(ωinc − ωvib)=|Einc(ωinc)|2 |E(ωinc − ωvib)|2        (Eq 1-6) 

Equation 1-6 shows that the intensity of SERS scales to E4 approximately when the 

frequency of the incident laser light and stokes Raman scattering for a certain vibration 

are close to each other.34 

Optimum SERS enhancements can be achieved when both incident and scattered 

light are in resonance with the plasmon band of the metal nanoparticle.34 Van Duyne and 

co-workers showed that the strongest SERS enhancements could be achieved when the 

excitation wavelength is shorter, i.e., blue-shifted, than that of the λmax of the LSPR of the 

metal nanoparticles.35 Another important aspect of the EM mechanism and SERS, 

generally, is its distance dependence. The field enhancement close to a spherical metal 

nanoparticles scales as r-3, where r is the distance between the adsorbed molecule and 

the metal surface.32, 34, 36 Therefore, the total distance dependence scales with r-12 with 

the E4 approximation.32, 34, 36 However, one should take into account the increased surface 

area scaling factor of about r2, considering that  shells of adsorbed molecules at an 

increased distance from the metal surface result in r-10 distance dependence: 

ISERS= (a+r/a)-10                  (Eq 1-6) 
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where a is the average radius of curvature of the nanoparticle.32, 36 Overall, the EM 

enhancement mechanism can be summarized briefly as a result of an increase in the local 

electric field upon excitation of LSPR of metal nanoparticles, leading to a significant 

enhancement in the SERS signal compared to normal Raman scattering. 

1.3.2 Chemical Enhancement Mechanism  

The overall SERS enhancement cannot be explained exclusively using the EM 

enhancement mechanism. For example, different molecular species with similar 

polarizability display vastly different enhancement when they are adsorbed on the same 

metallic substrate.37-38 The chemical (molecular/electronic) enhancement (CE) is the 

second mechanism responsible for SERS enhancement. This mechanism involves an 

increase in the molecular polarizability tensor αmolecule, which will result in a larger 

Raman cross-section.39-40 The formation of a metal–adsorbate chemical bond and the 

existence of specific active sites are some of the requirements of this short-range 

mechanism, described by Otto as the first-layer effect.41 Although the CE mechanism is 

not understood fully, it is assumed to have resulted from different processes, including 

molecular excitation resonances, charge-transfer (CT) resonances, and non-resonant 

changes in the polarizability of the molecule upon adsorption onto the metal surface.42-45  

The CE mechanism can be explained by a general model, including a CT  between the 

adsorbed molecules and the metal surface.40, 46 Figure 1-3 shows a schematic 

representation of the CT model of SERS CE.46 In this model, an electron from the Fermi 

level (Ef) of the metal is transferred to the lowest unoccupied molecular orbital (LUMO) 

of the adsorbed molecule.46 The newly formed metal–adsorbate complex is in a CT 

transition, which is in resonance with the incident photon frequency ωinc, followed by 
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electron relaxation back to the metal.46 The scattered photon (ωs = ωinc − ωvib) will have 

vibrational information of the molecule (ωvib). Controlling the energy of Ef can be 

managed by the excitation wavelength or by an externally applied potential in the case 

of a metallic electrode.46 

 

 

Figure 1- 3. Charge transfer model of SERS chemical enhancement. For adsorbed molecules containing 
empty low energy π* orbitals, an electron is transferred from the metal's Fermi level to the LUMO. This 
process is in resonance with the energy of the incident photon (ωinc). The applied potential can modulate 
the energy of the Fermi level; the energy of the Fermi level either increases or decreases as a negative or 
positive potential, respectively, is applied. Adapted with permission from  Journal of Molecular Structure 
1997, 405 (1), 29-44.46   

 

The CE contribution to the SERS enhancement of a factor of 100–103 is less than 

that of the EM mechanism.45, 47-49 However, CE does not require nanoscale features when 

compared to EM. For example, Campion and co-workers have shown a SERS 

enhancement of a factor of 100 on a smooth copper surface, attributed to CE.42 It is very 

complicated to distinguish between CE and EM in SERS clearly. One way to distinguish 
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between them is by studying the dependence of SERS spectra on the laser excitation 

wavelength, which can prove the CT mechanism of CE.50  Sun and co-workers presented 

a visualized method based on charge density difference calculations to provide a clear 

evidence of a CT mechanism and to differentiate between CT and EM mechanisms.51 The 

importance of the EM in SERS has driven researchers to develop substrates with 

nanoscale features that provide a high level of plasmonic enhancement.   

 

1.4 Development of Cost-Effective SERS Substrates 

A significant component in any SERS platform is the SERS substrate, where enhancement 

of the Raman signal will take place. Natan and Lin et al. have outlined some properties 

for an ideal SERS substrate, which include: (1) the SERS substrate should demonstrate 

reproducible signals over a large area, with a variation of less than 20% from spot-to-

spot and substrate-to-substrate; (2) the substrate should have a high enhancement to 

provide high sensitivity; (3) the substrate should have a clean surface and should be 

applicable to strong and weak adsorbates; (4) a good stability over a long period of time 

should be provided by an ideal SERS substrate.52-53 Other significant desired features are 

the ease of fabrication and use as well as the overall cost.5 However, it is difficult to find 

a universal SERS substrate with all of the above-noted features, therefore, there always 

will be trade-offs dictated by the desired applications.53 For example, SERS substrates 

with huge enhancements will be required for trace analysis, and substrates with 

reproducible results will be required for quantitative analysis.53  

Generally, SERS substrates can be categorized into three major platforms: i) 

nanostructures fabricated directly on solid substrates by micro/nanofabrication 
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techniques, ii) nanoparticles immobilized and incorporated on solid substrates, and iii) 

nanoparticles in suspension.5, 54 Since the work in this thesis is focused on cost-effective 

approaches for developing SERS substrates, we will present some examples of 

inexpensive methods to fabricate SERS substrates, emphasizing the incorporation of 

nanoparticles into 3D structures of membranous materials and nanoparticles in 

suspensions. The reader is directed to these comprehensive reviews for 

micro/nanofabrication techniques reported to develop SERS substrates.5, 54-56    

 

1.4.1 SERS Substrates Based on Porous Materials 

The development of efficient SERS substrates by alternative, cost-effective methods to 

the micro/nanofabrication methods is an active field of research. Integration of 

plasmonic nanostructures into flexible scaffolds, such as paper, membranes, and fabrics, 

is one approach.57-58 These scaffolds can be exploited easily to fabricate SERS substrates 

where metal nanoparticles are incorporated and stabilized.59 Paper-based SERS 

substrates were introduced by Vo-Dinh et al. in 1984.60 The authors developed a two-

step process to a create a paper SERS substrate.60 The first step was to coat paper with 

polystyrene spheres. The second step was to vacuum deposit silver nanostructures on 

the coated paper by thermal evaporation.60 Later, Vo-Dinh and co-workers published 

another article using a one-step process to develop a paper SERS substrate.61 The authors 

thermally evaporated silver nanostructures directly onto the paper surface, without a 

polystyrene coating, as before.61 In the following section, we present some examples of 

experimental approaches about how plasmonic nanoparticles have been incorporated 

into these types of scaffolds with a 3D fibrous network of paper and other related 
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materials. Table 1-1 shows a few examples of the approaches that will be discussed later. 

The enhancement factor range of these approaches ranges from 104 to 107, with a limit 

of detection range from nM to pM. 

 
Table 1- 1. Examples of Some Approaches to Develop SERS Substrates Based on Porous Scaffolds 
 
Approach Nanoparticles Porous platform Analyte/s and 

(limit of 
detection) 

Enhancement 
factor  

In-situ 
synthesis62 

Gold nanoparticles Whatman cellulose 
chromatography 
paper (Grade 1) 

2-naphthalenethiol 
(1 pM) 

7.8 × 108 

Immersion63 Gold nanoparticles  Filter paper 
(Whatman No. 4) 

Trans-1,2-bis(4-
pyridyl)ethylenea 

∼3 × 104 

Spotting64 Gold nanorods Hydrophobic 
nanofibrous PLLA 
paper 

R6G (0.1 nM) and 
malachite green 
(0.1 nM) 

1.08 × 107 

Brushing65 Silver nanoparticles Filter paper 
(Whatman No. 1) 

R6G (1 nM) and 
malachite green (10 
nM) 

2.2 × 107 

Inkjet 

printing66 

Silver nanoparticles Fisherbrand 
chromatography 
paper 

R6Ga 2 × 105 

Screen 
printing67 

Silver nanoparticles fibre glass plates R6G (1.6 × 10−13 M) 4.4 × 106 

Spraying68 Silver nanoparticles Filter paper 
(Whatman 
chromatography 
No.1 paper) 

R6G (1 nM) ∼2 × 107 

Filtration69   Silver nanoparticles  Nylon and PVDF 
membranes 

R6G (10 nM), 
melamine (6.3 ppb), 
and malathion (61.5 
ppb) 

∼ 1.5 × 106 

aLimit of detection was not reported. R6G: Rhodamine 6G 
 

 

1.4.1.1 In-situ Synthesis Approach 

Many research groups have explored the in-situ synthesis approach to incorporate 

plasmonic nanoparticles within porous membranes to develop paper-based SERS 

substrates. For example, Winefordner’s group immersed filter papers in a silver nitrate 

solution and then sprayed sodium borohydride from a distance with a nebulizer to 

deposit silver nanostructures in-situ.70-72 Marque et al. synthesized a cellulosic fibre-
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silver nanocomposite sponge by immersing cellulose fibres into a silver nitrate 

solution.73  They used sodium citrate with boiling to reduce the silver nanoparticles 

within the fibres.73 A silver mirror reaction also was used for in-situ deposition of silver 

nanoparticles into filter paper with or without previous chemical modifications of the 

paper.74-75 For example, Zhu and co-workers used a silver mirror reaction at room 

temperature to synthesize silver nanostructures within the 3D fibrous network of a filter 

paper.74 They used formaldehyde to reduce Tollen’s reagent without any pretreatment 

of the filter paper.74 However, Li and co-workers have modified this protocol by 

imparting aldehyde groups on the paper, which can reduce Tollen’s reagent without 

using an external reducing agent, such as formaldehyde.75 However, their protocol 

involved heating.75 

All the previous examples depended on a single cycle of reduction to synthesize 

plasmonic nanoparticles. Choi’s group has introduced a protocol that involved multiple 

cycles of reduction in fabricating paper-based SERS substrates.62, 76-78 In their protocol, 

plasmonic nanoparticles have been incorporated into filter paper through a successive 

ionic layer absorption and reaction (SILAR) technique.62, 76-78 The group has merged the 

knowledge of early reports to fabricate SERS substrates based on filter papers and the 

principles of the SILAR technique from solar cells fabrication.62, 76-78 In their approach, 

filter papers were immersed in succession into a metal ion (silver or gold) solution, 

water, reducing agent solution (NaBH4), and water through repeated reaction cycles.62, 

76-78 This resulted in the direct synthesis of plasmonic nanoparticles at the reaction 

sites.62, 76-78 The researchers studied how they can optimize the SERS enhancement based 

on the concentration of the reagents and the number of SILAR cycles used.62, 76-78 Figure 
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1-4 shows a graphical representation of the SILAR protocol. The protocol discussed 

above depends on a wax pre-treatment step of the filter papers before starting the 

multiple SILAR cycles. The waxing step was implemented to create hydrophobic barrier 

regions that can result in concentrating the plasmonic nanoparticles in the hydrophilic 

regions for SERS measurements.62, 76-77 In addition, the wax treatment step was essential 

to improve the mechanical stability of the filter paper; otherwise, the material would 

deform after multiple cycles of dipping in various chemical reagents in the SILAR 

protocol.62, 76-77 

 

 

Figure 1-4. Graphical representation of the SILAR protocol to incorporate gold nanoparticles into 
filter paper. One SILAR cycle consists of four successive steps, which are: (1) immersion in gold solution, 
(2) washing with deionized water to remove excess reagent from the previous step, (3) immersion in 
NaBH4 solution, where reduction of gold takes place, and (4) washing again with deionized water to remove 
excess reagent and unattached particles. Synthesis of gold nanoparticles took place only at the hydrophilic 
regions (white or yellow) of the paper, not at the wax-printed hydrophobic regions (black). Reproduced 
with permission from Analytical Chemistry 2016, 88 (10), 5531-5537.62  
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1.4.1.4 Immersion Approach 

The immersion or dip-coating approach is another protocol to incorporate plasmonic 

nanoparticles into porous supports to be used as SERS substrates. In this approach, the 

porous scaffolds are immersed in previously synthesized colloidal solutions of plasmonic 

nanoparticles for a prolonged time (typically 1-2 days). Singamaneni’s group presented 

this protocol to deposit gold nanorods and gold nanobipyramids into filter papers.79-81 

Mehn and co-workers deposited star-shaped gold nanoparticles into filter paper, which 

reflected the capability of this approach to incorporate anisotropic nanostructures easily 

within the 3D porous architecture.82  Ngo et al. used the immersion protocol to 

incorporate spherical gold nanoparticles into filter paper.83 The authors observed that 

the SERS performance of these substrates was higher than that on a hydrophobic paper 

and a silicon wafer.83 They rationalized that the z-distribution of the nanoparticles into 

the 3D structures of filter paper, where interlayer plasmon coupling took place, leads to 

a higher SERS enhancement.83 Mirkin and co-workers incorporated previously 

aggregated nanoparticles into paper using the immersion approach.63 In addition, the 

same group applied the immersion approach to attach previously synthesized 

nanoparticles into a paper to act as seeds before growing them into anisotropic 

nanostructures.84 

In this approach, pre-treatment of filter papers was investigated to improve the 

loading of plasmonic nanostructures and their SERS performance. For example, dipping 

filter papers in a NaCl solution before immersing them into the colloidal solution of silver 

nanoparticles was employed to increase the adsorption of silver nanoparticles and thus 

improve SERS performance.85-86 Surface modification can reduce the time needed in the 
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immersion approach. For example, Kong and co-workers modified the surface of 

regenerated fibres from wood sawdust and de-inked pulp by 

glycidyltrimethylammonium chloride.87 This modification imparted ammonium groups 

on the surface of the fibres, facilitating the self-assembly of citrate capped silver 

nanoparticles by electrostatic interaction in only five minutes dipping time.87  

 

1.4.1.5 Spotting Approach 

Spotting of plasmonic nanoparticles on porous membranes is one of the methods used to 

fabricate paper-based SERS substrates. For example, Fang’s group developed SERS 

substrates by just dropping previously synthesized colloidal silver and gold 

nanoparticles onto slow-speed filter papers and microporous films.88-90 They applied 

their substrates to study 4-hyrdroxybenzoic acid, C60, C70, and single-walled carbon 

nanotubes.88-90 The impact of the paper grade in terms of grams per square meter on the 

SERS performance was shown in one study using the spotting approach.91 In this study, 

silver nanoparticles were pipetted on different papers with different grades, and their 

SERS performance was compared.91    

Other examples employed other spotting techniques rather than dropping and 

pipetting, such as a  semi-automatic thin layer chromatography sample applicator92 and 

a capillary tube.64 For example, Chen et al. spot-aggregated silver nanoparticles by NaCl 

onto filter paper that was pretreated with polyvinyl pyrrolidone (PVP) using a semi-

automatic thin layer chromatography sample applicator.92 They used PVP to enhance the 

adhesion of the aggregated silver nanoparticles onto the paper.92 Another example was 

presented by Shao and co-workers, where they used a glass capillary tube (inner 
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diameter 0.3 mm) to spot cetyltrimethylammonium bromide (CTAB) capped gold 

nanorods onto a hydrophobic poly(l-lactic acid) (PLLA) nanofibrous paper.64 Their 

platform depended on the electrostatic attraction between CTAB capped gold nanorods 

and PLLA.64 

 

1.4.1.6 Writing and Brushing Approaches 

In this approach, previously synthesized and concentrated plasmonic nanostructures 

were applied to paper materials using pens93-94 and brushes65, 95 to develop paper-based 

SERS substrates. In one report, a fountain pen was used to write plasmonic inks 

containing nanostructures with different shapes onto paper.93 In this example, 

concentrated spherical gold nanoparticles, spherical silver nanoparticles, and gold 

nanorods were used as plasmonic inks.93 In another report, a ballpoint pen was used to 

write gold nanorods as a plasmonic ink on paper.94 Painting plasmonic inks of silver and 

gold nanostructures have been shown also by brushing on paper to develop SERS 

substrates.65, 95 

 

1.4.1.7 Inkjet Printing Approach 

Another method to integrate plasmonic nanoparticles into the 3D porous architecture of 

paper materials is inkjet printing. A commercial inexpensive inkjet printer can be used 

to propel plasmonic ink onto paper substrates using refillable printing cartridges.66 This 

approach was introduced by the White group as a cost-effective approach to fabricating 

SERS sensors in comparison to micro and nanofabrication approaches.66, 96-104 In their 

first report, colloidal silver nanoparticles were used to prepare a silver ink that printed 
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onto paper using a low-cost inkjet printer.66 The fabrication of silver nanoparticles 

paper-based SERS substrates consisted of three major steps.66 The first step was to inkjet 

print hexadecenyl succinic anhydride on the paper substrate to make it hydrophobic.66 

The second step was the synthesis, purification, and concentration of the silver 

nanoparticles to make the silver ink.66 The third step was to inkjet print the silver ink 

onto the hydrophobic papers for five cycles to increase the concentration of the 

nanoparticles.66 Figure 1-5 shows silver nanoparticles inkjet printed on a filter paper, 

along with its scanning electron micrograph and the SERS spectrum of R6G collected 

from such a substrate. 

 

   

 

Figure 1-5. An example of inkjet printed SERS substrate. (A) A photo of an array of silver nanoparticles 
inkjet printed on a filter paper. (B) Scanning electron micrograph of a printed spot showing clusters of 
silver nanoparticles. (C) SERS spectrum of R6G collected from this substrate. Adapted with permission 
from   Analytical Chemistry 2010, 82 (23), 9626-9630.66   
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Other groups have merged the inkjet printing and in-situ synthesis approaches to 

pattern plasmonic nanoparticles on paper.105-106 For example, Liao et al. developed 

disposable paper-based SERS substrates without any chemical treatment on the paper 

by inkjet printing lecithin and potassium iodide first on an A4 paper.105 Then, gold 

nanoparticles were formed by immersing the paper in the HAuCl4 solution.105 Another 

report used “a print–expose–develop process” where silver and halide solutions were 

inkjet printed onto paper first.106 Networks of silver nanowires were formed afterward 

by light exposure and immersing the paper into a standard photographic developer 

solution.106  

 

1.4.1.8 Screen Printing Approach 

In this approach, the plasmonic ink is squeezed through a woven mesh with various 

image areas by applying force using a screen-printing machine.67 This results in having 

screen printed features on the substates under the woven mesh.67 The screen printing 

approach can increase the number of nanoparticles attached to the porous membranes 

compared to the inkjet printing approach.58 Long’s group has developed disposable SERS 

substrates based on screen printing of arrays of plasmonic nanoparticles. In one report, 

silver nanoparticles were used to prepare silver ink after concentration and mixing with 

carboxymethylcellulose (CMC) as a viscosity-enhancing agent.67 Fibre glass plates were 

used as a scaffold over filter papers and glass in this report, as they showed a higher SERS 

performance. The authors reproducibly demonstrated a large batch production of SERS 

substrates by screen printing arrays of silver nanoparticles on fibre glass plates.67  
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In another report, the same group has merged the screen-printing approach and 

microfluidics to develop SERS substrates.107 The authors deposited bimetallic (gold and 

silver) plasmonic nanoparticles by screen printing silver and gold ink in successive steps 

on a cellulose paper.107 The sensor had two areas in the shape of a dumbbell connected 

with a microfluidic channel made of insulating ink.107 The first zone was for sample 

introduction, where it can be filtered by the capillary action of the paper to the second 

zone, while the second zone was the SERS sensing zone.107 No external pumps were 

required for that sensor because of the capillary action of the paper.107 Kim et al. used the 

screen printing approach to deposit gold nanoparticles on filter paper.108 They used 

citrate capped gold nanoparticles mixed with CMC as the plasmonic ink.108 The group 

optimized the SERS performance, based on the size of gold nanoparticles, the CMC 

concentration, the volume ratio of CMC solution and gold nanoparticles, and the number 

of the printing cycles.108  

 

1.4.1.9 Spraying Approach 

In this approach, plasmonic nanoparticles, in the form of an ink similar to the one used 

in the inkjet printing approach, can be sprayed over membranous platforms to develop 

SERS substrates using spraying bottles or airbrush devices.68, 109 For example, Li et al. 

have sprayed silver nanoparticles from a spraying bottle on a microfluidic paper-based 

device in order to fabricate paper-SERS substrates.68 The authors have optimized the 

SERS substrate, based on the number of sprayed cycles needed and the type of paper to 

be used.68 The authors reported a cost of US$ 20 for 1000 substrates. 68  In another report, 

Bolz and co-workers have employed an airbrush spray setup to deposit silver 
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nanoparticles on porous platforms to develop a paper-based SERS substrate.109 The 

authors have optimized their SERS substrates based on the type of paper and the 

deposition technique of silver nanoparticles.109  The spraying approach was similar to 

the inkjet printing approach, where the nanoparticles have to be synthesized first, 

purified, and concentrated before their deposition onto the paper substrates.  

 

1.4.1.10 Filtration Approach 

Filtration is another simple approach to incorporate plasmonic nanostructures into 

porous membranes to develop SERS substrates.69, 110 For example, Yu and White have 

demonstrated a simple approach to develop flexible SERS substrates, based on syringe 

filtration.69 In their approach, previously synthesized and salt-aggregated silver 

nanoparticles were entrapped into nylon and PVDF filters.69 The SERS performance of 

the substrates was optimized, based on the volume of aggregated nanoparticles to be 

incorporated into the filter and the volume of the sample to be used.69 In another similar 

report, Gao et al. have developed SERS substrates, based on filtering previously salt-

aggregated silver nanoparticles through PVDF membranes.110 The authors optimized the 

SERS performance, based on the volume of aggregated nanoparticles to be filtered 

through the membrane and applied it to detect antibiotics.110 

 

1.4.2 In-Solution SERS Substrates  

The advancement in synthesis and characterization of plasmonic nanoparticles, 

especially silver and gold, has provided a simple and inexpensive route in SERS as SERS 

substrates. These nanoparticles can be prepared in large volumes without the need for 
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sophisticated lab equipment. The in-solution SERS substrates field is dominated by the 

use of silver and gold spherical nanoparticles, with many examples.111-116 These 

nanoparticles are synthesized usually by reducing a metal precursor, such as AgNO3 or 

HAuCl4, using sodium citrate in the water, where sodium citrate works as a reducing and a 

capping agent at the same time.117-118 These nanoparticles have LSPR bands ranging between 

400 and 600 nm, which can be red-shifted by increasing the particle size.119-120   

Many factors can influence the SERS performance of metallic nanoparticles, such 

as the type of metal, its nanoparticle size, and its shape. For example, silver nanoparticles, 

in general, can provide higher SERS enhancement by one to two orders of magnitude than 

that of gold nanoparticles with a similar size.121 However, gold nanoparticles have a 

better biocompatibility than silver nanoparticles, especially when it comes to biological 

applications.122 This means that the type of application may dictate which metal is to be 

used. Another significant factor that can have a crucial effect on the SERS behaviour of 

gold and silver nanoparticles is the size of these nanoparticles.123-125 An optimal size 

range between about 10 to 100 nm has been suggested to be used in SERS.126 

The shape of the nanoparticles is another significant factor that can play a crucial 

role in SERS platforms. A variety of different shapes of nanostructures has been 

synthesized, such as nanocubes,127 nanoprisms,128 nanobipyramids,129 nanostars,130-132 

nanocages,133 nanorods,134-135 etc. These shapes offer the control and tunability of the 

LSPR over a broad range of wavelengths in comparison to spherical counterparts with an 

intense electric field at their sharp edges.136-139 Plasmonic excitation of anisotropic 

nanostructures with sharp edges can have significant SERS enhancement due to the 

“lightning rod” effect.136-140 For example, Tian et al. have investigated the effect of 
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different shapes on the SERS enhancement.141 They studied the SERS enhancement of 

R6G as a Raman reporter when mixed with gold nanospheres, aggregated gold 

nanospheres, gold nanotriangles, and gold nanostars.141 They have shown that the SERS 

performance of the nanostars was the highest, followed by the nanotriangles, then the 

aggregated nanospheres.141 The authors observed a negligible SERS enhancement from 

the non-aggregated nanosphere.141 They rationalized this behaviour due to the 

significant increase in the strength and number of local field hotspots at nanostructures 

with sharp edges when compared to spherical nanoparticles.141 Chapter 4 provides a 

more detailed introduction about gold nanostars synthesis and their applications in 

SERS. 

The SERS behavior of anisotropic nanoparticles is investigated mostly on dry 

surfaces rather than within the suspension of the nanoparticles. Extrapolation of the 

SERS performance of these nanostructures on planar substrates may not be the same as 

within their suspensions. For example, Murphy and co-workers have demonstrated that 

the colloidal SERS performance of gold nanorods was higher by using a laser with a 

wavelength red-shifted with respect to the LSPR of the gold nanorods.142 This was the 

opposite of what they expected by aligning the excitation wavelength of the laser near 

the LSPR of gold nanorods.142 They explained that on the basis of a competition between 

extinction and enhancement.142 

 Aggregation of nanoparticles is one of the ways to improve their SERS 

performance, which can increase the number of interstitial hot spots where molecules 

would be adsorbed under optimized conditions.5, 113, 143-147 There are a lot of aggregating 

agents that can be used, such as MgSO4, halide ions, spermine, poly-L-lysine, etc.143 
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Although aggregating of plasmonic nanoparticles is a straightforward approach to 

enhance SERS signals, it is challenging to control the aggregation and hence the 

reproducibility.143 Many approaches were presented to control the aggregation of the 

nanoparticles to improve the SERS reproducibility. For example, Etchegoin and co-

workers have optimized the aggregation of citrate capped silver nanoparticles using 

KCl.111 They optimized the experimental conditions to reach a long-living metastable 

state of nanoaggregates, preventing the sedimentation of large clusters.111 These 

metastable nanoaggregates showed stable and reproducible SERS signals using 3-

methoxy-4-(5‘-azobenzotriazolyl)phenylamine and R6G as Raman probes.111   

Another example was presented by Tantra et al. to improve the reproducibility of 

colloidal SERS of aggregated silver nanoparticles using R6G as a Raman reporter.112 The 

authors studied the effect of some experimental conditions, such as filtration, vortex 

time, and storage conditions, on the reproducibility of SERS data produced from silver 

nanoparticles after aggregation. They showed that increasing the vortexing time after 

inducing the aggregation was the most critical parameter to optimize the SERS 

reproducibility due to the formation of reproducible silver nanoaggregates under forced 

convection.112 However, filtration, and sonication, as pretreatment conditions, and 

different storage conditions of silver nanoparticles had minimal effects on the SERS 

reproducibility in this study.112 Recently, Van Duyne and co-workers have proposed a 

reproducible approach to control the aggregation of gold nanoparticles by encapsulating 

the aggregates by polyvinylpyrrolidone (PVP) for an in-SERS solution, as shown in Figure 

1-6.113 PVP was used to prevent further aggregation and sedimentation of the 

nanoparticles.113 They applied their approach for label-free detection of five 
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neurotransmitters, including epinephrine, dopamine, serotonin, histamine, and 

norepinephrine in the nM range.113 

 

 

 

Figure 1-6. A strategy to control plasmonic nanoparticles aggregation for in-solution SERS by PVP. 
Reproduced with permission from Analytical Chemistry 2019, 91 (15), 9554-9562.113    

 

Incorporation of metal nanoparticles into 2D scaffolds like graphene is another 

approach where nanoparticles can be packed closely together. Graphene–plasmonic 

nanocomposites can provide another approach to have metal nanoparticles in near 

proximity to each other, and hence many hot-spots can be generated and exploited for 

in-solution SERS.  Chapter 5 provides a more detailed introduction about graphene–

plasmonic nanocomposites to be used as a SERS substrate.  
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1.5 Current Market and Commercialization of SERS 

Substrates  

The technological advancements in nanoscience, generally, and in Raman systems, 

especially, have created a market need for active SERS substrates to be commercialized 

for various applications. Most of these SERS substrates are sold by companies that are 

specialized in photonics and Raman systems manufacturing, for example, Horiba 

Scientific, Ocean Optics, Real-Time Analyzers, OndaVia, Enhanced Spectrometry, 

StellarNet, and Hamamatsu. A few companies, such as Mesophotonics (acquired by 

Renishaw), SERSitive, Nanova Inc., Diagnostic anSERS (acquired by Metrohm), SILMECO, 

and Ato ID, etc, are specialized only in fabricating SERS substrates rather than Raman 

spectrometers. However, the business of SERS substrates is very dynamic, where big 

companies may acquire small ones, which adds more complexity to find details about 

these substrates. In addition, information about how these substrates were fabricated is 

not provided by most of these companies.54 Moreover, comparisons between these 

substrates are scarce in the literature.54, 148-149 The SERS substrates market is dominated 

by companies that fabricate rigid SERS substrates rather than by companies that produce 

flexible SERS substrates. We will discuss some examples of these substrates in the 

following section.  

The dynamic oblique vacuum evaporation technique has been used by Horiba 

Scientific to fabricate SERS substrates that are coated with gold nanorods.54 The 

manufacturer offers two sizes, including squares of 12 and 35 mm2.54, 150 Ocean Optics 

offers three types of SERS substrates, based on nanostructures that are composed of gold, 
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silver, and gold/silver on borosilicate glass slides.151 The substrates are circles of an 

active area of 15.9 mm2 for Au and Ag substrates, and squares of an active area of 16 mm2 

for Au/Ag substrates.151 The company’s recommendation is to drop cast 10–15 µL of the 

sample and to use different lasers, depending on the substrate used.151 For example, 532, 

633, and 785 nm lasers are recommended for Ag, Au/Ag, and Au substrates, 

respectively.151 Real-Time Analyzers has a unique set of SERS products, based on their 

patented sol-gel SERS substrates.152 Their products include SERS vials, SERS microplates, 

SERS capillaries, and a SERS assay kit for Listeria.152 OndaVia has merged SERS with 

chemical separation using microfluidics.153 The manufacturer offers specific SERS 

microfluidic cartridges kits for some analytes, with detection limits ranging from ppm to 

ppb.154 For example, kits are available for the detection of perchlorate, nitrate, chromium, 

selenium, morpholine, etc.154 Cartridges to detect other analytes, such as boron, acrolein, 

glutaraldehyde, and other analytes, are under development by the company.154 

Enhanced spectrometry offers rectangular-shaped substrates with two active 

circular SERS zones, with a diameter of 4 mm.155 The plasmonic nanostructures are 

deposited on glass or silicon substrates.155 Although the company has no information 

about the fabrication of their SERS substrates, some information can be found in an 

article published by Zavyalova and co-workers.156 A thin film of silver was deposited on 

the silicon substrates to have silver nanoparticles with an average size of 20 nm.156 The 

substrates were optimized to be used with a 532 nm laser.156 The substrates were used 

in a sandwich aptasensor assay to detect the influenza virus.156 StellarNet offers SERS 

strips based on gold nanoparticles on cellulose membranes, with a rectangular SERS 

active area of 45 mm2.157 The company recommends the use of  785 nm as the optimal 
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excitation laser, but 633 and 1064 nm also can be used.157 The substrates enhancement 

factor is approximately up to 106, depending on the analyte.157 Pipetting, immersion, and 

swabbing are possible sampling techniques using these strips.157 Hamamatsu offers 

disposable SERS substrates, based on gold nanostructures on polypropylene slides, with 

a square-shaped SERS active area of 7.29 mm2.158 The recommended wavelength of the 

excitation laser is 785 nm, and the recommended sample volume is 6 µL to be deposited 

on the SERS active area.158 No details can be found about how these substrates are 

fabricated. Similarly, S.T.Japan developed SERS substrates, based on gold nanorod arrays 

on glass slides.159 The recommended excitation wavelength is 785 nm, however 633 and 

830 nm can be used too.159 The company offers two chips with two different rectangular 

sizes of SERS active zones of 12 and 35 mm3, with an approximate enhancement factor 

of 104–106.159  

Klarite SERS substrates originally have been developed by Mesophotonics, which 

later was acquired by Renishaw Diagnostics Limited.54, 160 These substrates are 

considered one of the most characterized SERS substrates.54 Klarite is fabricated by 

photolithographic etching of a silicon wafer to induce arrays of square pyramidal pits on 

the silicon surface, followed by coating with a rough gold layer.161-162 The SERS 

performance of Klarite can be controlled by the dimensions of these pits.162 There are 

many examples of work where Klarite is used as an active SERS substrate, such as label-

free detection of bacteria,163 determination of explosives,148 as a standard to evaluate the 

performance of other SERS substrates,148, 164-165 etc. Klarite also was used as a plasmonic 

substrate in methods other than SERS, such as fluorescence lifetime and 
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cathodoluminescence measurements, to evaluate the radiative emission rates of 

fluorophores.166  

SERSitive is another company that is specialized in fabricating SERS substrates, 

based on electrodeposition of silver and gold nanoparticles on indium tin oxide and 

fluorine-doped glass.149, 167-169 The SERS active area is a rectangular shape, with an area 

of 20 mm2.169 The company recommends using a 785 nm laser, but other wavelengths 

can also be used, such as 532 and 633 nm.169 Immersion and drop deposition sampling 

techniques are recommended by the manufacturer.169 These substrates have been used 

to detect and identify pathogens and to evaluate the SERS performance of other SERS 

substrates.149, 167-168  

Nanova Inc. has developed SERS substrates, Q-SERS, based on gold nanoparticles 

with an average diameter of 40–60 nm on silicon substrates.170-171 The SERS active area 

is a square of 25 mm2 attached to a regular glass slide.170 The company developed two 

types of substrates to be used in various applications, one with a hydrophilic surface and 

the other one with a hydrophobic surface.170 Lai et al. compared the SERS performance 

of Klarite and Q-SERS substrates using chloramphenicol and crystal violet.171 Although 

Q-SERS substrates were superior to Klarite using crystal violet, Klarite showed superior 

performance when chloramphenicol was used.171 Q-SERS substrates were used to 

determine three pesticides, including azinphosmethyl, carbaryl, and phosmet, in apples 

and tomatoes with ppm levels of detection.172 Q-SERS also was used for the detection of 

malachite green, leucomalachite green, and furazolidone in fish products.173-174 P-SERS 

substrates originally were developed by Diagnostic anSERS Inc., which was acquired by 

Metrohm Raman afterwards.175 These substrates are fabricated by the inkjet printing 
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approach that developed by the White group to provide flexible inexpensive SERS 

substrates, as previously discussed in this chapter.  

SILMECO developed, SERStrate, a SERS substrate, based on metal over silicon 

nanopillars.17 Reactive ion etching of silicon is used to fabricate these substrates, which 

is followed by gold or silver deposition using sputtering or electron beam evaporation in 

a maskless process.17 These substrates have a shape of a square, with a SERS active area 

of 16 mm2.176-177 Like other solid substrates, sampling techniques involve immersion, 

vapour deposition, and drop-casting.176-177 The recommended excitation wavelength for 

the silver substrates spans from 514 to 785nm, while 780–785 nm excitation is 

recommended only for the gold substrates.176-177 Some examples of work where these 

substrates have been used are the detection of nerve gases,178 hydrogen cyanide,179-181 

volatile organic compounds,182 and  bacterial metabolites.183-184 

Ato ID developed SERS substrates, based on gold and silver nanostructures on 

soda-lime glass substrates.185-186 An ultra-short pulse laser is used to induce 

nanofeatures on these substrates to be coated with silver or gold.185-186 Immersion and 

liquid and vapour deposition can be used as sampling techniques.185-186 The company 

recommends using these substrates within two months from their manufacturing date 

and store them under vacuum.185-186 The company offers substrates with a square active 

SERS area of 16 mm2 and other substrates with a rectangular active SERS area of 15 

mm2.185-186 The recommended excitation wavelength for the silver substrates ranges 

from 440 nm to near-infrared, while it is from 600 nm to near-infrared for the gold 

substrates.186 The company showed that the SERS performance of their gold substrate 

was approximately eight times higher than that of Klarite substrates using benzenethiol 
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as a Raman probe.186 However, He et al. showed that the enhancement factor of Ato ID 

silver substrates was comparable to substrates fabricated on filter paper, and their 

enhancement factor was in the range of 104 using crystal violet as a Raman probe.187 

From all the above mentioned companies, only two offer flexible SERS substrates based 

on paper substrates. A summary of the above-mentioned companies and their substrates 

can be found in Table 1-2.  

 

 
Table 1- 2. Examples of SERS Substrates Companies 
 
Company Nanoparticles Platform Type Price per 

Substrate(CAD$) 
Horiba Scientific54, 150 Gold nanorods Rigid (glass) Not listed 
Ocean Optics151 Gold, silver, and gold-

silver nanoparticles 
Rigid (glass) ≈ 17–19 

Real-Time Analyzers152 Sol-gel plasmonic 
nanoparticles 

Rigid (capillaries, vials, 
and microplates) 

Not listed 

OndaVia153 Not listed Rigid (microfluidic 
cartridges kits) 

≈ 53 

Enhanced 
spectrometry155, 156 

Silver nanoparticles Rigid (glass and silicon 
substrates) 

Not listed 

StellarNet157 Gold nanoparticles Paper-based ≈ 8 
Hamamatsu158 Gold nanostructures Rigid (polypropylene 

slides) 
Not listed 

S.T.Japan159 Arrays of gold nanorods   Rigid (glass) Not listed 

Renishaw Diagnostics 
Limited160 

Gold nanostructures Rigid (silicon wafer) Not listed 

SERSitive169 Gold and silver 
nanostructures 

Rigid (indium tin oxide 
and glass) 

≈ 25–44 

Nanova Inc.170 Gold nanoparticles Rigid (silicon 
substrates) 

≈ 33 

Metrohm Raman175 Gold and silver 
nanoparticles 

Paper-based Not listed 

SILMECO176-177 Gold and silver 
nanostructures 

Rigid (silicon substrate) ≈ 66–106 

Ato ID185-186 Gold and silver 
nanostructures 

Rigid (glass) ≈ 22–44 
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1.6 Thesis Outline 

This thesis contributes to the SERS field in two major aspects. The first aspect is the 

development of inexpensive, flexible SERS substrates using in-situ equipment-free 

methods. The development of such substrates is achieved by incorporating plasmonic 

nanostructures of gold and silver into the 3D microporous network of PVDF membranes 

(Chapters 2 and 3). The second aspect is the exploration and optimization of gold 

nanostars and graphene–silver nanocomposite as in-suspension SERS substrates 

(Chapters 4 and 5).     

Chapter 2 presents a seed-mediated in-situ synthetic protocol to develop SERS 

substrates, based on the incorporation of gold nanostructures into the 3D porous 

network of PVDF membranes. The synthetic approach is an equipment-free one that 

depends on merging a SILAR-like seeding and growth protocol together. This chapter 

investigates the plasmonic behaviour, SERS optimization, and potential applications of 

these substrates. The reproducibility of the SERS data is studied within the same 

substrate and from substrate-to-substrate.  

Chapter 3 presents PVDF–silver nanocorals SERS substrates. The substrates are 

developed through a seedless in-situ equipment-free protocol based on the 

incorporation of silver nanostructures into the 3D porous network of PVDF membranes. 

A handheld Raman spectrometer is used in this chapter to study the SERS performance, 

reproducibility, and applications of these substrates.  

Chapter 4 explores the use of gold nanostars as in-solution SERS substrates. The 

primary drive behind this chapter is to perform a systematic study to optimize the SERS 

performance of Good’s buffers nanostars within their suspensions using a handheld 
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Raman spectrometer. The impact of using different Good’s buffers and different gold-to-

buffer molar ratios on the SERS performance of these nanostars are studied. Post 

functionalization stability and the effect of using salt to aggregate these nanostars also 

are investigated, with some potential applications.  

Chapter 5 explores the use of graphene–silver nanocomposites as in-solution 

SERS substrates. The effect of increasing the silver content of these nanocomposites on 

the SERS performance is examined. In addition, this chapter investigates the SERS 

performance of these nanocomposites in dry form and within their suspensions. The 

interaction between dye-labelled single-strand DNA molecules with these 

nanocomposites are studied before and after the introduction of their complementary 

strands. 
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2.1 Introduction 

Surface enhanced Raman scattering (SERS) is a powerful analytical technique that can 

achieve single molecule detection.1-4 Development of efficient and reproducible SERS 

substrates is an active ongoing research field. Most SERS substrates are fabricated using 

gold or silver nanostructures on rigid substrates, such as silicon or glass, via 

micro/nanofabrication techniques.  The techniques used to fabricate such substrates 

include nanosphere lithography, electron beam (e-beam) lithography, oblique angle 

metal film evaporation, and focused ion beam (FIB) milling.5-9 Although these methods 

can create uniform SERS substrates with well-defined nanopatterns and high SERS 

enhancement, they lack fabrication simplicity and affordability, especially in resource 

limited settings.10 

Many research groups have been exploring and investigating affordable methods 

to fabricate SERS substrates. Integration of plasmonic nanoparticles into porous 

scaffolds, such as paper and paper-like materials, is one of these methods. These scaffolds 

can be utilized easily to develop flexible SERS substrates where metal nanoparticles are 

incorporated and stabilized.11 Plasmonic nanoparticles have been incorporated into the 

3D fibrous network of paper and paper-like materials using many methods. For example, 

White and co-workers have developed a cost-effective ink-jet printing protocol to 

incorporate metal nanoparticles into paper materials for fabricating SERS substrates.12-

22 Singamaneni’s group used an immersion approach where filter papers were soaked for 

an extended period of time in the colloidal solution of nanoparticles.23-25 The immersion 

approach was used also by Mirkin and co-workers to incorporate previously aggregated 

nanoparticles into paper.26 In addition, Mirkin’s group used the immersion approach to 



56 
 

attach previously synthesized nanoparticles into paper to act as seeds before growing 

them into anisotropic nanoparticles.27 Other approaches to incorporate plasmonic 

nanomaterials into porous substrates include, but are not limited to, brushing,28 writing 

with a fountain pen,29 spraying,30 screen printing,31-33 and filtration.34-35 In all these 

approaches, plasmonic nanoparticles were synthesized previously, concentrated, and 

purified before being integrated into the porous scaffolds.  

Another simple route that can provide a rapid and cost-effective approach to 

incorporate nanoparticles into porous substrates is in-situ synthesis of the nanoparticles 

as presented by Choi’s group.36-40 In their approach, metal nanoparticles have been 

incorporated into filter paper through a successive ionic layer absorption and reaction 

(SILAR) technique.36-40 The group transferred the principles of the SILAR technique from 

solar cells fabrication to develop SERS substrates based on filter paper. Filter papers 

were introduced in succession to a metal ion solution, water, reducing agent solution, and 

water through repeated reaction cycles. This resulted in direct formation of plasmonic 

nanoparticles at the reaction sites. The researchers showed how SERS enhancement can 

be optimized through controlling the number of SILAR cycles for different metal 

nanoparticles. However, their approach depended on the treatment of filter paper by wax 

printing to produce hydrophobic barrier areas that can help in concentrating 

nanoparticles in the hydrophilic regions for SERS measurements.36-38 In addition, wax 

treatment was necessary to enhance the mechanical stability of the filter paper; 

otherwise, the material would swell and deform after many cycles of dipping in various 

reagents in the SILAR procedures.36-38 Polyvinylidene fluoride (PVDF) filters are an 

example of porous membranes that  already have been used to develop SERS substrates 



57 
 

by filtration without a pre-waxing step.34-35, 41 SERS substrates based on PVDF 

membranes can have added benefits, especially when it comes to their mechanical and 

thermal stability and their chemical resistance against a wide range of chemicals.42-45 

In this study, we are exploring the integration of gold nanostructures within the 

3D porous network of PVDF membranes, combining an in-situ SILAR-like technique and 

a seed mediated growth protocol. A SILAR-like technique was used to produce 

nanoseeds, which next were grown into larger nanoparticles. Combining in-situ SILAR 

and growth protocols with PVDF filters provides a simple method to develop and 

optimize the SERS performance of these flexible substrates efficiently. We showed that 

these substrates can be used for detection of some analytes, such as thiabendazole (TBZ), 

malachite green (MG), and melamine (Mel), as examples of environmentally hazardous 

substances. We applied also the developed SERS substrate for methimazole (MTZ) 

measurements in synthetic urine. This shows a wide range of potential applications for 

the use of these substrates in label free SERS detection related to many fields, including 

agricultural, pharmaceutical, environmental, and ecological fields.  

 

2.2 Experimental 
2.2.1 Reagents 

Gold (III) chloride trihydrate (HAuCl4 3H2O > 99.9%), hydroxylamine hydrochloride (HH, 

99.999%), hydrogen peroxide (H2O2, 30% (W/W)), 4-nitrobenzenthiol (NBT, 80%), 

thiabendazole (TBZ ≥ 99%), malachite green oxalate salt (MG, technical grade), 

melamine (Mel, 99%), Surine™ negative urine control, and methimazole analytical 

standard (MTZ) were obtained from Sigma-Aldrich. Polyvinylidene fluoride (PVDF) 
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filters with 0.45-micron pore size and 25 mm in diameter (lot: 7017006) were obtained 

from Sterlitech. Sodium hydroxide (NaOH) was obtained from Fisherbrand, hydrochloric 

acid (HCl) from Caledon, and absolute ethanol from Commercial Alcohols.  NBT and MG 

were dissolved in ethanol, while TBZ was dissolved in 0.1 M HCl. Stock solutions of MTZ 

were prepared using milli-Q water and then diluted ten times using Surine solution to 

have a final MTZ concentration range from (0–1 mM) using the same volume of artificial 

urine for each concentration. Milli-Q water with a resistivity of 18.2 MΩ cm was used for 

all aqueous preparations, unless stated otherwise. 

 

2.2.2 Instrumentation  

2.2.2.1 Fourier transform infrared (FTIR) 

FTIR spectra of the bare and modified membranes were collected by a Nicolet 8700 

Continuum FTIR Microscope with 128 scans and a resolution of 4 in a transmittance 

mode.  

2.2.2.2 Helium ion microscopy (HIM) 

Gold nanostructures morphology and 3D network of the PVDF membrane were 

characterized using a Zeiss Orion Helium ion microscope operated at an acceleration 

voltage of 30 kV. 

2.2.2.3 UV-vis diffuse reflectance 

UV-vis diffuse reflectance spectra of the substrates were collected by a Carry 5000 UV-

vis spectrometer equipped with a home built diffuse reflectance accessory. A white 

standard, Spectralon, was used before the measurements to adjust the 100% reflectance. 
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2.2.2.4 Raman spectroscopy  

The Raman spectra were collected with a Renishaw in-via confocal Raman microscope 

using a 785-nm diode laser and a 20x objective (NA = 0.4). The power and integration 

time are specified for each experiment. A Molectron Power Max 5100 meter was used to 

measure the laser power at the sample. Point by point mapping was used to map the 

spectral intensity of NBT for one, two, and four seeding cycles after growth over an area 

of 20 x 20 µm, with a 2-µm step size (121 spectra were collected), a 10-s integration time 

for 10 accumulations, and a power of 342 ± 1 µW. Streamline mapping was used to map 

the spectral intensity of TBZ (10 ppm) for three different substrates of two seeding cycles 

after growth (2S+G) over an area of 88.8 x 88.8 µm, with a 3.7-µm step size (625 spectra 

were collected), a 10-s integration time, and a power of 1.4 ± 0.1 mW at the sample. MTZ 

was spiked in synthetic urine to have a final concentration of MTZ in the range of 0–1 

mM. Wire 3.4 software was used for data acquisition and for spectral maps imaging, while 

Raman spectral data analysis and background subtraction were performed using 

Spectragryph, an open-source software.46 

 

2.2.3 In-Situ Seed Mediated Synthesis of Gold Nanostructures on 

PVDF Membranes 

Gold nanostructures were synthesized on PVDF membranes in-situ by combining SILAR-

like and growth mediated protocols, as summarized in Figure 2-1. A SILAR process was 

used to synthesize gold nanoseeds on PVDF membranes before nanostructure growth. 

PVDF membranes were immersed in a solution of 5 mM HAuCl4.3H2O (0.5 mL) and H2O2 

(30% (W/W)) (0.05 mL) for 1 min. We adapted the published procedures to synthesize 
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gold nanoseeds using HAuCl4 3H2O as a gold precursor and H2O2 as a reducing agent in 

an alkaline medium.47 H2O2 works as a reducing agent in an alkaline solution, while in a 

neutral solution, a very slow gold reduction was observed.47 Then, the membrane was 

immersed in a 0.1 M NaOH solution where bubbling was observed. Then, membrane was 

removed with tweezer and the excess reagents were drained from the edge with a 

Kimwipe. 

 

 

Figure 2-1. General scheme of combining SILAR and seed mediated growth protocols to develop 
PVDF SERS substrates. The first step consists of repeated cycles of SILAR to fabricate the nanoseeds, 
followed by the growth step then sampling and SERS measurement.      
 

The membrane color changed from white to blue in this step, while the NaOH 

solution remained colorless. Next, the membrane was washed extensively with Milli-Q 

water and ethanol to ensure the removal of all excess reagents and was air dried before 

the growth step. This is considered a one seed cycle (1S), which can be repeated 

accordingly for multiseed cycles before the growth step (2S, 3S, etc.). Fresh solutions of 

gold salt and hydrogen peroxide were used for each seeding cycle. The growth step was 
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adapted from previously published methods where the nanoseeds are grown in 

HAuCl4.3H2O solution using hydroxylamine hydrochloride (HH) as a reducing agent.48-50 

The synthesized membranes with different SILAR seeding cycles (1S, 2S, and 4S) were  

immersed in a mixture of 5 mM HAuCl4.3H2O  (0.5mL) and 10 mM HH (0.5mL) for 15 min, 

and the membrane color changed from blue to red. Then, the membranes were washed 

extensively with Milli-Q water and ethanol to ensure the removal of all excess reagents. 

Then, they were air dried and stored in a desiccator at room temperature in the dark. 

These membranes were denoted as 1S+G, 2S+G, and 4S+G, according to the seeding 

cycles used before the growth (G) step. 

 

2.3 Results and Discussion 

2.3.1 Proposed Deposition Mechanism  

Although H2O2 is used frequently as an oxidizing agent, it also can function as a reducing 

agent for Au3+ in a basic medium.47 Figure 2-2 presents our proposed mechanism for the 

seeding and growth of nanoparticles within the 3D porous network of a PVDF membrane.  

The manufacturer treats the PVDF membranes in such a way as to render them more 

hydrophilic than native PVDF. Treatment information is not provided by the vendor, but 

we assume it involves plasma exposure. Oxygen plasma can impart oxygenated species 

on PVDF membranes51, which may work as adsorption nucleation sites for seeding. This 

treatment may result in a variety of functional groups. However, infrared spectroscopy 

(see Figure 2-3) provides no evidence of carbonyl and hydroxyl groups. Thus, the oxygen 

groups are depicted as ethers in Figure 2-2. 
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Figure 2-2. Proposed mechanism for the incorporation of gold nanoparticles onto a PVDF 
membrane.  
 

The nanoseeds generation proceeds by the following half-reactions: 

                                  3 H2O2 + 6 OH− ⇌  6 H2O + 3 O2 + 6 e−                                              (1) 

                                      2 Au3+ + 6 e−     ⇌  2 Au(s)                                                                     (2) 

The standard potential for reaction 1 is about 0.6 V, which drives the reduction of Au3+ in 

a basic medium, with a standard potential of +1.5 V.47 This forms the seeds within the 

membrane, as shown in Figure 2-2A. Then, the seed is grown in a solution of Au3+ using 

HH as a reducing agent48-50 by electroless growth, as shown in Figure 2-2B. 

 

2.3.2 Membrane Stability 

Previous studies have shown that PVDF is susceptible to dehydrofluorination upon 

treatment with sodium hydroxide.45, 52-53 Removal of HF can lead to changes in the PVDF 

polymeric structure.53 This is indicated in the infrared spectrum by the appearance of 
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bands assigned to a carbon–carbon double bond stretch at 1590–1650 cm-1, a carbonyl 

bond stretch at 1700–1800 cm-1, and a carbon–carbon triple bond stretch at 2100 cm-1.45, 

52-53 For example, Rabuni et al. reported that a 0.2 M solution of sodium hydroxide can 

lead to the dehydrofluorination of PVDF membranes after 30 min at 25 °C.53 In addition, 

they showed that the effects were more pronounced at longer reaction times and at 

higher temperatures.53  

Our procedure involves the use of sodium hydroxide for a short time (1–4 min) to 

develop our substrates, therefore, we investigated the impact of using a sodium 

hydroxide solution on the PVDF membrane chemistry by FTIR.  We compared the FTIR 

spectrum of a blank PVDF membrane with that of our substrates after the growth step, 

which involves the exposure of the membrane to 0.1 M sodium hydroxide. Figure 2-3 

contains the infrared spectra of these membranes, showing that the blank PVDF 

membrane is similar to that of membranes that have been through the seeding and 

growth process. All membranes showed the characteristic FTIR bands attributed to the 

PVDF α-phase at 763, 796, 877, and 1070 cm-1, along with some other bands that are 

assigned for the PVDF β-phase at  841, 1273, and 1402 cm-1.45, 52-53 Importantly, we did 

not observe any significant differences between the FTIR spectra of the blank PVDF and 

our substrates at the wavenumber range of 1590–2100 cm-1. Samples prepared with four 

seeding cycles and a growth step (4S+G) will have been exposed to 0.1 M NaOH for up to 

4 min.  This confirms that our procedure does not cause any noticeable degradation of 

the PVDF membranes.  
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Figure 2-3. FTIR spectra of a blank PVDF membrane and SERS substrates after the growth step.  
 

2.3.3 SERS Substrates Characterization 

2.3.3.1  Helium ion microscopy imaging (HIM) 

The SERS performance of these substrates depends greatly on the size, shape, and 

distribution of the gold nanostructure in the membrane.  HIM was used to obtain this 

information. We used HIM, as it has many advantages over traditional scanning electron 

microscopes (SEM) and field emission scanning electron microscopes (FE-SEM). Some of 

these advantages include, but are not limited to, high surface contrast without metal 

sputtering, small probe size, reduced sample damage, long depth of field, and high 

resolution.54-55 All of these advantages are preferable for imaging the gold nanostructure 

without causing any damage to the PVDF membrane itself.  
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Figure 2-4 contains HIM images of the substrates for the various seeding steps 

(parts A, B, and C) and the following growth step for each seeding cycle (D, E, and F).  Both 

the seeds and the particles after growth appear quasispherical in shape. The particles 

were formed randomly into the 3D pores and on the polymeric network of the PVDF 

membrane. The average particle diameters for the seeding steps and the following 

growth step are listed in Table 2-1. Figure 2-4 and Table 2-1 show that particles get 

bigger in size and become closer to each other, as shown in Figure 2-4D, E, and F after the 

growth step when compared to the particles before the growth step, as shown in Figure 

2-4A, B, and C.  However, the diameters of the seed particles are similar regardless of the 

number of seeding cycles.  Thus, it is reasonable to expect similarly sized particles after 

the growth step. 

The average particle density of the substrates was estimated after the growth step 

using high and low magnification HIM images, shown in Figures 2-4 and 2-5. The majority 

of nanoparticles was attached randomly as individual particles, with the exception of the 

appearance of a few dimers and trimers. For example, we observed seven dimers and one 

trimer in Figure 2-4E for the 2S+G substrate. This formation of closely located particles 

in a 3D architecture is favourable for SERS enhancement.26 
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Figure 2-4. HIM images of the substrates before and after the growth step. (A), (B), and (C) for 1S, 2S, 
and 4S and (D), (E), and (F) for 1S+G, 2S+G, and 4S+G, respectively. Scale bar is 200 nm in all images.   
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Table 2-1. Average Particle Diameters for Gold Nanoparticles Attached to the PVDF Membrane 
  

Membranes Average particle diameter (nm) ± S. D 
Average Particle density (particle/ 

µm2) ± S. D 

1S 47 ± 18 
 

2S 52 ± 15 
 

4S 54 ± 20 
 

1S+G 79 ±15 
 

5 ± 3 

2S+G 86 ± 18 
 

7 ± 4 

4S+G 86 ± 16 
 

8 ± 3 

 

Other features observed during HIM imaging are shown in the lower 

magnification images in Figure 2-5. Along with a high density of the smaller nanoparticles 

discussed in Figure 2-4, larger anisotropic gold structures also are formed. While the 

smaller particles can be observed on the surface and throughout the 3D fibrous network 

of the PVDF membrane, these larger particles are observed only on the surface. Due to 

their larger size, we do not believe that these structures play a role in the SERS 

enhancement discussed later. From Figures 2-4 and 2-5, we can conclude that the growth 

step has a more pronounced effect to increase particle density to be incorporated into 

the PVDF membrane. 
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Figure 2-5. HIM images of the substrates after the growth step. (A), (B), and (C) of 1S+G, 2S+G, and 
4S+G substrates, respectively.  
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2.3.3.2 UV-vis diffuse reflectance spectroscopy 

The enhancement of Raman bands in SERS relies on the plasmonic behavior of the 

metallic nanostructures.  Extinction spectroscopy is one of the most used techniques to 

study the plasmonic behavior of colloidal metallic nanostructures, based on Mie’s 

theory.56-57 The wavelength, width, and intensity of the localized surface plasmon 

resonance (LSPR) band provide information on the size, shape, and concentration of 

noble metal nanoparticles on transparent substrates and in solutions.56, 58-60 Although 

transmission based extinction spectroscopy is a straightforward technique, it is 

challenging when it comes to nanoparticles attached to opaque surfaces within porous 

membranes. This is evident in the literature, where most of the published papers 

concerning paper based plasmonic materials present no extinction spectra12-22, 37-40 or 

simply the extinction spectra of the colloidal nanoparticles prior to depositing on a paper 

substrate.27, 61 

UV-vis diffuse reflectance spectroscopy has been applied to opaque solids as an 

alternative technique to UV-vis spectroscopy.62 This technique has been used to study 

solid state reactions and provide color measurements and color matching.62 Reflectance 

measurements are analogues to transmittance measurements in absorption 

spectroscopy.63 However, the diffuse reflectance technique has some limitations that 

may induce spectral artifacts.64 These artifacts are due to mainly Fresnel reflectance, 

changes in scattering coefficients, and samples with high absorptivity.64 This may lead to 

a blue shift in band position as an artifact.64 These limitations were unavoidable for our 

substrates. One reason was because our substrates have high absorptivity because of the 

intrinsic LSPR of gold nanoparticles in the visible region. In addition, the size and density 
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of particles are changing, based on the number of seeding cycles as well as after the 

growth step, which will lead to changes in the scattering coefficient of the substrates.   

That is why we used this technique only for a qualitative description of the apparent 

extinction values of our substrates. For our samples, diffuse reflectance (R) values were 

converted to log (1/R) values65 as a qualitative measure of the apparent extinction 

values.  Diffuse reflectance was used to monitor the effects of seeding cycle numbers and 

the growth step on the plasmonic nature of our samples qualitatively.  

Figure 2-6 contains the reflectance spectra (2-6A) and photographs of the 

substrates after seeding only (Figure 2-6B) and after seeding and growth (Figure 2-6C).  

As shown in Figure 2-6A, the unmodified PVDF membrane exhibits no spectral features 

in this region.  It is observed that seeding cycles result in an increase in log (1/R) 

throughout the spectral region as well as an appearance of a band.  This band initially is 

centred at 585 nm for one seeding cycle and blue shifts as a result of multiple seeding 

cycles. The growth step results in a narrower band at 529 nm for one and two seeding 

cycles.  Growth after four seeding cycles produces a substrate with a significantly higher 

apparent extinction in the region, with a less developed band at 490 nm. The blue shift in 

the bands position may be attributed to a spectral artifact due to the high absorptivity of 

gold nanoparticles in this wavelength range.64 This blue shift is not due to the particles 

getting smaller, as is shown in HIM micrographs in Figure 2-4. The increase in the 

apparent extinction values in this wavelength region may indicate the formation of gold 

nanoparticles since colloidal gold nanoparticles display an SPR band around 520 nm.66   

The photographs in parts B and C of Figure 2-6 show the visible color change for 

different seeding cycles before and after the growth step. Before the growth step, the  
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Figure 2-6. UV-vis diffuse reflectance of the SERS substrates. (A) UV-vis diffuse reflectance of the SERS 
substrates before and after growth. (B) and (C) photographs of the substrates before and after growth, 
respectively.  
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color of the substrates changed from light blue to purple by increasing the seeding cycles. 

However, after the growth step, the color of the substrates became red. This may be 

attributed to the synthesis of gold nanostructures. The red color is visually darker after 

the growth step by increasing the number of the seeding cycles. We can conclude that the 

apparent extinction of these substrates can be tuned by changing the number of seeding 

cycles and by the growth step. 

 

2.3.4 Substrate SERS Performance Optimization 

2.3.4.1 Impact of the growth step on SERS performance  

The benefit of a growth step following a SILAR-like seeding step can be observed easily 

in the Raman spectra.  The seeding cycles used in this work are analogous to the SILAR 

process. Each seeding cycle consists of four steps of two immersions, followed by 

washing and drying steps. This means that 1S has four steps, 3S has 12 steps, and 5S has 

20 steps. On the other hand, the growth stage has three steps involving immersion into a 

solution, followed by washing and drying steps. So, 1S+G has seven steps in total.  The 

impact of the growth step after only one seeding cycle (1S+G) on SERS performance was 

compared to different seeding cycles (1S, 3S, 5S) without growth.  Figure 2-7A presents 

SERS spectra of 4-NBT obtained from the various substrates. Table 2-2 shows major 

Raman peak assignments for 4-NBT, according to previously published papers.67-68  The 

results in Figure 2-7 show that the SERS signal intensities are improved by increasing the 

number of SILAR-like seeding cycles.  

The growth step has a much greater enhancement effect even if only one seeding 

cycle was used. The nitro stretch peak height at 1335 cm-1, normalized to the highest  



73 
 

 

Figure 2-7. Feasibility of the growth step. (A) SERS spectra of 4-NBT collected from the SERS substrates 
prepared by a different number of seeding cycles versus a seed mediated growth approach using only one 
seeding cycle before growth. Spectra are stacked for more clarification. Spectra are collected and averaged 
from five different points from each membrane using a 785-nm laser, a 10-s integration time, and for 10 
accumulations, with a 342 ± 1 µW power at the sample. (B) Bar chart of the nitro stretch peak height, 
normalized to the highest value at 1335 cm-1 along with the chemical structure of 4-NBT.   
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Table 2-2. Major Band Assignments Listed for the SERS Spectrum of 4-NBT on the Surface of the 
SERS Substrates 
 

Band position (cm-1)  Assignment 67-68 

1571 C=C stretch 

1335 Symmetric NO2 stretch 

1109 C–H bending 

1079 C–S stretching 

845 C–H wagging 

 

value obtained from (1S+G), was used to compare between substrates, as shown in the 

bar chart of Figure 2-7B. We calculated the ratio of the nitro stretch peak height of 1S+G 

to the nitro stretch peak height of the other substrates with various seeding cycles. The 

ratio of 1S+G to 1S was 86 ± 13, while it became 7 ± 2 for 1S+G to 3S and 2 ± 0.3 for 1S+G 

to 5S. The chemical structure of 4-NBT is shown in Figure 2-7B as well. Figure 2-7 

suggests that a seed mediated growth protocol, with only one seeding cycle followed by 

a growth step, has a superior SERS performance. This performance may be attributed to 

the plasmonic behaviour change and to the increased size and number of nanoparticles 

of these substrates after the growth step.  The seed mediated protocol also involves fewer 

steps and reagents than that of the repeated seeding cycles protocol yet with better SERS 

performance. 
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2.3.4.2  Number of seeding cycles needed for SERS performance optimization 

The SERS performance was optimized for the number of seeding cycles before the growth 

step. We examined one, two, and four seeding cycles to grow the SERS substrates and 

used 4-NBT again as the Raman probe to ensure high coverage to the gold 

nanostructures. These substrates (1S+G, 2S+G, and 4S+G) were probed with point by 

point Raman mapping to investigate the SERS performance and homogeneity over a 

relatively large area of the substrates.   

   Figure 2-8A shows the Raman spectra (average of 121 spectra over an area of 400 

m2) collected from each membrane. Figure 2-8B is a bar chart of the average peak area 

of the symmetric nitro stretch, with the percent relative standard deviation (%RSD) 

values shown for each substrate. Figures 2-8A and B show that these substrates have a 

comparable SERS performance, with the 2S+G substrate yielding the highest SERS 

intensity among the three substrates. In addition, we compared the %RSD values to 

investigate the point-to-point variability of these substrates. The %RSD values were 

11%, 11%, and 8% for the 1S+G, 2S+G, and 4S+G substrates, respectively. It is 

recommended that SERS substrates should have less than 20% deviation.69-70 This also 

supports the fact that the anisotropic microstructures do not contribute to hot spots 

formation, otherwise, the substrates would have had larger %RSD values. Based on 

Figure 2-8, we can conclude that our substrates show point-to-point homogeneity over a 

400-m2 area in terms of their SERS performance.  

Upon further investigation of the collected Raman maps of these substrates, we 

observed a frequency shift and change in full-width at half maximum (FWHM) of the 
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Figure 2-8. SERS performance optimization. (A) SERS spectra of 4-NBT (average of 121 spectra over an 
area of 400 m2) collected from 1S+G, 2S+G, and 4S+G substrates. (B) Bar chart of the average peak area 
of the symmetric nitro stretch with %RSD values of theses substrates.    
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symmetric nitro stretch peak. We used the nitro stretch peak position and FWHM of the 

substrates as a measure of spatial reproducibility. The data are summarized in Table 2-

3. 

 

Table 2-3. Nitro Stretch Raman Peak Position and FWHM Obtained from Various Substrates 

 
Membrane Mean of nitro stretch peak position (cm-1) ± S.D FWHM (cm-1) ± S.D 

1S+G 1341 ± 1 19.7 ± 0.6 

2S+G 1337 ± 1 21.2 ± 0.6 

4S+G 1336 ± 1 22.7 ± 0.5 

 

Table 2-3 shows that the band due to the symmetric nitro stretch is shifted to a 

lower wavenumber by increasing the number of seeding cycles. The symmetric nitro 

stretch peak of 2S+G was red shifted by 3.8 cm-1 when compared to 1S+G. This red shift 

in frequency increased to 4.6 cm-1 when 4S+G is compared to 1S+G. However, this red 

shift is not related to the reduction of the nitro group, as we did not observe any Raman 

bands indicative of aminothiophenol formation.68, 71There was also no significant 

difference in FWHM and peak position observed (about 0.5 cm-1) related to ring C-C and 

C-S stretching modes.68, 71 

The FWHM of the symmetric nitro stretch Raman band also increased by 

increasing the number of seeding cycles, by 1.49 and 3.03 cm-1 for the 2S+G and 4S+G 

substrates, respectively, when compared to the 1S+G substrate. These changes also may 
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be related to the change in the plasmonic behavior, the increase in particle size, and the 

loading density of these substrates, based on diffuse reflectance data and HIM images. 

We assume that these may lead to more adsorption and entrapment of 4-NBT molecules 

onto the gold nanostructures in the 3D porous network of the PVDF membrane by 

increasing the number of seeding cycles. It has been suggested that the adsorption of a 

nitro group on gold electrodes can cause a red shift and band broadening of the 

symmetric nitro stretch in the SERS spectra.72 An example of one of the collected 2D 

Raman maps is presented in Figure 2-9 for the 2S+G substrate. We can conclude that the 

red shift and peak broadening may be attributed to the change in the microenvironment 

of these substrates by increasing the number of seeding cycles. 

 

 

Figure 2-9. 2D spectral Raman map of 4-NBT from 2S+G substrate.  
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2.3.5 Applications of The SERS Substrates  

2.3.5.1 Examples of potential applications 

Based on our optimization, we have selected 2S+G substrates to explore their potential 

range of applications to detect different molecules.  We chose four different analyte 

molecules; thiabendazole (TBZ), melamine (Mel), and malachite green (MG). The 

chemical structures of these molecules are shown in Figure 2-10. We selected these 

molecules as examples to show the intersection and applications of these SERS 

substrates in many fields including agriculture, food, health, and the ecosystem.  

 
 

 
 
Figure 2-10. Chemical structures of TBZ, MTZ, Mel, and MG. 
 

 
The first example is TBZ, which is used as a broad spectrum anthelmintic drug 

that is used for animals and humans.73-75 It is used also as a pesticide and a fungicide to 

prevent fruits and vegetables from rot, mold, and blight to keep them fresh for storage 

before any waxing step.76 While TBZ is less toxic than other pesticides, it may induce side 

effects, such as hepatotoxicity, nephrotoxicity, teratogenicity, and carcinogenicity.77 

The second example is Mel, 1,3,5-triazine,  which is a nitrogen rich organic 

compound that is used in plastics and glue industries.78 In addition, Mel has been used as 

a milk adulterant to increase its apparent protein content fraudulently since traditional 
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methods for protein determination, such as the Kjeldahl method, depend only on the 

nitrogen content.25, 78 Mel adulterated infants’ milk formula has caused an outbreak of 

kidney diseases in 2008 in China.79  

The third example is MG, which is an N-methylated diaminotriphenylmethane 

basic dye that is used in aquaculture industry as an antifungal and an antiprotozoal.80 

Previous studies have shown that MG can cause carcinogenicity, teratogenicity, and 

reproductive abnormalities in fish and mammals.81-84 In Canada, MG is permitted to be 

used for aquarium fish only and is not approved for use on food-producing fish at any 

step, from the hatchery to the farm.85  

Figure 2-11 represents the potential qualitative applications of these substrates 

to identify the previously mentioned molecules. In each case, we collected Raman spectra 

of each molecule from its solid powder on glass slide, adsorbed on 2S+G substrates, and 

unmodified PVDF membrane as a control. Figure 2-11A, shows the normal Raman 

spectrum of TBZ powder in blue. The SERS spectrum obtained from pipetting 1 µL of 100 

ppm TBZ solution dissolved in 0.1M HCl on the 2S+G substrate is shown in green. The 

spectrum obtained under the same conditions from the PVDF membrane as a control is 

shown in red. The SERS enhancement of the 2S+G substrate is obvious when compared 

to the control experiment. The TBZ can interact with gold nanoparticles through N and S 

atoms. We did not observe any bands for the control experiment. Raman bands 

characteristic of adsorbed TBZ can be observed in the SERS spectrum of Figure 2-11A. 

These bands are summarized in Table 2-4, using assignments from a previously 

published paper.86 
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Figure 2-11. Potential applications of the SERS substrates. (A) Top (green) is the SERS spectrum of TBZ 
from a 100-ppm (0.1M HCl) solution on the 2S+G substrate; middle (red) spectrum has the same conditions 
as the top on an unmodified PVDF membrane; bottom (blue) spectrum is the TBZ powder Raman spectrum. 
(B) Top (green) is the SERS spectrum of Mel from a 1 mM aqueous solution on the 2S+G substrate; middle 
(red) spectrum has the same conditions as the top on an unmodified PVDF membrane; bottom (blue) 
spectrum is the Mel powder Raman spectrum. (C) Top (green) is the SERS spectrum of MG from a 1 mM 
ethanolic solution on the 2S+G substrate; middle (red) spectrum has the same conditions as the top on an 
unmodified PVDF membrane; bottom (blue) spectrum is the MG powder Raman spectrum showing high 
fluorescence background. Spectra were collected and averaged from 20 different points, with a 2-s 
integration time for five accumulations using a 20x objective and a power of 342 ± 1 µW at the sample. 
Spectra are stacked for clarification. 
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Table 2-4. Major Band Assignments Listed for the SERS Spectrum of TBZ on the Surface of the SERS 
Substrates 
 

Band position (cm-1)  Assignment86 

778 C–H out-of-plane bending 

886 C–C–S out-of-plane bending and C-H out-of-plane bending 

983 C–S stretching 

1008 C–H out-of-plane bending 

1594 ring stretching and C=N stretching 

1626 C=N stretching 

 

The same trend was observed by pipetting 1 µL of 1 mM aqueous solutions of Mel 

(1 nmole) as shown in Figure 2-11B. Raman bands characteristic of adsorbed Mel can be 

observed in the SERS spectrum of Figure 2-11B. These bands are summarized in Table 2-

5, according to a previously published paper.78 We used Mel as an amine containing 

molecule that has affinity to bind to gold nanoparticles.  

 
Table 2-5. Major Band Assignments Listed for the SERS Spectrum of Mel on the Surface of the SERS 
Substrates 
 

Band position (cm-1)  Assignment78 

680 and 714 ring breathing 

985 C–N–C and N–C–N bending 

1070 ring deformation and NH2 twisting 

1477 C–N stretching and NH2 bending 

1543 C–N stretching and NH2 bending 

No Raman band for the MG powder was observed due to its fluorescence, as 

shown in Figure 2-11C (blue line). We also did not observe any Raman band for the 
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control experiment. However, we observed its SERS spectrum on the 2S+G substrate 

after pipetting 1 µL of its 1 mM ethanolic solution (1 nmole). Raman bands characteristic 

of adsorbed MG can be observed in the SERS spectrum of Figure 2-11C. These bands are 

summarized in Table 2-6, according to a previously published paper.87 We used MG as an 

example of a fluorescent dye to show the potential capability of our substrates to detect 

a fluorescent molecule. 

 

Table 2-6. Major Band Assignments Listed for the SERS Spectrum of MG on the Surface of the SERS 
Substrates  

Band position (cm-1)  Assignment87 

1172 in-plane C–H ring vibration 

1220 C–H rocking 

 1368 N-phenyl stretching vibration 

1592 C–C stretching 

1616 C–C stretching 

 

2.3.5.2 Membrane-to-membrane variability  

 Point-to-point variability within the same substrate and substrate-to-substrate 

variability are one of the crucial characteristics of any SERS substrate. The recommended 

variability value should be less than 20% relative standard deviation.69-70 We decided to 

investigate membrane-to-membrane and point-to-point reproducibility by Raman 

mapping of three different membranes where 1µl of 10-ppm TBZ was pipetted. Figure 2-

12 shows the membrane-to-membrane and point-to-point variability using Raman 
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mapping. Figure 2-12A, B, and C are white light images of three different substrates, with 

a Raman mapped area (88.8 x 88.8 µm) using signal to baseline mapping of the C-H out-

of-plane bending peak at 778 cm-1. The %RSD within the same membrane is shown on 

each image and ranged from 11 to 14%. Figure 2-12D is a bar chart plotting of the average 

peak height of the C-H out-of-plane bend at 778 cm-1 (obtained from 625 spectra collected 

from the Raman mapping of the three substrates). 

 

 

Figure 2-12. Membrane-to-membrane variability. (A, B, C) White light images of three different 
membranes with 10 ppm TBZ showing the Raman mapped area in red (signal to baseline) of the 778 cm-1 
Raman peak. Each image has the %RSD value at the bottom left showing the point-to-point variability 
within the same substrate. The scale bar is 50 µm in all images. (D) Bar chart of the membrane-to-
membrane variability where the average peak height of the 778 cm-1 Raman peak was used to compare 
between the three membranes.  

 

The %RSD from membrane to membrane was 8%. Based on these %RSD values, 

our substrates showed comparable results to those of rigid SERS substrates where pre-

grown metal nanoparticles were immobilized chemically.88 We believe that the 
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formation of nanoparticle clusters and the fact that they are close to each other are the 

reasons for having  point-to-point variability within the same membrane. We can 

conclude that our substrates demonstrate a lower variation from the 20% recommended 

%RSD value.69-70 

2.3.5.3 Methimazole (MTZ) detection and quantitation in urine 

Urine is considered a complex matrix because it is composed of inorganic ions, salts, 

creatinine, creatine, hemoglobin by-products, urea, water soluble toxins, and many other 

metabolites.89-90 Beside these metabolites, many drugs can be excreted in urine; 

methimazole (MTZ) is one example of those drugs.91-92 MTZ is an antithyroid drug that is 

used to regulate the production of thyroxine and triiodothyronine.93-94 MTZ is also the 

active form of another antithyroid drug called carbimazole.95 MTZ can cause some side 

effects, including pharyngitis, liver cirrhosis, nephritis, skin irritation, allergic reactions, 

and impaired taste and olfaction.93-94, 96 In addition, MTZ has been reported to be used 

illegally in animal feed to induce high weight gain by causing more water retention.93, 97-

98 Moreover, MTZ metabolites are reported to have cytotoxic effects.96  

MTZ has commonly been quantified in urine using chromatographic methods.94, 

99-103 However, these methods require sample extraction, preconcentration, and/or 

derivatization before analysis by highly trained personnel.94, 99-103 The limit of detection 

of MTZ by these chromatographic methods ranges from a concentration of nM to µM.94, 

100-103 SERS methods have been reported for MTZ quantification, but these methods have 

not been applied to urine.104-109 In order to expand the applications of our SERS 

substrates, we decided to explore their analytical performance for MTZ measurements 
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in artificial urine as a complex matrix. For this purpose, we spiked synthetic urine with 

methimazole (MTZ) with a final concentration range of 0–1 mM. 

Figure 2-13 shows the quantitation of MTZ in synthetic urine (SurineTM) after 

pipetting and drying only 1 µL (0–1 nanomoles) on 2S+G substrates. SERS spectra of MTZ 

at different concentrations in urine and the associated controls are shown in Figure 2-

13A. Each concentration is represented by an average spectrum composed of three 

samples measured from three different substrates, and each substrate was measured 

from 20 different spots (n = 60). Urine control shows a Raman band at 1000 cm-1 (Iurine) 

highlighted in yellow, which is attributed to urea due to symmetric CN vibrations, based 

on previous publications.89, 110-112 The most characteristic Raman bands of MTZ can be 

observed in the SERS spectra of Figure 2-13A. These bands are summarized in Table 2-7, 

according to previously published papers.106, 108, 113 The peak used for quantitation is 

highlighted in light blue and is attributed to the N–C stretching vibration at 1364 cm-1 

(IMTZ). As the concentration of MTZ is increased, the peak intensity also increases. Figure 

2-13B is a plot of the peak height of the 1364 cm-1 band (IMTZ) normalized to the peak 

height of the urine band (Iurine) vs. concentration. The plot exhibits a linear portion then 

curvature at a high concentration. The curvature at high concentration is likely due to 

saturation of the gold nanostructures. A linear least squares fit of the low concentration 

portion of the plot can be used as a calibration curve, as shown in the inset of Figure 2-

13B. From this linear portion, the limit of detection was determined as 0.2 picomoles. 
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Figure 2-13. MTZ quantitation in urine. (A) SERS spectra of different concentrations of MTZ (0–1 
nanomoles) obtained from 2S+G substrates. Spectra were collected and averaged from 20 different points 
with a 2-s integration time for 10 accumulations from three different membranes using a 20x objective and 
a power of 342 ± 1 µW at the sample. Spectra are stacked for clarification. (B) Calibration curve of MTZ 
using 2S+G substrates. Inset shows linear least squares fit.  
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The average point-to-point and membrane-to-membrane variability expressed as %RSD 

were 15 ± 3% and 9 ± 6%, respectively. From Figure 2-11 to 2-13, we can conclude that 

the developed method can provide SERS substrates that can be used for rapid detection 

and quantification of some target analytes. In addition, these substrates can be applied in 

pharmaceutical analysis as an in-line process control as well as in environmental 

monitoring. 

 

Table 2-7. Major Band Assignments Listed for the SERS Spectrum of MTZ on the Surface of the SERS 
Substrates 
 

Band position (cm-1)  Assignment106, 108, 113 

1029 ring bending, ring C–H bending, and C–S–H bending 

1083 ring C–N stretching and ring C–H bending 

1146 C–S stretching, ring C–H bending, and C–N stretching 

1316 ring C–N stretching, ring bending, and ring C–H bending 

1364 C–N stretching, ring bending, and ring C–H bending 

 

 

2.4 Conclusions  

This work shows that SILAR-like seeding and growth protocols can be combined to 

develop membrane supported SERS substrates. Gold nanostructures were deposited in-

situ within the 3D porous network of the PVDF membranes. The SERS performance of 

these substrates can be optimized by the number of SILAR cycles used before the growth 

step. The developed method can reduce SILAR cycles to develop SERS substrates 
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efficiently and quickly. Our SERS substrates showed less than 20% membrane-to-

membrane and point-to-point variability. The substrates can be applied for label-free 

detection of a wide range of molecules. In-process control and ongoing monitoring for 

agricultural and pharmaceutical products, as well as environmental and ecosystem 

testing, can be the target of many fields where these substrates can be utilized in future.  
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3.1 Introduction  

As discussed in the previous chapter, surface enhanced Raman scattering (SERS) is 

becoming a more useful analytical technique. Raman signals can be enhanced by several 

orders of magnitude due to electromagnetic, chemical, and resonance enhancement 

mechanisms.1-7 The capability to reach single molecule detection via these enhancement 

mechanisms has led to the diversification of research using the technique.8-11 Impacted 

research areas include analytical chemistry, polymers, catalysis, materials, biomedical 

sciences, and forensics.12-16 In addition, the advent of portable and handheld Raman 

spectrometers have contributed to extending Raman and SERS applications to the point 

of need. These include explosive detection, pharmaceutical analysis, environmental 

monitoring, artwork, and surgery.17-21 

There are many published reports that involve the use of portable and handheld 

Raman systems. However, most of this published work relies on the use of rigid SERS 

substrates.17, 19, 22-29  These substrates are based on glass, silicon, and gold surfaces that 

are fabricated using methods such as reactive ion etching, HF etching, oblique angle metal 

deposition, thermal metal evaporation, and electrodeposition of metal nanostructures.17, 

19, 22-29 These methods require expensive lab equipment and highly trained personnel, 

which can be a burden in resource limited situations. For example, metal over silicon 

nanopillar SERS substrates have been reported to accompany the use of handheld Raman 

spectrometers by different researchers.22-26 These substrates are fabricated using a 

maskless procedure that involves reactive ion etching, followed by metal deposition by 

electron beam evaporation or metal sputtering.30 The cost of these substrates ranges 

approximately USD$ 50–80 per substrate.31 However, SERS substrates based on paper 



103 
 

and polymeric filters prepared by simple chemical methods can provide a cost effective 

and user friendly alternative over the rigid SERS substrates.32-45 Little work has been 

done that couples handheld Raman spectrometers with porous based SERS substrates.24, 

46-48 In these examples, plasmonic nanoparticles were synthesized first using multistep 

methods to incorporate them into porous substrates.24, 46-48 An in-situ equipment-free 

synthesis method for flexible SERS substrates to be coupled with handheld devices has 

not been demonstrated. 

Herein, we present a deviceless and rapid method to develop flexible SERS 

substrates. Our method is based on an in-situ seedless synthesis of silver nanocorals onto 

a polyvinylidene fluoride (PVDF) filter. The substrates were characterized using UV-vis 

diffuse reflectance, Fourier transform infrared (FTIR) spectroscopy, helium ion 

microscopy (HIM), and Raman spectroscopy. The substrates were optimized based on 

the loading of silver nanocorals. We applied these substrates for label free detection of 

methimazole in artificial urine using a handheld Raman spectrometer. The 3D structure 

of the nanocoral and its incorporation into PVDF membranes generated many hot spots 

for signal enhancement. These substrates showed reproducible SERS performance from 

point to point and from substrate to substrate.  

 

3.2 Experimental  

3.2.1 Reagents 

Polyvinylidene fluoride (PVDF) filters with a 0.45-micron pore size and 25 mm in 

diameter (lot: 7017006) were purchased from Sterlitech. Sliver nitrate (AgNO3, ACS-Pur) 
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and sodium hydroxide were obtained from Fisherbrand. 4-Mercabtobenzonitrile (MBN) 

was obtained from Combi-Blocks. Hydroxylamine hydrochloride (HH, 99.999% trace 

metal basis), rhodamine 6G (R6G, dye content ~ 95%), Surine™ negative urine control, 

and methimazole analytical standard (MTZ) were obtained from Sigma-Aldrich. Absolute 

ethanol was obtained from Commercial Alcohols. MBN was dissolved in ethanol. Milli-Q 

water with a resistivity of 18.2 MΩ cm was used for all experiments, unless stated 

otherwise.  

3.2.2 Instrumentation 

3.2.2.1 Fourier transform infrared (FTIR) 

Unmodified and modified membranes FTIR spectra were collected by a Nicolet 8700 

Continuum FTIR Microscope in transmittance mode using 128 scans with a resolution of 

4 cm-1. 

3.2.2.2 Helium ion microscopy (HIM) 

Silver nanocorals morphology onto a PVDF membrane was characterized using a Zeiss 

Orion. The microscope was operated at an acceleration voltage of 30 kV. 

3.2.2.3 UV-vis diffuse reflectance 

UV-vis diffuse reflectance was measured using a Carry 5000 UV-vis spectrometer 

equipped with a home built diffuse reflectance accessory. The instrument was 

standardized to 100% reflectance using a white standard (Spectralon). 

3.2.2.4 Raman spectroscopy 

Raman spectra were collected by a TacticID handheld Raman spectrometer (B&W TEK) 

equipped with a 785-nm diode laser. The power at the sample was 26 ± 1 mW, and all the 

collected spectra from the handheld spectrometer were normalized to the laser 
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irradiation time, unless stated otherwise. The SERS performance of the substrates was 

optimized using a membrane accessory (TacPac adapter). R6G and MBN were the Raman 

probes used for optimization. One µl of 1 mM ethanolic R6G solution was dropped on 

three different substrates for each silver nitrate concentration used. Each substrate was 

measured once to simulate a point and shoot scenario. The substrates were immersed in 

a 5 µM ethanolic MBN solution and left overnight. Then, they were washed extensively to 

remove any excess reagents that were not chemisorbed. The substrates were left to air 

dry, and spectra were collected using a membrane accessory. Three membranes 

prepared using each concentration of silver nitrate were measured once to simulate a 

point and shoot situation. For MTZ detection in synthetic urine, a liquid vial accessory 

was used. Three different substrates were used, and each substrate was measured, after 

immersion for 30 min, at three different spots by rotating the vial. Raman spectral data 

analysis and background subtraction were performed using Spectragryph, an open-

source software.49 

3.2.3 In-Situ Seedless Synthesis of 3D Silver Nanostructures on 
PVDF  

Silver nanostructures were synthesized in-situ on PVDF membranes, based on a previous 

publication with some modifications.50 The steps for the synthesis of the substrate are 

summarized in Figure 3-1. The PVDF membrane was immersed into a silver nitrate (1–

100 mM) solution for 1 min. Then, the membrane was removed with a tweezer, and the 

excess reagent was drained from the edge using a Kimwipe. Next, the membrane was 

immersed into a basic solution of HH (100 mM in 0.2 M NaOH) for one minute, the HH 

acting as the reducing agent here. Bubbling was observed on the membrane upon  
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Figure 3-1. General scheme to develop a silver nanocoral PVDF SERS substrate.  

 

immersion in HH, and the color of the membrane changed from white to grey at this point, 

while HH solution remained colorless. Afterward, the membrane was washed extensively 

with Milli-Q water and ethanol to ensure the removal of all excess reagents. Then, the 

membranes were air dried and stored in a desiccator away from light. We denoted the 

membranes as 1mMAg, 20mMAg, 50mMAg, 70mMAg and 100mMAg based on the silver 

nitrate concentration used. 

 

3.3 Results and Discussion  

3.3.1 SERS Substrate Characterization 

In this chapter, FTIR spectroscopy, HIM microscopy and UV-Vis diffuse reflectance are 

used to characterize our substrates, consistent with the same methods used in Chapter 

2.  
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3.3.1.1  FTIR spectroscopy 

As discussed in Chapter 2, FTIR spectroscopy has been used to determine the impact of 

sodium hydroxide on PVDF membranes.51-53 Sodium hydroxide treatment may lead to 

dehydrofluorination of PVDF membranes, which can lead to changes of their polymeric 

structure.51-53 Dehydrofluorination is characterized by the appearance of bands 

attributed to a carbon–carbon double bond stretch at 1590–1650 cm-1, a carbonyl bond 

stretch at 1700–1800 cm-1 and a carbon–carbon triple bond stretch at 2100 cm-1.51-53 For 

example, an experimental study has shown that a solution of 0.2 M sodium hydroxide can 

cause dehydrofluroination of PVDF membranes after 30 min at 25 °C.53 The researchers 

reported also that the degree dehydrofluroination  was more pronounced by increasing 

the reaction time and temperature.53  

Our procedure uses 0.2 M sodium hydroxide for a short time (1 min) to deposit 

silver nanostructures on PVDF membranes, then we examine its effect on the chemical 

structure of PVDF membranes by FTIR. The spectra of our substrates were compared to 

the blank PVDF membrane spectrum. As depicted in Figure 3-2, the spectra of our 

substrates are similar to that of the FTIR spectrum of the blank PVDF membrane. In 

addition, all membranes showed the characteristic FTIR peaks assigned to the PVDF α-

phase at 763, 796, 877, and 1070 cm-1, and other bands, which  are attributed to the PVDF 

β-phase at  841, 1273, and 1402 cm-1.51-53 Moreover, there was no significant difference 

between the blank PVDF spectrum and our substrates spectra at the wavenumber range 

of 1590–2100 cm-1. This indicates that our procedure does not result in any noticeable 

dehydrofluorination of PVDF membranes. 
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Figure 3-2. FTIR spectra of blank PVDF membrane and the silver nanocoral substrates with 
different silver nitrate concentrations.  
 

3.3.1.2 HIM imaging  

The size, shape, and distribution of the silver nanostructure in the membrane may affect 

the SERS performance of these substrates significantly.  Helium ion microscopy (HIM) 

was used to investigate the impact of increasing the silver nitrate concentration on the 

morphology of the silver nanostructures. It also was used to study how nanoparticles are 

integrated into the 3D polymeric network of PVDF membranes. HIM has many 

advantages over traditional scanning electron microscopy. As discussed in Chapter 2, 

these advantages include small probe size, reduced sample damage, long depth of field 

and high resolution, and high surface contrast without metal sputtering.54-55 All of these 
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advantages are preferable for imaging our silver nanostructures without any metal 

sputtering required and with no damage to the PVDF membrane.  

Figure 3-3 shows HIM images of the substrates using different concentrations of 

silver nitrate. A similar shape of silver nanobranched structures has been synthesized 

using electrochemical and chemical methods, with these nanostructures described as 

nanocoral or coral-like.56-58 Our silver nanostructures have a 3D shape of nanocorals, 

with intertwined nanostructured branches. The exact mechanism by which these 

nanobranched structures are formed is unclear to us, and how the PVDF membranes may 

impact this mechanism. We observed that the loading density of the silver nanocorals is 

increased with increasing silver nitrate concentration, as shown in Figure 3-3. The 

average width of the branches of the nanocorals (n = 20) was calculated to study the 

impact of increasing the silver nitrate concentration. The average widths were 31 ± 7 nm, 

30 ± 7 nm, 35 ± 8 nm, 32 ± 6 nm, and 34 ± 8 nm for 1, 20, 50, and 100 mM AgNO3, 

respectively. Although the width of the nanocorals branches did not show any significant 

difference by increasing the silver nitrate concentration, the loading density of the silver 

nanostructures increased significantly.  
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Figure 3-3. HIM images of the substrates at different AgNO3 concentrations. (A)1 mM, (B) 10 mM, (C) 
50 mM, (D)70 mM, and (E) 100 mM. (Scale bar is 500 nm in all images.) 
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3.3.1.3 UV-vis diffuse reflectance 

As discussed in Chapter 2, the plasmonic behavior of colloidal metallic nanostructures is 

studied routinely by extinction spectroscopy, based on Mie theory.59-60 Extinction 

spectroscopy has been reported to show  the effect of shape and size of nanomaterials on 

the location and number of the localized surface plasmon resonance (LSPR) bands.59, 61-

62 In addition, Haiss et al. estimated the size and concentration of gold nanoparticles using 

extinction spectroscopy.63 Although extinction spectroscopy is a well established 

technique in the case of colloidal nanoparticles, it is challenging when it comes to 

nanoparticles attached to opaque surfaces within porous membranes. Consequently, 

most of the published work related to SERS substrates based on porous filters shows  no 

extinction spectra36-38, 64-75 or only shows extinction spectra of the colloidal nanoparticles 

before they are attached to the membrane.35, 76 Thus, we decided to implement UV-vis 

diffuse reflectance as a qualitative alternative technique to extinction spectroscopy. UV-

vis diffuse reflectance has been applied to study solid state reactions, color matching, and 

color measurements.77  

Reflectance measurements are analogues to transmittance measurements in 

absorption spectroscopy.78 However, spectral artifacts can be induced due to some 

limitations.79 These artifacts can be caused by a sample with high absorptivity, changes 

in scattering coefficients of the samples, and Fresnel reflectance.79 This may result in a 

blue shift in the band position as an artifact.79 These limitations could not be avoided for 

our substrates due to their high absorptivity because of the intrinsic LSPR of silver 

nanostructures. In addition, the loading density of silver nanocorals increased with 

increasing silver nitrate concentration, which would lead to changes in the scattering 
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coefficient of the substrates. For these reasons, we used this technique for a qualitative 

description of the apparent extinction values of our substrates. Diffuse reflectance (R) 

values were transformed to log (1/R) values80 to study the impact of increasing silver 

nitrate concentration on the extinction of our substrates qualitatively. As shown in Figure 

3-4A, the log (1/R) values of the substrates increased with increasing silver nitrate 

concentration. The shaded area in the figure shows the appearance of a broad band 

centered around 380 nm. At low silver nitrate concentrations, the log(1/R) value was 

similar to the PVDF blank membrane. However, 20 mM silver nitrate produced a 

significant increase in the log (1/R) values, indicating the formation of silver 

nanostructures. We also observed a small blue shift (11 nm) in LSPR with increasing 

silver nitrate concentration, which we attribute as a spectral artifact. Silver nanoparticles 

prepared with hydroxylamine as a reducing agent in alkaline medium showed a LSPR 

around 400 nm,50 which can support that silver nanostructures have been synthesized 

onto the PVDF membranes.  

Figure 3-4B shows a photo of the substrates at different silver nitrate 

concentrations (0–100 mM). The color of the substrates changed from white (PVDF 

blank) to grey. As the concentration of silver nitrate increased, the substrates became 

darker in color. The diffuse reflectance data and grey color of the substrates can be 

attributed to the in-situ synthesis of silver nanocorals within the porous network of PVDF 

membranes. Data from diffuse reflectance measurements are summarized in Table 3-1. 
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Figure 3-4. UV-vis diffuse reflectance of the SERS substrates. (A) UV-vis diffuse reflectance of the 
substrates at different concentrations of silver nitrate (0–100 mM). (B) Images of the corresponding 
substrates at different silver nitrate concentrations.  
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Table 3-1. Summary of the UV-vis Diffuse Reflectance of the Substrates Using Different 
Concentrations of Silver Nitrate 

 

Membrane Log (1/R) (a.u) 

1mMAg 0.08 

20mMAg 0.35 

50mMAg 0.56 

70mMAg 0.61 

100mMAg 0.76 

 

3.3.2 SERS Performance 

The role of silver nitrate concentration on the SERS performance was investigated using 

a handheld Raman spectrometer. Table 3-2 is a summary of the characteristics and 

important parameters of the spectrometer used. Figure 3-5 shows photographs of the 

handheld Raman device used along with different accessories and possible sampling 

approaches. These accessories include point and shoot adapter, liquid vial adapter, 

membrane adapter, and polystyrene standard adapter, as shown in Figure 3-5 (A-E).  

Combining the portability of the handheld Raman device with the flexibility of the 

developed SERS substrates can offer various sampling approaches, including pipetting, 

swabbing, and/or immersion, as shown in Figure 3-5 (F-I). Porter and co-workers have 

shown that TacticID can be used in SERS assays with a SERS performance of 

approximately one order of magnitude less than that of more sophisticated Raman 

microscopes when it comes to sensitivity and signal intensity.29 To examine the SERS 
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performance of these substrates, two Raman probes were used: the first probe, R6G, is 

used as an example of a non-specific adsorber; the second probe, MBN, adsorbs 

specifically and in high coverage through a S–Ag interaction.  

Table 3-2. Summary of The Main Characteristics of The Handheld Raman Spectrometer, 
TacticID, Provided by the manufacturer, B&W TEK 

Parameter Values 

Dimensions (19 cm x 10 cm x 5 cm)  

Weight 0.9 kg 

Laser wavelength 785 nm 

Spectral resolution 9 cm-1 

Power Max. 300 mW 

Detector type Linear CCD array 

Operating temperature -20 °C to +50 °C

Figure 3-5. Handheld Raman accessories and substrates applicability. (A) Point and shoot adapter, 

(B) polystyrene standard adapter, (C) membrane adapter, (D) vial adapter, (E) handheld device used with
a quarter as a scale bar, (F) substrate, bendable and flexible, (G), (H), and (I) images of different sampling
approaches, including pipetting, swabbing, and immersion, respectively.
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3.3.2.1 SERS optimization based on physisorption  

R6G was used as a non-thiolated Raman probe to simulate a physisorption scenario using 

a drop casting sampling approach. R6G adsorbs on silver nanoparticles.9, 81 One µL of 1 

mM ethanolic solution of R6G was dropped on each substrate (1 nmole). We compared 

the spectral intensity of the substrates at different silver nitrate concentrations, as shown 

in Figure 3-6. Raman bands characteristic of adsorbed R6G can be observed in Figure 3-

6A.  

 

 

Figure 3-6. Substrates optimization using R6G. (A) SERS spectra of R6G on substrates prepared using 
different AgNO3 concentrations. (B) Bar chart of the normalized peak height to the highest value at 1509 
cm-1 of R6G from each substrate. The R6G chemical structure is shown on the top left (error bar is standard 
deviation of three membranes). (C) and (D) HIM images for the substrates synthesized using 50 and 70 
mM AgNO3, respectively. (Scale bar is 100 nm.)  
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We used the normalized peak height to the highest value at 1509 cm-1 assigned to 

the symmetric in-plane C–C stretch of R6G to compare between substrates in Figure 3-

6B, where the chemical structure of R6G is shown. We did not observe any Raman band 

of R6G from the control experiment, where R6G is drop casted on an unmodified PVDF 

membrane. Table 3-3 shows major Raman peak assignments for R6G, according to 

previously published papers.9, 81 

Table 3-3. Major Band Assignments Listed for the SERS Spectrum of R6G on the Substrates 

Band position (cm-1) Assignment9, 81 

1649 

Symmetric in-plane C–C stretch 

1575 

1509 

1361 

1311 

1181 

1124 In-plane C–H bend 

772 Out-of-plane C–H bend 

The Raman signal on our substrates was enhanced due to the SERS effect of silver 

nanocorals. The spectral intensity was improved by increasing the silver nitrate 

concentration to 50 mM. This may be attributed to the increase of the loading density of 

silver nanocorals, as presented before in Figure 3-3. However, the spectral intensity was 

reduced by increasing the silver nitrate concentration beyond 50 mM. Figure 3-6C and D 

show high magnification HIM micrographs of 50mMAg and 70mMAg substrates, which 
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appear to be similar. The 50mMAg, 70mMAg, and 100mMAg substrates showed a 

comparable SERS performance, with the 50mMAg substrate yielding the highest SERS 

intensity. The silver nanocorals have a 3D architecture, with interconnected branches, 

which is favourable to generate a lot of hot spots in a 3D volume. We can conclude that 

the 50mMAg substrates showed the highest enhancement with the physisorption drop 

casting approach. 

3.3.2.2 SERS optimization based on chemisorption 

MBN was used as a thiolated Raman probe to ensure binding to the silver nanostructures 

through a specific thiolate–Ag interaction. This was to investigate the SERS performance 

of the substrates based on a chemisorption scenario using an immersion sampling 

approach. Figure 3-7A shows SERS spectra of MBN obtained from the substrates with 

different silver nitrate concentrations.  Raman bands characteristic of chemisorbed MBN 

are observed in Figure 3-7A. Table 3-4 shows major Raman peak assignments for MBN, 

according to previously published papers.82-84 

The nitrile stretch peak height at 2230 cm-1 was used to compare the SERS 

performance of the substrates, based on the silver nitrate concentration in Figure 3-7B, 

where the chemical structure of MBN is shown. The spectral intensity was enhanced by 

increasing the silver nitrate concentration to 50 mM. This may be attributed to the 

increase of the loading density of silver nanocorals. However, the spectral intensity was 

reduced by increasing silver nitrate concentration beyond 50 mM. Figure 3-7 shows a 

similar trend in the SERS performance of the substrates when compared to Figure 3-6, 

with a comparable SERS performance of the substrates that were synthesized with a  
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Figure 3-7. Substrates optimization with MBN. (A) SERS spectra of MBN from different substrates 

prepared using 1–100 mM AgNO3. (B) Bar chart of the normalized peak height at 2230 cm-1 of MBN on 

different substrates prepared using 1–100 mM AgNO3 (error bar is standard deviation of three 

membranes). 

 

silver nitrate concentration between 50 mM and 100 mM. We can conclude that the 

50mMAg substrates showed the highest SERS enhancement using both physisorption 
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and chemisorption approaches. Therefore, we decided to use these substrates in the 

following section to show their application for methimazole (MTZ) detection. 

Table 3-4. Major Band Assignments Listed for the SERS Spectrum of MBN on the Surface of the 
Substrates 

Band position (cm-1) Assignment82-84 

1071 C–S and C–C stretching 

1182 C–H bending and C–C stretch 

1581 C–C stretch 

2230 C≡N stretch 

3.3.3 Application for Silver Nanocoral PVDF Substrates  

As discussed in Chapter 2, methimazole (MTZ) is one of the thyreostatic drugs that is 

used to treat hyperthyroidism through regulating the production of thyroid hormones.85-

86 Carbimazole is another antithyroid drug that is metabolized to MTZ to be active after 

administration.87 Some of MTZ adverse effects include liver cirrhosis, nephritis, 

pharyngitis, allergic reactions, and skin irritation.85-86, 88 In addition, MTZ metabolites 

have been reported to induce cytotoxic effects.88 Moreover, MTZ has been reported to 

induce congenital anomalies upon exposure during pregnancy.89-91 Cases of aplasia cutis, 

congenital scalp defects, have been reported in Spain and linked to consuming meat 

contaminated with MTZ during pregnancy.92 MTZ has been reported to be used illegally 

in livestock feed to induce fraudulent weight gain by causing water retention.85, 92-93 As a 

result, the European union has banned the use of thyreostats in animal feed. 
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Previous studies have demonstrated that MTZ has to be administered in a large 

dosage (400–800 mg per animal per day), with an optimum dose of 600 mg per animal 

per day to induce weight gain.94-95 Lower doses of MTZ did not show any effect on weight 

gain.95 MTZ is excreted mainly in urine, and  a range of 5.5–12% of the administered dose 

of  MTZ was reported to be excreted in human urine.96-98  Stair and Thornhill have 

reported that 14–21% of the administered dose of  MTZ was excreted unchanged in the 

24-hour urine volume in albino rats.98 However, no studies can be found about the 

pharmacokinetics and excretion of MTZ in cattle. As discussed earlier in Chapter 2, 

chromatographic techniques are the most common techniques for MTZ quantification in 

urine.86, 99-103 The limit of detection of these techniques is reported to have a 

concentration range from nanomolar to micromolar.86, 100-103 Although these 

chromatographic methods are considered the gold standard for MTZ quantification in 

urine, they include some extra steps, such as sample extraction, preconcentration, and/or 

derivatization before analysis.86, 99-103   

Detection of MTZ in urine of farm animals can provide an early preventive 

warning before consuming meat that may contain MTZ. The average number of daily 

urination events in beef cattle is reported to be 7.6 events, and the average urine volume 

for each event is 1.8 L.104 Given all of that, if we assume that only 1% of the administered 

dose (600 mg) of MTZ to a cow to induce fraudulent liveweight gain is excreted in urine, 

the estimated final concentration of MTZ in 24-hour urine would be ~3.8 µM. Our 

substrates coupled with a handheld Raman device can provide an inexpensive field tool 

deployable for the application of preliminary qualitative screening of MTZ in beef cattle 

urine, as shown in Figure 3-8. 
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Figure 3-8. Detection of MTZ in synthetic urine. (A) Raman spectra of urine blank, 1 mM MTZ in urine, 
substrate in urine, substrate in water and SERS spectrum of the substrate in µm MTZ in urine using a vial 
adapter accessory. (B) Bar chart of the peak height at 1364 cm-1 of MTZ (error bar is standard deviation of 
three spots from the same membrane). 
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Figure 3-8A represents a potential qualitative application of the silver nanocoral 

SERS substrate to detect MTZ in urine and the associated controls. All spectra in Figure 

3-8A were collected from aqueous solutions using a vial adapter accessory. The SERS 

effect is obvious when the SERS spectrum of 1 µM MTZ in urine solution is compared to 

the normal Raman spectrum of 1 mM MTZ in urine solution and other associated control 

experiments. The most characteristic Raman bands of MTZ can be observed in its SERS 

spectrum, which have been assigned in Chapter 2. The most prominent MTZ Raman band 

is at 1364 cm-1 and is attributed to a combination of a N–C stretching vibration, a ring 

bend, and a C–N–H in-plane bend.105-107 We did not observe any Raman bands for the 

control experiments. MTZ can be adsorbed on silver nanocorals through a Ag–S 

interaction. It is worth mentioning that a quantitative assay with a linear range of 10 nM- 

10 µM to determine MTZ in urine and/or in beef would be desired to ensure adherence 

to the European Union guidelines. We used 1 µM of MTZ, which is less than our estimate 

of the final concentration of MTZ (~3.8 µM) in the average 24-hour cattle urine volume, 

as stated previously. In addition, 1 µM of MTZ was similar or less than the limit of 

detection and quantification of reported chromatographic methods to determine MTZ in 

urine.86,103          

The peak height at 1364 cm−1 was used to study point-to-point and membrane-to-

membrane SERS reproducibility, as shown in Figure 3-8B. Point-to-point variability was 

determined by the percent relative standard deviation (%RSD) values calculated from 

three different spots per membrane (n = 3). The point-to-point variability ranged from 

7% to 15%, with an average value of 10 ± 4%. The membrane-to-membrane variability 

was determined using the average of three spots per membrane (n = 3). The membrane-
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to-membrane variability was 18%. These values indicate acceptable spot-to-spot and 

membrane-to-membrane SERS reproducibility and are comparable to other porous SERS 

substrates.32, 40, 43-44, 108 In addition, these values also were comparable to those of rigid 

SERS substrates, where metal nanoparticles were chemically immobilized.109 We believe 

that the formation of silver nanocorals with a 3D architecture within the PVDF membrane 

were distributed well and provided many hot spots for label free detection. Based on the 

%RSD values, our substrates meet the SERS recommendation parameter to have less 

than 20% variations.110-111 

 

3.4 Conclusions  

In summary, silver nanocorals have been synthesized via an in-situ deviceless 

method onto PVDF membranes to be used as SERS substrates. The loading density of the 

silver nanocorals was the determinant factor for SERS performance optimization of these 

substrates. SERS performance showed a similar trend using chemisorption and 

physisorption approaches. The substrates were used for MTZ detection in synthetic urine 

solution qualitatively showing, homogenous substrate to substrate and point to point 

reproducibility. Merging porous based SERS substrates and handheld Raman 

spectrometers can open new avenues for SERS platform development and applications. 

In future, this method can be applied for on-site synthesis of SERS substrates and 

detection of various analytes.  
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  Introduction 

Anisotropic gold nanostructures have been synthesized in many different shapes, such 

as rods,1-2 cubes,3 bipyramids,4 cages,5 prisms,6 nanostars,7-9 etc. The localized surface 

plasmon resonance (LSPR) of these structures is tuneable over a wide wavelength range 

when compared to spherical nanoparticles.10-13 Previous reports have shown that 

plasmonic excitation of anisotropic nanoparticles results in intense electric fields, 

characteristically localized at their sharp edges.10-13 This phenomenon is called the 

“lightening rod” effect 14 and can improve SERS enhancement significantly, providing that 

the shape and the size of these particles are uniform.10-13  

Gold nanostars (Au NS) are an example of anisotropic nanoparticles, which have 

attracted a lot of interest as a possible SERS substrate because of their multiple branches. 

Byrne and co-workers have shown that the SERS enhancement of R6G adsorbed onto Au 

NS was more pronounced than that of nanotriangles and nanospheres.15 Rodríguez-

Lorenzo et al. reported a zeptomole detection limit of 1,5-naphtalenedithiol by 

sandwiching the molecule between a gold substrate and the tips of Au NS.16 

Indrasekara et al. attached Au NS onto a thin gold film using a short amine terminated 

alkanethiol.17 The substrate had an enhancement factor up to five orders of magnitude 

higher than that of gold nanospheres and achieved a femtomolar level of detection of 4-

mercaptobenzoic acid.17 The Haes group has used Au NS functionalized with carboxylic 

acid terminated alkanethiols for uranyl detection.18-19 The Hamad–Schifferli group has 

integrated the use of Au NS in sandwich lateral flow SERS assays for the detection of 

human immunoglobulin G, Zika, and dengue biomarkers.20-21   
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The Au NS are synthesized via two main approaches, seed-mediated and seedless 

growth protocols. The first approach is a two-step approach that requires the synthesis 

of isotropic gold nanoseeds, and anisotropic structures are grown on the seeds.15-17, 22-24 

For example, the nanoseeds are grown into Au NS by the reduction of HAuCl4 using 

ascorbic acid in the presence of cetyltrimethylammonium bromide and AgNO3.15, 23 In 

addition, nanoseeds can be grown into Au NS when HAuCl4 is reduced using N,N-

dimethylformamide in the presence of poly(vinylpyrrolidone).16, 22 Gold nanoseeds also 

can be grown into Au NS by the reduction of  HAuCl4 using ascorbic acid in the presence 

of HCl and AgNO3.17, 24  

The second approach is a single step one-pot synthesis approach. In this approach 

Au NS are synthesized by the reduction of HAuCl4 using Good’s buffers. The most 

commonly used Good’s buffer to synthesize Au NS are 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES),7-8, 25-26 and 4-(2-hydroxyethyl)-1-

piperazinepropanesulfonic acid (EPPS).25-27 A third buffer, 3-(N-

morpholino)propanesulfonic acid (MOPS),25 also has been used to synthesize Au NS. The 

tertiary amines from the piperazine group form cationic free radicals and act as the 

reducing agent for Au ions.7, 25, 28-29 The terminal alkanesulfonate group acts as a shaping-

directing agent and promotes bilayer formation on the Au NS.25-26, 30 The terminal 

hydroxyl groups promote the bilayer formation and shape stability via hydrogen 

bonding.25-26 The hydrophilic nature of the hydroxyl groups also provides water 

dispersibility and colloidal stability to the Au NS.26 The simplicity of the one-pot seedless 

synthesis approach of Au NS using Good’s buffers has attracted attention for various 

applications.18-21, 27, 31 These nanostars have been applied in many SERS applications 
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using different synthesis conditions.18-21 The plasmonic behaviour of Au NS has been 

optimized systematically by varying some experimental conditions, such as the 

concentration ratio of Good’s buffer to HAuCl4, the choice of Good’s buffer, and the pH of 

the reaction.25 However, the effect of these various conditions on the  SERS performance 

of these Au NS has not been investigated.25  

Herein, we are exploring the colloidal SERS performance of Au NS synthesized 

using HEPES and EPPS buffers at numerous ratios with and without using an aggregating 

agent. This is to determine the optimal buffer and buffer to gold ratio for colloidal SERS 

analysis. The Au NS are characterized based on their LSPR, shape and size, and Raman 

enhancement. This study relied on the use of a handheld Raman spectrometer for in 

solution SERS performance of these Au NS. After optimization, the Au NS were used as a 

dispersible substrate to detect a variety of analytes via chemisorption and physisorption 

mechanisms in solution as a proof-of-concept. A SERS assay was developed to detect and 

quantify methimazole (MTZ) in synthetic urine. All Raman analyses are performed using 

a handheld Raman device to show the field deployability aspect of a colloidal Au NS 

substrate and promote rapid in-process and quality control of the measurements.  

 

 Experimental 
 Reagents 

Chloroauric acid (99.995%, HAuCl4), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid buffer solution (1 M in H2O, HEPES), 4-(2-hydroxyethyl)-1-

piperazinepropanesulfonic acid (99.5%, EPPS), sodium chloride (≥99.5%, NaCl), 

malachite green oxalate salt, technical grade (MG), methimazole (analytical standard, 
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MTZ), ciprofloxacin (≥98%, Cipro) , and Surine™ negative urine control were purchased 

from Sigma-Aldrich Canada (Oakville, Ontario). 4-mercaptobenzonitrile (MBN) was 

purchased from Combi-Blocks, Inc. (San Diego, California, USA) and sodium hydroxide 

(NaOH) was purchased from Fisher Scientific Canada. Transmission electron microscopy 

(TEM) grids (400-mesh carbon) were purchased from Electron Microscopy Sciences. 

Fisherbrand™ Class A clear glass threaded vials (1 dram) were purchased from Fisher 

Scientific Canada.  Deionized (DI) water (18.2 MΩ cm) was used for all syntheses and 

measurements in this work.   

 Preparation of Gold Nanostars 

Au NS were synthesized according to previously developed methods, with slight 

modifications.25 The pH of the 1 M HEPES buffer solution was adjusted to 7.20 ± 0.01 

using a solution of 1 M NaOH and a Fisher Scientific accumet research AR15 pH meter. 

Similarly, a solution of 0.5 M EPPS buffer was prepared in DI water, and the pH was 

adjusted to 7.20 ± 0.01. A stock solution of HAuCl4 (26 mM) was prepared in DI water. 

The synthesis of Au NS is governed by the ratio of the precursors in solution and is 

defined as R = [Buffer]/[HAuCl4], where [Buffer] is the concentration of HEPES or EPPS, 

and [HAuCl4] is held constant at 0.2 mM. The ratios assessed for each buffer in this work 

are 100, 300, 500, 700, and 1000 (buffer concentration = 20, 60, 100, 140 and 200 mM, 

respectively). The Good’s buffer is mixed initially with DI water at 400 rpm, then HAuCl4 

solution is added and mixed for 5 min, after which the solution is removed and stored in 

the dark for 24 h. Throughout this chapter a “codename” is used to describe the Au NS 

such as HR100. The first letter (in this case H) is the buffer used, where H stands for 
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HEPES and E stands for EPPS, the R represents ratio, and the numbers represent the ratio 

being examined. 

 Characterization 

4.2.3.1 UV-vis spectroscopy 

UV-vis spectroscopy experiments were carried out using a PerkinElmer Lambda 35 

spectrometer. All experiments used a slit width of 1 nm and a scan rate of 960 nm/min. 

The samples were analyzed in 1.5 mL BRAND® polystyrene disposable cuvettes (unless 

stated otherwise) and monitored from 400 to 1000 nm. 

4.2.3.2 Scanning and transmission electron microscopy 

Scanning electron microscopy (SEM) was performed using a Hitachi S-4800 field 

emission SEM, and transmission electron microscopy (TEM) imaging was performed 

using a JEOL JEM-ARM200CF S/TEM. Samples underwent a washing step to remove 

excess buffer by centrifuging three times at 12000 rpm for 10 min, 9000 rpm for 10 min, 

and 6000 rpm for 10 min (Eppendorf Centrifuge 5417 R). The samples were re-dispersed 

in water and sonicated for 2 min between centrifugation steps. After the final 

centrifugation step the sample was concentrated by a factor of 10 for imaging. The 

sample (10 µL) was drop-casted onto a TEM grid for 10 min, and the excess solution was 

wicked away. For SEM imaging, the samples were imaged at 30 kV and 20 µA. For TEM 

imaging, the samples were imaged at 200 kV. Image processing and analysis was 

completed using Gatan Digital Micrograph software. 

4.2.3.3 Dynamic light scattering and zeta potential 

Dynamic light scattering (DLS) and zeta potential experiments of Au NS were determined 

using a Malvern Zetasizer Nano-ZS. The instrument is equipped with a 4-mW HeNe laser 
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(633 nm) and a 173 ° backscattering angle. The 1-mL aliquot samples were measured in 

2.5-mL BRAND® polystyrene disposable cuvettes (pathlength = 1 cm). Each 

measurement was performed with an equilibrium time of 120 s and at a temperature of 

25 °C. For the DLS experiment, the standard deviation is representative of n = 5, with 

each measurement consisting of 13 sub-runs. For the zeta potential experiment, the 

standard deviation is representative of n = 3, with each measurement consisting of 20 

sub-runs. 

 Raman Analysis 

Raman analysis using the Au NS was completed with a B&W Tek TacticID handheld 

Raman device. The device was automatically calibrated using a polystyrene sample, and 

all samples were analyzed using a liquid cell adapter at 100% power (300 mW). All 

measurements were performed in 1-dram vials. The analytes were mixed with the Au NS 

for 2 min using a vortex before analysis. Studies regarding salt were mixed for an 

additional 2 min after the addition of NaCl (total of 4 min) before taking the 

measurement. All samples contained the same concentration of Au NS and a total sample 

volume of 1 mL. 

The SERS performance of the Au NS were compared between the B&W Tek 

TacticID handheld Raman device and two other Raman systems, Renishaw in-via Raman 

microscope and DeltaNu benchtop Raman spectrometer. Measurements using the 

Renishaw Raman microscope were performed using a 90° angle liquid cell holder. The 

samples underwent the same treatment and were analyzed in the same sample vials. A 

DeltaNu advantage 785 benchtop Raman spectrometer (SciAps) with 785 nm diode laser 

was used with a liquid vial holder accessory. The time and power for the laser irradiation 
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were provided in the text for more clarification. To compare between the different 

instruments, the spectra were normalized for time and power density (laser power 

(mW)/laser area in(µm2)). Care was taken to choose an analyte concentration range that 

would not aggregate the Au NS before the addition of salt. This ensured partial control 

over the aggregation throughout the analyses. The spectral analysis was done using 

Spectragryph, which is an open-source software.32 

The laser spot size for the DeltaNu and B&W Tek TacticID handheld Raman 

spectrometer was provided by the manufacturers, however, no further information 

about their optic systems was provided due to intellectual property rights. The laser spot 

size for the Renishaw Raman spectrometer at 785 nm was determined using the 

following equations:  

                                                    dl = 1.22λ / N.A.                                                          (Eq 4–1) 

where dl is the laser spot diameter, λ is the laser wavelength in µm, and N.A. is the 

numerical aperture of the objective. Since all samples are solution based, a liquid cell 

adapter was used to perform the measurements. The objective used had a focal length of 

30 mm. The N.A. was calculated as follow: 

                                            f /# = focal length/ pupil diameter                                          (Eq 4–2) 

                                                                 N.A. =1/ 2(f /#)                                                           (Eq 4–3) 

The pupil diameter was measured at 10 mm and the N.A. was calculated to be 0.17. The 

spot for the 785 nm laser is assumed to be circular. 
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 Results and Discussion 

 Synthesis and Characterization of Au NS Using HEPES and EPPS 

Buffers 

The synthesis of Au NS in Good’s buffers was performed using previously reported 

methods.8, 25 The size and shape of the Au NS were manipulated based on the ratio 

between the [buffer] and [HAuCl4].25 Figure 4-1 shows the extinction spectra of Au NS 

synthesized using A) HEPES and B) EPPS at ratios of 100, 300, 500, 700, and 1000. The 

inset images are a visualization of the LSPR red-shift through a solution colour change 

from purple/blue to grey as the ratios are increased. In Figure 4-1A, two plasmon 

resonance modes are observed for all ratios except HR100. The transverse mode is 

observed between 500 and 560 nm, which is attributed to the core. The longitudinal 

mode is observed at a longer wavelength, which is attributed to the branches and 

becomes red-shifted as the ratio increases from 100 to 1000. The transverse mode is 

from the presence of a spherical core or the presence of  spherical nanoparticles within 

the mixture.8, 25, 33 The shift in longitudinal plasmon mode previously has been attributed 

to the change in branch length and the branch tip sharpness.8 Aside from HR100, the 

LSPR peak between 500 and 560 nm has a relatively weak extinction, and we suspect that 

the majority of the sample consists of anisotropic nanostructures. For HR100, the LSPR 

peak is slightly red-shifted and more intense in comparison to the higher ratios in this 

range. We hypothesize that the HR100 sample contains more spherical nanoparticles 

with smaller branch lengths. 
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Figure 4-1. Extinction spectra of Au NS. (A) HEPES buffer. (B) EPPS buffer. The inset images show the 
colour of the Au NS solutions at the given ratios. 
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Nanostars synthesized using EPPS buffer also show two plasmon resonance 

modes and are red-shifted, as the ratios increased from 100 to 1000, as shown in Figure 

4-1B. One notable difference between the HEPES and EPPS Au NS is the presence of both 

plasmon modes for ER100. Using HEPES buffer, it seems that both modes are overlapped, 

while for EPPS, λmax is at 608 nm with a shoulder at 540 nm. This suggests a spherical 

core with smaller branch lengths in comparison to nanostars synthesized at higher ratios. 

Additionally, it is important to note the slight changes in λmax at each ratio when 

comparing HEPES and EPPS. It previously has been reported that different Good’s buffers 

have different interactions with the gold surface and promote different growth 

directions.25 Table 4-1 shows the λmax at different ratios for each buffer. Figure 4-2 is the 

UV-vis control spectra of HAuCl4 and the buffers that shows no observed bands.  

 

Table 4-1. Observation of The Longitudinal LSPR Peak Shift of Au NS at Various [Buffer]/[HAuCl4] 
Ratios. 
 

Au nanostars λmax (nm) 

HR100 566 

HR300 686 

HR500 760 

HR700 781 

HR1000 817 

ER100 608 

ER300 684 

ER500 734 

ER700 759 

ER1000 760 
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Figure 4-2. UV-vis control experiments. (A) Showing the spectrum of HAuCl4 and (B) HEPES and EPPS 
buffer in a quartz cuvette. 

 

 The shape and size of the Au NS at different ratios for each buffer were examined 

using SEM imaging. Figure 4-3 shows SEM images of Au NS at ratios of 100 and 1000 for  
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Figure 4-3. Scanning electron micrograph of Au NS synthesized at different HEPES/HAuCl4 and 
EPPS/HAuCl4 ratios. (A) HR100, (B) HR1000, (C) ER100, and (D) ER1000. Scale bars are 200 nm. 
 

both buffers. Figure 4-3A is an image of HR100 nanostars that are approximately 24 ± 4 

nm in size (n = 40). The nanostars are uniform in size and branch length, with the 

majority of the nanostars being spherical, with multiple small branches or roughened 

surface features. 

The size and shape of HR100 Au NS were examined in more detail using TEM 

imaging, as shown in Figure 4-4. Figures 4-4A and B show that HR100 have a spherical 

core and multiple small branches extending from the core. There does not seem to be any 

preferential growth pattern for the branches. The nanostar’s core size and branch length 

were determined as 24 ± 3 nm and 7 ± 3 nm, respectively (n = 40). Figure 4-4C and D are 

high magnification images of a single gold nanostar and one of its branches, respectively. 
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Figure 4- 4. Transmission electron micrographs of Au NS HR100. Scale bars: (A) 200 nm, (B) 100 nm, 
(C) 20 nm, and (D) 10 nm. The inset in D shows the lattice spacing of the Au NS branch based on Fast 
Fourier Transform (FFT) analysis of the highlighted area. 

In Figure 4-4D the lattice spacing along the branch is 0.24 ± 0.02 nm, and this is consistent 

with the Au face-centred cubic [111] plane. Similar reports are found in the literature for 

Au NS synthesized using HEPES buffer.8, 25, 34  

Figure 4-3B shows an image of HR1000 Au NS that appear to no longer have an 

obvious spherical core. However, the image shows nanoparticles with multiple branches, 

with lengths much longer than those found in HR100. The SEM images correlate well with 

the extinction spectra in that at a low ratio the nanostars contain a spherical core with 

small branches, and we observe a λmax that consists of both plasmonic modes. As the ratio 
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increases, the spherical core disappears, the branch length increases, the plasmon band 

between 500 and 560 nm nearly disappears, and a λmax at 817 nm appears. Similarly, 

Figure 4-3C and 2D show nanostars for ER100 and ER1000, respectively. The ER100 

nanostars are fairly uniform, with a size of 31 ± 4 nm (n = 40). The image shows evidence 

of multiple branches per nanostar. The ER1000 nanostars also do not show an obvious 

spherical core nanoparticle and have a longer branch length. While we only examined the 

d-spacing of HR100, the d-spacing of Au NS synthesized using EPPS buffer has been 

studied previously, and the additional carbon in the alkanesulfonate for EPPS results in 

branches in the [110] direction.25 

 Au NS as a Colloidal SERS Substrate 

The investigation and systematic optimization of colloidal Au NS as a water dispersible 

SERS substrate with respect to the effect of buffer type and [buffer]/[HAuCl4] ratio has 

not been explored fully to the best of our knowledge. In this work, the SERS capability of 

Au NS with the [buffer]/[HAuCl4] ratio ranging from 100 to 1000 was investigated. A 

ratio within this range commonly is used in the literature. Table 4-2 is a compilation of 

publications using Au NS within this range for SERS applications.18-21, 27, 35-36 

Herein, the SERS performance of Au NS synthesized using HEPES and EPPS buffer 

was examined without any centrifugation or cleaning steps. There are a few reasons for 

studying the Au NS in the presence of the buffer ligand. First, we aim to develop a feasible 

SERS platform with a limited amount of synthesis, purification, and analysis steps, and 

one that requires limited instrument involvement. The presence of the buffer ligands also 

provides insight into the competition between a thiolated Raman probe, MBN, in this case 

and the buffer ligands for the nanostar surface sites. This competition offers an 
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understanding of the colloidal behaviour of the Au NS and their inherent SERS 

performance. Moreover, we can examine the long-term stability of the Au NS following 

functionalization with a thiolated Raman probe by monitoring the SERS performance. 

This reflects the significance of the buffer ligands on the stability of the nanostars post-

functionalization. 

 
Table 4-2. Comparison of Au NS Synthesized Using Good’s Buffers for SERS Applications 
 
 

Type of synthesis 
Buffer type and 

ratio 
Platform Application Reference 

Seedless/seeded 
EPPS 

R = ~300 
Cellular 

SERS imaging of breast 
cancer cells 

27 

Seedless/seeded 
EPPS  

R = 400 
Colloidal Detection of uranyl 18 

Seedless/seeded 
EPPS  

R = 200 
Surface Detection of uranyl 19 

Seedless 
HEPES 

R = ~310 
Surface Lateral flow assay 20 

Seedless 
HEPES 

R = ~625 
Surface Lateral flow assay 21 

Seedless 
HEPES 
R = 200 

Surface 
Development of SERS 

graphene-nanostar 
composite nanoprobe 

35 

Seedless 
HEPES 

R = 83– 500 
Surface 

Synthesis of graphene 
nanostar 

nanocomposite 

36 

Seedless 
HEPES/EPPS 
R = 100–1000 

Colloidal 
SERS optimization and 

detection 
This work 

*Seedless/seeded – Au NS initially are synthesized using a seedless method. The Au NS are used as seeds to produce nanostars with 
longer branches via addition of HAuCl4. 

 

Figure 4-5A shows the Raman spectra of 5 µM MBN associated with R100 for both 

HEPES and EPPS buffers. Similarly, Figure 4-5B shows the spectra of MBN at R1000 for 

both HEPES and EPPS buffers. The Raman band at 1044 cm-1 is attributed to the 

symmetric stretch of sulfonate group of the buffers.30 In Figure 4-5C, the band at 1044 

cm-1 can be observed prominently in a control experiment showing the spectra of water, 

1 M HEPES, and 0.5 M EPPS buffers. 
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Figure 4-5. Raman spectra of 5 µM MBN comparing different Au NS. (A) HR100 and ER100, and (B) 
HR1000 and ER1000. (C) Raman spectra of water, 0.5 M EPPS, and 1 M HEPES buffer.  
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The results in Figure 4-5A and 5B indicate that Au NS synthesized using HEPES 

buffer at the lowest gold to buffer ratio (HR100) have a superior SERS performance. We 

compared the Au NS synthesized using the two buffers at 100 and 1000 ratios with 

respect to the three major Raman bands at 1075, 1586, and 2233 cm-1. The intensities of 

these bands for HR100 were approximately four times higher than that of ER100, as 

shown in Figure 4-5A, while the intensities of these bands for HR1000 were 

approximately two times higher than those of ER1000, as shown in Figure 4-5B. Table 4-

3 shows the major Raman peak assignments for MBN, according to previously published 

papers.37-39 

Table 4-3. Major Band Assignments Listed for the SERS Spectrum of MBN on the Surface of Au NS 

 

Band position (cm-1) Assignment37-39 

1075 C-S and C-C stretching  

1178 C-H bending and C-C stretch 

1204 C-H bending and C-C≡N stretching modes 

1586 C-C stretch 

2233 C≡N stretch 

 

An in-depth analysis of three of these major SERS bands of MBN for different 

[buffer] to [HAuCl4] ratios using HEPES and EPPS is shown in Figure 4-6A and 6B, 

respectively. Plotted in these figures are the intensities of the three bands at each buffer 

ratio. In Figure 4-6A, there is variation of the Raman bands intensities with increasing 

HEPES buffer concentration. However, such a variation was not observed in the case of 

the EPPS buffer, as shown in Figure 4-6B. The dynamics between the thiolate–gold and 

the buffer–gold interactions at the nanostar surface may provide an explanation for the 

Raman enhancement of MBN using different buffers and at different ratios.   
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Figure 4-6. Column graph of the peak height of different vibrational modes of MBN at different 
buffer/HAuCl4 ratios. (A) HEPES and (B) EPPS. 
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HEPES and EPPS molecules act as reducing, shape directing, and stabilizing agents 

in the synthesis of Au NS.25, 30 The piperazine contains two cationic free radical tertiary 

amines that can reduce Au3+ to Au0.25, 28 Additionally, the terminal alkanesulfonate group 

interacts with the Au NS surface and acts as a shape directing agent, while the terminal 

hydroxyl group acts as a stabilizing agent and facilitates bilayer formation of the buffer 

ligand.25-26, 30 Upon addition of MBN to the Au NS, there is a competition between the 

HEPES or EPPS and the MBN for surface sites. In the case of HEPES buffer, Au NS at a 

smaller ratio (R100 and R300) provide a higher Raman enhancement compared to those 

synthesized at a larger ratio (R500, R700, and R1000) (Figure 4-5A). Previous studies 

suggest that at lower HEPES concentration, the formation of a bilayer is incomplete or 

collapsed26, 30 and, in turn, facilitates the adsorption of MBN onto the Au NS surface.  

Conversely, at high HEPES concentration (>100 mM) the formation of a bilayer 

limits the adsorption of MBN. This interaction is observed by monitoring the SERS 

performance of Au NS at different buffer to gold ratios. In Figure 4-6A, the highest SERS 

intensity is found at HR100 (20 mM HEPES), twice that of HR1000. As the ratio increases, 

the SERS intensity gradually decreases (HR300, 60 mM HEPES) and plateaus from HR500 

to HR1000 (100–200 mM HEPES). Figure 4-6B is a column graph of MBN peak intensities 

from ER100 to ER1000. Notably, the peak intensities of MBN are constant regardless of 

the buffer to gold ratio. One possible explanation involves the binding energy differences 

between HEPES–HEPES and EPPS–EPPS dimers. A computational study using the 

polarizable continuum model determined that HEPES–HEPES and EPPS–EPPS dimers 

have a Gibbs free energy of 25.7 and -1.0 KJ/mol, respectively.26 Although EPPS has only 

one extra methylene group more than HEPES, we assume that this may promote a more 
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densely packed self-assembled monolayer on the Au NS through hydrophobic 

interactions similar to alkanethiol monolayers.40 In comparison to HEPES, this could 

provide a more flexible orientation and configuration of the EPPS and could lead to less 

available surface sites for Raman active molecules.  

Another possible explanation involves the growth direction of the Au NS branches. 

Chandra et al. have shown that the buffer type impacts the growth direction of Au NS 

branches. Their results show that Au NS synthesized from HEPES have branches growing 

in the [111] direction and that Au NS synthesized from EPPS have branches growing in 

the [110] direction.25  It is known that the gold crystal face can play a significant role in 

the surface coverage of thiol-derived monolayers.41  Thus, surface coverage of MBN on 

the Au NS can vary for these different crystal faces. The amount of MBN binding to the Au 

NS possibly could be a result of the different deposition sites produced from HEPES and 

EPPS. 

 The above discussion was based on buffer–buffer and buffer–gold interactions, 

however, another possible explanation for the change in SERS performance at different 

ratios might be attributed to the changes in size and shape differences at different buffer 

to gold ratios. A recent study suggests that a different surface curvature can affect the 

SERS enhancement and the longevity of the colloidal substrate drastically.39 It is difficult 

to understand the exact mechanism(s) for the differences in SERS performance at 

different buffers and ratios. However, the variations of the SERS intensities observed are, 

at most, a factor of four. We believe that these differences are primarily due to surface 

coverage of the probe MBN rather than any large electromagnetic differences.   
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The benefits of using a colloidal SERS substrate are the good reproducibility 

provided by sample homogeneity and its ease of use. Figure 4-7A shows Raman spectra 

of MBN from Au NS within the same batch on different days. The peak intensity from the 

C–S stretching vibration on different days is plotted in Figure 4-7B. The Au NS HR100 

were functionalized with 5 µM MBN and measured on day 0. Next, the Au NS were 

measured after being stored at 4 °C for a given period of time. Over a period of 78 days 

the Au NS showed a %RSD range of 1–5% within the same day and a %RSD of 8% 

between days, suggesting good colloidal stability and a long-term storage capability at 4 

°C, even after functionalization. This also shows the potential to store Au NS 

functionalized with a reporter for long-term applications. As a comparison, Figure 4-7C 

shows SERS spectra of Au NS HR100 modified with 5 µM MBN drop-casted onto a silicon 

wafer obtained from 100 random points. The %RSD for these 100 points is 51%, which 

is significantly higher than the %RSD produced from the solution-based substrate, 

demonstrating the significance of substrate homogeneity in colloidal substrates. 
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Figure 4-7. Au NS stability. (A) Raman spectra of MBN showing signal reproducibility from Au NS 
substrates. (B) Bar chart of MBN C–S stretch peak intensity showing stability of Au NS in the fridge. (C) 
Raman spectra of 5 µM MBN drop-casted onto a silicon wafer analyzed using a Renishaw Raman 
microscope at 785 nm at 100 random points. 

 

 Rapid Analysis of Analytes Using Colloidal Au NS Nanoaggregates 

Aggregating agents commonly are used to enhance the SERS signal by entrapping 

molecules between interstitial hot spots.42-45 In this work, NaCl (200 mM) is used to 

produce dispersible Au NS nanoaggregates to increase the Raman enhancement. Figure 

4-8A shows Raman spectra of MBN using Au NS HR100 and ER100 before and after the 

addition of NaCl. The addition of NaCl results in a significant increase in peak intensity 

for both HR100 and ER100, with the HR100 formulation exhibiting the highest peak 

intensity. Figure 4-8B shows the extinction spectra of Au NS HR100, Au NS after the  
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Figure 4-8. The impact of NaCl addition on Au NS. (A) Raman spectra of MBN using Au NS R100 before 
and after salt addition for both HEPES and EPPS buffer. (B) UV-vis spectra showing the extinction of Au NS 
HR100 after the addition of MBN and after the addition of MBN and NaCl. 
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addition of MBN (5 µM), and then after the addition of NaCl; the inset is a photograph of 

the Au NS at each stage. The Au NS HR100 show a LSPR λmax at 566 nm, and with the 

addition of MBN, we observe a slight decrease in the peak intensity and a broadening in 

the peak width in the 600–775 nm range of the spectrum. We also observe a slight colour 

change from light purple to dark purple. This is attributed to MBN adsorbing onto the Au 

NS surface and changing the local dielectric constant. After the addition of NaCl, there is 

a large red-shift and broadening of the LSPR peak, indicating the formation of Au NS 

aggregates. The colour of the Au NS changes from a dark purple to a light blue/grey. The 

UV-vis extinction results are consistent with the formation of Au NS nanoaggregates with 

the addition of NaCl, and this explains the large enhancement observed in the Raman 

data. 

The size and colloidal stability of the Au NS nanoaggregates were studied using 

DLS and zeta potential measurements, and the results are shown in Table 4-4. The Au NS 

HR100 have a z-average diameter of 49.4 ± 0.9 nm. With the addition of MBN, we observe 

an increase in the z-average diameter due to the adsorption of MBN onto the Au NS 

surface through a gold–thiol linkage. Addition of NaCl causes the z-average diameter to 

increase to 379 nm, indicating the formation of Au NS aggregates. The increase in the z-

average diameter with the addition of analytes and NaCl is expected. The polydispersity 

index (PDI) decreases with the addition of MBN and NaCl, indicating the Au NS become 

more uniformly dispersed. The zeta potential remains relatively constant throughout the 

additions of MBN and NaCl.   
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Table 4-4. Size and Colloidal Stability Study of Au NS Nanoaggregates Using Dynamic Light 
Scattering and Zeta Potential Measurements 
 

Au NS HR100 z-average diameter (nm)a PDIa Zeta potential (mV)b 

Unmodified 49.4 ± 0.9 
 

0.38 ± 0.04 
 

-35 ± 1 

+ MBN 54.7 ± 0.4 
 

0.29 ± 0.01 -36.9 ± 0.9 

+ NaCl 379 ± 54 
 

0.23 ± 0.03 -34 ± 2 

a n = 5 with each measurement consisting of 13 sub-measurements. Analysis is based on a measurement time of 8 min. 
b n = 5 with each measurement consisting of 20 sub-measurements. Analysis is based on a measurement time of 5 min. 

*pH values of the Au NS solutions were at 6.5–7 and were measured using Accumet pH paper. 

 

Centrifugation of the Au NS was examined as a possible SERS optimization 

parameter. We wanted to ensure that any excess buffer molecules did not affect the SERS 

performance of the substrate negatively. The extinction spectra in Figure 4-9A show that 

centrifugation has no significant effect on the LSPR peak, i.e., peak shifts or broadening 

(aggregation) after redispersion. The downside to centrifugation is the loss of nanostars, 

as evidenced by the decrease in LSPR band intensity, thus potentially impacting the 

Raman enhancement. Figure 4-9B and 9C show the Raman spectra of Au NS HR100, Au 

NS + MBN, and Au NS + MBN + NaCl before and after centrifugation, respectively. The 

spectra show similar results, indicating that centrifugation has little to no effect on the 

substrate and that the excess HEPES buffer at R100 does not impede with analyte 

adsorption onto Au NS. Since the buffer has no negative impact on detection when using 

the Au NS, centrifugation is an unnecessary step in the analysis. Moreover, the HEPES 

buffer is necessary for the Au NS to remain colloidally stable, as previously discussed. 
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Figure 4-9.The impact of centrifugation on Au NS. (A) UV-vis spectra of Au NS HR100 before and after 
centrifugation (14000 rpm, 10 min) at different stages of the analysis. Raman spectra of MBN using Au NS 
HR100 showing the effect of centrifugation where (B) before and (C) after centrifugation.  
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Figure 4-10 shows the Raman spectra of four different analytes, namely TBZ, MTZ, 

MG, and Cipro, which extend the applications of Au NS for solution-based SERS. All these 

analytes were detected in solution within 5 min.  TBZ and MTZ are examples of sulfur 

containing molecules that can be adsorbed onto Au NS by chemisorption through thiolate 

chemistry, while MG and Cipro are examples of non-sulfur containing molecules that can 

be adsorbed onto Au NS by nitrogen atoms and/or physiosorbed. The rapid detection of 

two sulfur-containing molecules, TBZ and MTZ, using Au NS HR100 are shown in Figure 

4-10A and 10B. TBZ is a common fungicide applied after harvest to prevent mold and rot 

on fruit and vegetables.46 The use of TBZ has been classified as likely to be carcinogenic 

at high concentrations and poses thyroid hormone production imbalance risks.47-48 Since 

TBZ is used widely in fruits and vegetables, ranging from applesauce to sweet potatoes, 

the maximum residue limit (MRL) will differ per commodity. For example, the United 

States Environmental Protection Agency (US EPA) has set a tolerance limit of 5 ppm and 

10 ppm for applesauce and sweet potatoes, respectively (~25–50 µM).49 Figure 4-10A 

shows the Raman spectrum of 5 µM TBZ adsorbed onto Au NS before and after the 

addition of NaCl (200 mM). The major bands are summarized in Table 4-5, according to 

a previously published paper.50 The use of colloidal Au NS nanoaggregates shows the 

capability to detect TBZ well below the set tolerable limit and could be used to detect TBZ 

in real samples. 
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Figure 4-10. In-solution SERS spectra before and after the addition of NaCl. (A) 5 µM thiabendazole 
in 0.1 M HCl, (B) 1 µM methimazole in water, (C) 0.5 µM malachite green in water, and (D) 5 µM 
ciprofloxacin in 0.1 M HCl using a colloidal Au NS HR100 substrate before and after the addition of NaCl 
(200 mM). 

Table 4-5. Major Band Assignment Listed for the SERS Spectrum of TBZ on Au NS 

Band position (cm-1) Assignment50 
788 C–H out-of-plane bending 

1012 C–H out-of-plane bending 

1276 ring stretching  

1580 ring stretching and C=N stretching 
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MTZ commonly is used as an anti-hormone pharmaceutical to treat 

hyperthyroidism by regulating the production of thyroxine and triiodothyronine.51-52 

Moreover, MTZ often is applied illegally to animal feed to promote animal weight gain by 

increasing water retention in tissues.51, 53 Monitoring and limiting the exposure of MTZ 

is important, as MTZ is known to have multiple side effects. These side effects include 

skin irritation, impaired olfaction, allergies, impaired taste, pharyngitis, nephritis, and 

liver cirrhosis.51-52, 54 Metabolization of MTZ leads to further MTZ intermediates known 

to have cytotoxic effects in the body.54 Figure 4-10B shows the Raman spectrum of 1 µM 

MTZ before and after the addition of NaCl adsorbed onto Au NS. These bands are 

summarized in Table 4-6, according to a previously published papers.55-60 MTZ is looked 

at in more details below. 

Table 4-6. Major Bands Assignments Listed for the SERS Spectrum of MTZ on Au NS 

Band position (cm-1) Assignment55-60 

500 S–C–N in plane bending 

616 ring out-of-plane bending, ring C–H, and N–H out-of-plane bending 

1037 ring bending, ring C–H bending, and C–S–H bending 

1086 ring C–N stretching and ring C–H bending 

1145 C–S stretching, ring C–H bending, and C–N stretching 

1320 ring C–N stretching, ring bending, and ring C–H bending 

1364 C–N stretching, ring bending, and ring C–H bending 

The detection of two non-sulfur containing molecules (MG and Cipro) using Au NS 

substrate are shown in Figure 4-10C and 10D. MG is a highly effective fungicide used to 

mitigate fungi and parasite growth in the aquaculture industry.61 In Canada, MG is 
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approved for use only on aquarium fish, and is not permitted for use on food-producing 

animals/fish.62 MG and its metabolite, leucomalachite green, are known to reside in fish 

tissue and are known to have mutagenic and teratogenic effects on humans.61-62 While its 

use on aquarium fish is approved, improper disposal or careless treatment of aquarium 

fish could lead to accidental contamination of surrounding bodies of water and fish. 

Figure 4-10C shows the in-solution Raman spectrum of 0.5 µM MG adsorbed onto 

colloidal Au NS before and after the addition of NaCl. These bands are summarized in 

Table 4-7, according to a previously published paper.63 MG was used as an example of a 

fluorescent dye to show the capability of Au NS to detect such a molecule.  

 

Table 4-7. Major Band Assignments Listed for the SERS Spectrum of MG on Au NS 
 

 
Band position (cm-1)  Assignment63 

1172 in-plane C–H ring vibration 

1220 C–H rocking 

1368 N-phenyl stretching vibration 

1592 C–C stretching 

1616 C–C stretching 

 

 Cipro is a fluoroquinolone antibiotic used to treat bacterial infections relating to 

the urinary tract, prostatitis, sinusitis, bones, and joints.64 Figure 4-10D shows the Raman 

spectrum of Cipro adsorbed on Au NS before and after the addition of NaCl at a 

concentration of 5 µM. These bands are summarized in Table 4-8, according to previously 

published papers.65-66  
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Table 4-8. Major Band Assignments Listed for the SERS Spectrum of Cipro on Au NS 
 

Band position (cm-1)  Assignment65-66 

1392 symmetric O–C–O stretching 

1496 Asymmetric O–C–O stretching 

1544 quinolone ring ring stretching  

1636 Asymmetric aromatic ring g stretching 

 

The detection of the analytes described above can be measured rapidly at low µM 

range (within 5 min) using colloidal Au NS via either chemisorption or physisorption 

mechanisms using the handheld Raman device. As shown in Figure 4-10, most of the 

analytes are detectable without the use of NaCl. However, with the addition of NaCl, the 

analyte signal is enhanced due to the aggregation of the Au NS, subsequently forming 

more SERS hot spots.  

 

 Measurements of MTZ in Urine Using Au NS Nanoaggregates 

MTZ was chosen as the target molecule for a quantitative method development and 

measurement in a complex matrix. As noted above, MTZ is an anti-hormonal 

pharmaceutical used to treat hyperthyroidism, and individuals with MTZ in their system 

will excrete it in their urine.51-52 Chromatography commonly is used to detect and 

quantify MTZ in urine.52 However, the downside to using chromatography is that it is 

labour intensive and often requires instrumental expertise, sample extractions, 

preconcentration, or derivatization treatment before analysis.51-52 The limit of detection 
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of MTZ by liquid chromatography methods can range from a concentration of nM to 

µM.51-52 A simple and less labour intensive method that can quantify MTZ in urine 

competitively would be useful. A graphical representation of using Au NS as SERS 

substrate for MTZ detection is shown in Figure 4-11.  

 

 

Figure 4-11. General scheme represents in solution SERS measurement of MTZ using Au NS and a 
handheld spectrometer. 

 

4.3.4.1 Method Development 

Figure 4-12 shows quantitation of MTZ using colloidal Au NS nanoaggregates as a water 

dispersible SERS substrate. Raman spectra of MTZ at different concentrations in water 

are shown in Figure 4-12A. Each concentration is represented by an average spectrum 

composed of three samples measured three times at different spots in a glass vial (n = 9). 
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Figure 4-12. MTZ quantitation. (A) Raman spectra of MTZ at various concentrations using Au NS HR100 
and NaCl. (B) Calibration curve of MTZ using colloidal Au NS HR100. (C) Bar graph of the batch to batch 
reproducibility of Au NS using MTZ. (D) Instrument comparison in the detection of MTZ (1.15 µM) in urine 
using Au NS. 

 

The peak used for quantitation is highlighted in light blue and is the N–C stretching 

vibration at 1364 cm-1. As the concentration of MTZ is increased, the peak intensity also 

increases. Figure 4-12B is a plot of the intensity of the1364 cm-1 band vs concentration. 

The plot exhibits a linear portion and curves at low and high concentrations. The 

curvature at lower concentration indicates the limit of the measurement. The “levelling-

off” at high concentration likely indicates that the adsorption sites on the aggregates are 

saturated. A linear least square fit of a portion of the plot can be used as a calibration 

curve. From this linear portion, the limit of detection and limit of quantification were 



170 
 

determined as 0.1 and 0.3 M, respectively. The dynamic range is determined to be 

between 0.3 and 0.9 M.  

 The batch-to-batch reproducibility of the Au NS was monitored using the peak 

intensity at 1364 cm-1 of MTZ. Figure 4-12C shows a bar chart of the peak intensity using 

three different Au NS batches. Each batch consists of three samples analyzed three times, 

each at different spots (n = 9). The percent relative standard deviation (%RSD) between 

samples within the same batch was between 5 and 8%, while the %RSD between 

different batches was 16%. %RSD for a range of SERS substrates generally is reported up 

to about 15–20%.67 

 Figure 4-12D shows the in-solution SERS spectrum of MTZ using different Raman 

instruments. We compared a Renishaw Raman microscope, a DeltaNu benchtop Raman 

spectrometer, and a B&W Tek TacticID handheld Raman spectrometer qualitatively. All 

sample conditions, such as MTZ concentration, sample volume, NaCl concentration, and 

mixing times, were held constant. The spectra were normalized for the power density 

and the acquisition time. The peak intensity at 1364 cm-1 was determined as 466 ± 28, 

493 ± 33 and 5915 ± 320 (counts µm2/mW s) for the Renishaw Raman microscope, 

DeltaNu benchtop Raman spectrometer, and the B&W Tek TacticID handheld Raman 

spectrometer, respectively. The three Raman systems differ vastly in their optical setup, 

with some details that could not be given by the vendors due to intellectual property 

rights. Therefore, the purpose of our comparison here is mainly to show the potential 

applications of Au NS using different Raman systems, especially a handheld one. The 

handheld device seems to be the most effective by providing the highest signal intensity 

in units of Counts µm2/mW s. Table 4-9 compares the instrument parameters and the 
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detection results at 1364 cm-1. It also is important to note that the %RSD is relatively 

consistent amongst all instruments. It is also worth mentioning that the Renishaw Raman 

microscope provided the highest signal intensity in terms of counts/mW s followed by 

DeltaNu and TacticID. A typical user may not be concerned about spot size, but power 

and time are usually known and controlled. While the TacticID handheld device is less 

expensive than the other spectrometers and provides rapid on location analysis, it does 

not allow the user to control the acquisition time manually. This can be considered as a 

shortcoming of TacticID where data has to be normalized and processed after 

measurements.   

 

Table 4-9. Comparison of Raman Instruments for the Detection of MTZ 

 
 

  Instruments 

  Renishaw DeltaNu TacticID 

Pa
ra
m
et
er
s 

Power (mW) 115 ± 1 37 ± 1 300.0 ± 0.2 

Time (s) 15 10 N/A* 

Laser spot size (µm2) 26 491 7854 

Power density (mW/µm2) 4.4 0.076 0.038 

D
et
ec
ti
on

 a
t 

 
13
64

 c
m

-1
 

Intensity (Counts µm2/mW s) 466 ± 28 493 ± 33 5915 ± 320 

Intensity (Counts /mW s) 18 ± 1 1 ± 0.1 0.75 ± 0.04 

%RSD 6 7 5 

* TacticID does not allow the user to set the acquisition time. The time varies from sample to sample, however, it can be noted and 

accounted for in the data treatment.  
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Figure 4-13 shows the Raman spectra of MTZ in the absence and presence of Au 

NS collected with TacticID. The MTZ in water is at a concentration of 16 mM, and the peak 

at 1364 cm-1 is hardly visible. The MTZ in Au NS nanoaggregates is at a concentration 

of0.917 µM and shows a large enhancement at 1364 cm-1.   

 

 
 
Figure 4-13. Raman spectra showing the enhancement of methimazole in the presence of Au NS 
HR100. 
 

The enhancement factor for Au NS HR100 was determined using the analytical 

enhancement factor formula68, as shown as in equation 4-4:  

                                                     𝐴. 𝐸. 𝐹. =  
𝐼SERS

𝑐SERS
⁄

𝐼Raman
𝑐Raman

⁄
                                                        (Eq 4–4) 

where ISERS and IRaman are the peak intensities at 1364 cm-1 of MTZ in the presence and in 

the absence of Au NS HR100, respectively.  The cSERS and cRaman terms are the solution 
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concentrations of MTZ in the SERS and normal Raman measurements (0.917 µM and 16 

mM), respectively. The enhancement factor from the Au NS was calculated to be 5.2x105. 

This value falls within the typical enhancement factor value ranges reported in the 

literature.68 

4.3.4.2 Measurement in Complex Matrix 

Human urine is a complex matrix consisting of non-protein nitrogenous compounds (e.g., 

urea), inorganic ions and salts, water soluble toxins, and haemoglobin by-products.69 

Individuals that use MTZ to treat hyperthyroidism will excrete excess amounts in their 

urine.51-52 The amount of MTZ retained in tissues can be harmful to the individuals’ 

health;51 it can be quantified by monitoring the amount of MTZ excreted in urine. In our 

study, we spiked synthetic urine with MTZ and used our colloidal Au NS SERS substrate 

to quantify the amount of MTZ. Figure 4-14 shows the Raman spectra of MTZ found in 

urine, along with the corresponding control experiments. In the urine spectrum, we 

observe a peak at 1008 cm-1.  

Based on previous work involving urine analysis, the peak at 1008 cm-1 likely 

corresponds to urea due to a symmetrical CN stretching vibration.69-72 When urine is 

spiked with MTZ (0.2 mM as a final concentration), no bands corresponding to MTZ are 

observed. When urine is mixed with the Au NS nanoaggregate substrate, only the HEPES 

buffer peak is visible. The disappearance of the 1008 cm-1 peak may be due to the dilution 

of the urine into the Au NS. The urine sample spiked with MTZ (0.5 µM as a final 

concentration) mixed with the Au NS nanoaggregates shows a large enhancement of 

MTZ. Using the calibration curve obtained in water (Figure 4-12B), MTZ in urine was 

examined at 0.5 and 0.8 µM and showed recoveries of nearly 100% (Table 4-10).  
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Figure 4-14. In solution SERS spectrum of MTZ in urine and associated control spectra. 

 

Table 4-10. Recoveries of MTZ in Urine Using Au NS Nanoaggregates as a SERS Substrate 

 
 

Spiked amount of MTZ (µM) Calc. amount of MTZ (µM) % Recovery % RSD 

0.5 0.495 ± 0.009 99 ± 2 2% 

0.8 0.83 ± 0.05 104 ± 6 5% 
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 Conclusions 

The synthesis of Au NS using HEPES and EPPS buffer were explored systematically to 

determine the optimal buffer and buffer to gold ratio for colloidal SERS analysis. We 

determined that Au NS synthesized using HEPES at R=100 produced the highest signal 

intensities. The SERS signal intensities have been attributed to the thermodynamics and 

kinetics of adsorption, desorption, and ligand exchange between the buffer molecules 

and the Raman probe. This relationship is complicated but can be attributed mainly to 

the surface coverage of the probe molecule. The HR100 Au NS are stable in the long term 

(>2 months in the fridge) after functionalization with the Raman probe (relative standard 

deviation of 8%). These nanostars potentially could be functionalized and stored for 

other SERS assay applications. Our colloidal Au NS substrate detected a variety of 

analytes, notably cipro, TBZ, MG, and MTZ, in less than 5 min. The addition of NaCl 

significantly improved the Raman intensities through the formation of nanoaggregates. 

A SERS assay was developed for the detection and quantitation of MTZ. The assay 

produced a limit of detection of 0.1 M and a recovery of nearly 100% when MTZ was 

spiked in urine. The coupling of a water dispersible Au NS SERS substrate with a 

handheld Raman device promotes on-site and in-process quality control of field analyses. 
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Chapter 5 
  
Graphene–Silver Nanocomposite as a Colloidal SERS 
Substrate  
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5.1 Introduction 

The development of sensitive biosensing platforms that are able to detect and quantify 

chemical and biological molecules can impact many fields, including biological, forensic, 

medical, and environmental domains.1-2 Graphene is a 2D carbon structure with a large 

surface area and unique electrical, optical, and thermal properties, which make it suitable 

for a wide spectrum of applications.3 Graphene and its derivatives, such as graphene 

oxide (GO) and reduced graphene oxide (RGO), can interact with planar organic 

molecules through various noncovalent adsorption mechanisms, including π−π stacking, 

electrostatic, and/or van der Waals forces.4-9 The interaction of graphene with organic 

dyes can lead to fluorescence quenching.4, 7-9 Graphene can bind also to nucleobases and 

nucleosides.10 

The capability of graphene to bind to nucleobases and to quench fluorescence has 

attracted a lot of interest to employ graphene and its derivatives in sensing platforms, 

based on fluorescence resonance energy transfer (FRET).11-22 In this platform, single 

stranded DNA (ssDNA ), RNA, or aptamers labelled with a fluorophore adsorb on the 

graphene surface, leading to fluorescence quenching.11-22 However, upon introducing the 

complementary strands or the target molecule in the case of aptamers, the probed strand 

detaches from the graphene surface to bind to its complementary strand or target 

molecule, which results in restoring  the fluorescence signal.11-22 This platform has been 

extended for cellular imaging due to its water dispersibility and biocompatibility.23-28   

The capability of graphene to quench fluorescence and adsorb molecules by π–π 

stacking has extrapolated its use into surface enhanced Raman scattering (SERS). Liu and 

co-workers showed that graphene can be used as a substrate to suppress fluorescence 
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background from rhodamine 6G (R6G) and protoporphyrin IX (PPP).29 This enabled 

them to observe the resonance Raman signals of these molecules upon adsorption on 

graphene without the use of plasmonic nanostructures.29 The same group also showed 

that the Raman signals of phthalocyanine (PC), crystal violet (CV), R6G, and PPP, using 

resonant and non-resonant excitation wavelengths, are enhanced upon adsorption on 

graphene compared to a SiO2/Si substrate  due to chemical enhancement.30 They showed 

also that the Raman signal intensities reduced with the increase in the number of 

graphene layers.30 This led to the introduction of graphene enhanced Raman scattering 

(GERS).31 Zhang and co-workers demonstrated using PPP in a distance dependent study 

that GERS belongs to the chemical enhancement mechanism.31 Yu et al. showed that by 

tuning the reduction of GO nanosheets, they can have higher Raman signal intensities 

than those of mechanically exfoliated graphene.32 They observed an enhancement factor 

of up to 103 of rhodamine B (RhB), and they attributed that to the role of electronegative 

oxygen species in the chemical enhancement mechanism.32 Nam’s group observed a 104 

enhancement factor using a large area graphene grown by chemical vapor deposition 

(CVD) as a SERS substrate.33 They reached this enhancement level by increasing 

oxygenated species on graphene using a UV/ozone treatment.33 Yaghobian and co-

workers showed that 4-mercaptobenzoic acid (4-MBA) gave a reproducible GERS 

effect.34 However, the SERS enhancement using silver nanoparticles was higher than that 

of the GERS in that study.34   

Graphene can offer a large surface area 2D platform for the attachment of 

plasmonic nanostructures.35-37 The attachment of metallic nanoparticles can be achieved 

without the use of capping agents.35, 38 The size and loading density of metal 



186 
 

nanoparticles can be controlled on a graphene surface, which leads to SERS enhancement 

tunability.35, 39 This has led to the development of SERS assays, based on graphene–

plasmonic particle nanocomposites and DNA. For example, Fan et al. developed a label 

free SERS platform, based on a gold nanopopcorn–graphene nanocomposite for the 

detection of methicillin-resistant Staphylococcus aureus (MRSA) bacteria and DNA 

sequence related to HIV.36 The enhancement factor of the nanocomposite was two orders 

of magnitude higher than that of gold nanopopcorn and nine orders of magnitude higher 

than that of GO.36 He and coworkers used a gold–graphene nanocomposite as a SERS 

substrate for multiplexed DNA detection upon hybridization, with a limit of detection of 

10 pM.40 Lin et al. developed a SERS platform for DNA detection upon hybridization.41 

Their platform depended on the modification of a silver–graphene nanocomposite 

surface with thiolated DNA on one end. On the other end, a complementary thiolated DNA 

strand was attached to silver nanoparticles (AgNPs) that were functionalized with 4-MBA 

as a Raman probe.41 The hybridization led to an increase in the SERS signal of 4-MBA, as 

it brought it closer to the surface of the nanocomposite. This SERS platform showed a pM 

limit of detection.41 Although graphene–silver nanocomposites have been used  in SERS 

assays for DNA detection, these assays have not utilized the nanocomposites in their 

colloidal form.41-45   

Herein, we are presenting the use of a graphene–silver nanocomposite as a 

colloidal SERS substrate. The plasmonic behavior and SERS performance of this 

nanocomposite can be tuned by the particle size of AgNPs integrated on the surface. The 

nanocomposites showed superior SERS performance compared to silver nanoparticles 

when they are mixed with a dye labelled DNA in a buffer solution. The platform can be 
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used to detect DNA hybridization, where the SERS signal of a dye-labelled DNA can be 

reduced upon hybridization with a complementary strand.  

   

5.2 Experimental 
5.2.1 Reagents 

Graphite powder (300 mesh) was purchased from Alfa Easer. Potassium permanganate 

(KMNO4) and sulphuric acid (H2SO4, 95.0%–98.0%,) were purchased from Caledon. The 

following reagents were obtained from Sigma-Aldrich: 10-nm citrate capped AgNPs, 

sodium borohydride (NaBH4, 99.99%), hydrogen peroxide (30% (W/W)), 4-

nitrobenzenthiol (NBT, 80%), acetonitrile (ACN, ≥99.9%), anhydrous magnesium 

chloride (MgCl2, ≥98%), potassium phosphate monobasic (KH2PO4, ≥99.9%), and 

potassium phosphate dibasic (K2HPO4, ≥99.9%). Phosphoric acid (H3PO4, 85%) was 

purchased from Fisher Scientific and dialysis membranes with 1000 molecular weight 

cutoff was purchased from VWR.  Cyanine 5 labelled DNA with a sequence of 5’-Cy5-TTG 

TTA ATT-3’ (CY5-DNA) and its complementary DNA (cDNA) strand were purchased from 

Integrated DNA Technologies, Inc.  (IDT). 10 mM potassium phosphate buffer (PPB) 

containing 9.4 mM K2HPO4, 0.6 mM KH2PO4, and 1 mM MgCl2 (pH = 8) was used in all 

DNA experiments. Deionized (DI) water (18.2 MΩ cm) was used for all syntheses and 

measurements, unless stated otherwise. 

 

5.2.2 Synthesis of Graphene Oxide (GO) 

Graphene oxide sheets were synthesized according to previously published methods, 

with some modifications.28, 46 In an ice bath, 0.3 g of graphite powder was mixed with a 
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mixture of concentrated sulphuric and phosphoric acids in a ratio of 9:1 (36:4 mL). Then, 

1.8 g KMnO4 were added portion-wise over an hour. [Warning: This reaction has to be 

performed with extreme care in an ice bath. The addition of KMNO4 has to be in a portion-

wise manner over an hour to ensure cooling of the reaction after each addition. A 

thermometer has to be used to make sure that the temperature is less than 5 °C before each 

addition. This mixture presents an explosion hazard. All work has to be performed in an 

appropriate chemical fume hood with the proper personal protective equipment] Then, the 

mixture was stirred for 12 h at 50 °C. Afterwards, the mixture was cooled to room 

temperature before it was transferred to a beaker containing 40 mL ice water, then 30% 

H2O2 was added drop by drop till no bubbling was observed, and the solution color 

turned light brown. The solution was filtered by vacuum filtration through a nylon filter 

with a 0.2-µm pore size. The slurry was washed three times with 1 L of 10 % HCL acid 

and then washed with Milli-Q water extensively.  The powder was collected after being 

air dried and was dissolved in Milli-Q water to make a 0.5% solution (wt./vol.). This 

solution was transferred into dialysis tubes with a 1K molecular weight cut-off (MWCO) 

and placed in a 4-L beaker filled with Milli-Q water. Dialysis was performed for two 

weeks, and the water was changed twice per day. The solution was vacuum filtered again, 

as before, and the slurry was air-dried. The obtained powder was dissolved to make a 0.4 

mg/mL suspension and then sonicated for 40 min for exfoliation. The suspension was 

kept at 4 °C till further use.  

5.2.3 Synthesis of Silver–Graphene Nanocomposites (NCs) 

Silver–graphene nanocomposites were synthesized according to a previously published 

paper by Kamat lab, with some modifications.35 A 5-mL GO suspension (0.2 mg/mL) was 



189 
 

mixed with different volumes of 0.1 M silver nitrate solution to yield a final concentration 

of silver nitrate of 1.9, 2.9, and 3.8 mM and was stirred for 5 min. Sodium borohydride 

was used as the reducing agent. A 90-µL aqueous solution of ice-cooled sodium 

borohydride (130 mM) was added in10-µL portions every 30 s; this led to the appearance 

of a yellowish color indicating the formation of silver nanoparticles. The solutions were 

mixed for 10 min after the last addition of sodium borohydride. Nanocomposites were 

denoted as NC1.9, NC2.9, and NC3.8, according to the silver nitrate concentration used. 

Nanocomposites were centrifuged for 10 min at 3000 rpm, and the supernatant was 

removed carefully. The pellets were resuspended in DI water, and the previous step was 

repeated twice. The pellets were resuspended in DI water to make a final volume of 5 mL 

and stored at 4 °C. A reduced graphene oxide (RGO) sample was prepared without using 

any silver nitrate following the same steps.  

5.2.4 Instrumentation  

5.2.4.1 Fourier transform infrared (FTIR) 

FTIR spectra of the bare and modified membranes were collected by a Nicolet 8700 

Continuum FTIR Microscope with 128 scans and a resolution of 4 in absorbance mode. 

5.2.4.2 Microscopy 

Transmission electron microscopy (TEM) 

Bright field transmission electron microscopy (TEM) was performed using a JEOL 2010 

TEM equipped with a LaB6 thermionic emission filament operating at an accelerating 

voltage of 200 kV. The sample was prepared by placing a drop of GO suspension on a 

carbon-coated, 200-mesh Cu grid and drying at room temperature. 
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Atomic force microscopy (AFM) 

The GO AFM image was collected by a Digital Instruments Nanoscope III Multimode 

microscope in tapping mode. A 5-µL of graphene oxide solution (0.2 mg/mL) was drop 

casted on a precleaned silicon wafer by an ozone cleaner (UV0-Cleaner, Model No.42, 

Jelight Company Inc.) for 10 min and left to air dry at room temperature.  

Scanning electron microscopy (SEM) 

 Field emission scanning electron microscopy (FESEM) was performed using Zeiss Sigma 

FESEM at Nanofab. Samples were prepared by drop casting 5 µL of as prepared 

nanocomposites on precleaned silicon wafers by an ozone cleaner (UV0-Cleaner, Model 

No.42, Jelight Company Inc.) for 10 min and left to air dry at room temperature. Image 

acquisition was conducted with a 5-kV accelerating voltage.  Images were analyzed with 

Gatan Digital Micrograph (version 2.31.734.0).  

5.2.4.3 Extinction spectroscopy 

Extinction spectra were collected using a double-beam PerkinElmer Lambda 35 

spectrometer. All experiments used a slit width of 1 nm and a scan rate of 960 nm/min. 

The samples were analyzed in quartz cuvettes. All samples were diluted by a factor of 

four with DI water before measurement, and DI water was used as a blank. 

5.2.4.4 Raman spectroscopy  

Raman spectra were collected with a Renishaw in-via confocal Raman microscope using 

a 514.5 nm Ar ion, air-cooled laser; the laser power and integration time are specified for 

each experiment. Solid and drop casting samples were mounted or dropped on gold 

coated glass microscope slides. These slides were fabricated by thermally evaporating 10 

nm Cr as an adhesive layer, followed by 300 nm Au in a thermal evaporation system, Torr 
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International. Spectra were collected using a 50x objective. All experiments involving 

colloidal samples were performed in a quartz cuvette using a 90° angle liquid cell holder, 

and spectra were collected using a 30x objective. A 5 mM 4-NBT stock solution was 

prepared in ACN, and the final concentrations after mixing with the nanocomposites was 

5 µM. These solutions were left overnight to ensure functionalization. For the CY5 

labelled DNA (CY5-DNA) SERS experiment, 1 mL of each of the NCs and 1 mL of 10-nm 

AgNPs were transferred to 2-mL Eppendorf tubes and centrifuged at 8000 rpm for 10 

min, then the supernatant was discarded carefully from each tube without disturbing the 

pellets. Next, the pellets were mixed with 1 ml of 1 µM CY5-DNA in 10 mM PPB and left 

for one hour at room temperature before taking Raman measurements. For the DNA 

hybridization experiment, 250 µL of 1 µM complementary DNA (cDNA) solution were 

mixed with the NCs containing CY5-DNA from the previous step and left for 1 h at room 

temperature before measuring them again. Wire 3.4 software was used for data 

acquisition, background subtraction, and analysis.  

 

5.3 Results and Discussion 

5.3.1 Graphite Chemical Exfoliation to GO Nanosheets 

GO can offer a scaffold with a large surface area that can be utilized to deposit 

nanoparticles for various applications.35, 47-48Hummers’ method is the most widely used 

method to exfoliate graphite powder into GO using a strong oxidizing agent in 

concentrated acids.46, 49 TEM and AFM were used to characterize the morphology of the 

synthesized GO. As depicted in Figure 5-1, the chemical exfoliation of graphite powder 

resulted in thin nanosheets of GO.  
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Figure 5-1. Exfoliation of graphite into GO. (A) TEM image of GO (scale bar 20 nm). (B) AFM image of 
GO (scale bar 2 µm). (C) Zoom in AFM image from (B) with a line across three layers of GO. (D) Line 
profile.  

 

The surface of these nanosheets is flat, but sometimes the edge may wrinkle, as 

shown in the TEM image in Figure 5-1A. This was observed also by Marcano et al. with a 

monolayer of GO nanosheet.46  The AFM image shows that the nanosheets have a 

microscale size and are arranged randomly in single to few layers. The line profile in 

Figure 5-1D shows that the layer thickness is about 1.1 ± 0.1 nm for a monolayer, which 

is consistent with what Mercano et al. had reported.41 From Figure 5-1, we can conclude 

that graphite powder has been exfoliated into nanosheets of GO. 
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5.3.2 Vibrational Spectroscopy Characterization of GO Nanosheets 

Oxygenated species on GO can function as nucleation sites for the growth of metallic 

nanoparticles.35, 47-48 Marcano and co-workers have introduced an improved method to 

synthesize GO, which depends on using phosphoric acid, sulfuric acid, KMnO4, and the 

removal of NaNO3 that is used in the traditional Hummers’ method.46 They showed that 

their method can yield a more hydrophilic GO than that of Hummers’ method.46 As shown 

in Figure 5-2A and B, the FTIR spectrum of graphite has no observable oxygenated 

functional groups. However, the spectrum of GO showed bands assigned to C═O and O–

H stretches at 1744 and 3450 cm-1, respectively.46 It also showed a band at 1632 cm-1 that 

can be attributed to C═C stretches from unoxidized sp2 carbons.46 Our results were in 

agreement with those of Marcano et al.46 

Raman spectroscopy is one of the most useful techniques that is used to 

characterize graphitic and carbon-based materials.50-55 The technique is non-destructive 

and can provide a lot of information about graphene, such as its purity, number of layers, 

doping, chemical modification, and method of fabrication.53-55 For example, Raman 

spectroscopy has been utilized to differentiate between metallic nanotube, doped 

graphene, and hard amorphous carbon samples.55 The main Raman bands that are used 

to characterize GO are located approximately at 1360 and 1590 cm-1. These two bands 

are called the D band and G band, respectively. The D band is attributed to the symmetry 

breaking at edges of graphitic planes in sp2 carbon; the position of this band is dependent 

on the excitation laser wavelength.50 The G band is attributed to the bond stretching of 

sp2 carbon atoms; this band is independent of the excitation laser wavelength.50 The D/G 

band ratios have been used to determine the graphitic crystalline  
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Figure 5-2. FTIR and Raman spectroscopy characterization of GO. (A) FTIR and (B) Raman spectra 
(laser conditions: 30 mW and 200 s integration time). 

 

size.56-57 Figure 5-2B shows Raman spectra of graphite and GO powders. The Raman 

spectrum of graphite powder contains the G band at 1585 cm-1. It also has another band 

at 2726 cm-1, which is called the 2D band, an overtone of the D band.50, 58 The Raman 

spectrum of the powder GO shows D and G bands but not the 2D band, and this was 
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similar with Marcano et al.46 Taken all together, the results from TEM, AFM, FTIR, and 

Raman spectroscopy confirm that the graphite powder has been exfoliated chemically 

into oxidized nanosheets of GO. 

 

5.3.3 Characterization of Nanocomposites  

5.3.3.1 Nanocomposite morphology 

As discussed in previous chapters of this thesis, the size and shape of metallic 

nanoparticles play a significant role in SERS enhancement. Graphene oxide can work as 

a large area scaffold that can be used as a support of many plasmonic nanoparticles and 

bring them close to each other. 33, 42-43 This can generate many hot spots on the 2D 

nanosheets. In addition, this scaffold can add more SERS enhancement through the 

chemical mechanism, whereby molecules are adsorbed on the graphene–metal 

nanocomposite. SEM was used to study the impact of increasing the silver nitrate 

concentration on the particle size and morphology of AgNPs. It was used also to 

investigate how AgNPs are integrated onto the surface of GO.  

Figure 5-3 shows SEM images of the nanocomposites prepared using different 

concentrations of silver nitrate (1.9, 2.9, and 3.8 mM). Spherical AgNPs are formed on GO, 

and they are randomly distributed within the nanosheets. The average diameters were 6 

± 2, 8 ± 3, and 13 ± 7 nm for NC1.9, NC2.9, and NC3.8 (n = 30), respectively. The particle 

size increases with increasing silver nitrate concentration, with NC3.8 showing larger 

particles compared to the other nanocomposites. From Figure 5-3, we can conclude that 

AgNPs can be deposited randomly on a GO surface as spherical particles, and particle size 

can be controlled by adjusting the silver nitrate concentration.  
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Figure 5-3. SEM images of nanocomposites. (A) NC1.9, (B) NC2,  and (D) NC3.8. 
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5.3.3.2 Plasmonic behavior  

As discussed in previous chapters of this thesis, the plasmonic behavior of metallic 

nanostructures plays a crucial role in SERS. Extinction spectroscopy is one of the most 

used techniques to study the plasmonic behavior of nanocolloidal silver and gold, based 

on Mie theory.59-60  Information about the size, shape, and concentration of noble metal 

nanoparticles can be provided from the wavelength, intensity, and width of the localized 

surface plasmon resonance (LSPR) band.59, 61-63  

Figure 5-4 shows the extinction spectra of RGO and the nanocomposites samples. 

RGO showed a band at 228 nm, attributed to π→π* transitions due to conjugation, and a 

shoulder around ∼300 nm, attributed to n→π* transitions due to carbonyl groups.46, 64 

The nanocomposites exhibit a band centered around 396 nm due to the localized 

plasmon resonance of the AgNPs. The band intensity increased and became broader with 

increasing silver nitrate concentration, which can be attributed to the increase in the 

standard deviation of the particle size, as shown in the SEM images of Figure 5-3.  We 

observed a small red-shift (2–3 nm) in the LSPR of NC3.8 when compared to the other 

two nanocomposites. Data from extinction spectroscopy measurements are summarized 

in Table 5-1. The increase in extinction value and the red-shift of NC3.8 can be attributed 

to the increase in particle size. We did not observe any band in the longer wavelength 

region, suggesting that the particles are spherical in shape and are not aggregated. This 

is also consistent with the SEM images in Figure 5-3. We can conclude that the particle 

size and plasmonic behavior of AgNPs on GO can be tailored by adjusting the silver nitrate 

concentration. 
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Figure 5-4. Plasmonic behavior of the nanocomposites. (A) Extinction spectra of RGO and NCs. (B) 
Image of colloidal NCs. 

 

 

 



199 
 

Table 5-1. Summary of the Extinction Spectroscopy Data of the Nanocomposites Using Different 
Concentrations of Silver Nitrate 
 

Nanocomposite λ(max) (nm) Extinction (a.u) 

NC1.9 396 0.45 

NC2.9 397 0.78 

NC3.8 399 0.91 

 

5.3.4 SERS Performance 

5.3.4.1 Graphene as a Raman probe  

GO is a Raman active material with two distinctive Raman bands, the D and G bands at 

approximately 1360 and 1590 cm-1, respectively, as shown in Figure 5-2B. This means 

that the impact of increasing silver nitrate used for the synthesis of NCs can be probed by 

the Raman enhancement of these bands using Raman spectroscopy. We investigated two 

sampling approaches: the first one was to collect the Raman spectra from the colloidal 

solutions using a liquid cell accessory; the second one was to collect the Raman spectra 

of NCs from drop casted thin films on a gold slide (300 nm in thickness). 

Figure 5-5A shows SERS spectra of NCs collected from their colloidal solutions, 

while Figure 5-5B shows those collected from drop casted thin films on a gold slide. Both 

sampling approaches showed that D and G bands are enhanced by increasing silver 

nitrate concentration. In addition, the D/G band ratios were similar for the two sampling 

approaches at a different irradiation power and integration time. These ratios were 0.7, 

0.6, and 0.6 for NC1.9, NC2.9, and NC3.8, respectively. This suggests that the NCs can be 

used in solution-based platforms of analysis. We can conclude that NC3.8 showed the 

highest SERS performance, based on band intensity.   
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Figure 5-5. Nanocomposites as Raman probes. (A) SERS spectra of colloidal NCs in solution (laser 
conditions: 30 mW for 10 s). (B) SERS spectra of NCs drop casted on a gold slide (laser conditions: 3 mW 
for 60 s). Spectra averaged from three different samples and stacked for clarity. 
 

 

5.3.4.2 NBT as a Raman probe  

Although D and G bands are enhanced by increasing the silver nitrate concentration, as 

shown in Figure 5-5, these bands are broad and can interfere with the identification of 

other molecules. To examine that, we used NBT as a Raman probe. NBT is a thiolated 
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Raman probe that can adsorb on the NCs through a specific thiolate–Ag interaction. 

Figure 5-6 shows SERS spectra of colloidal NCs after mixing with NBT. It also shows NBT 

solution Raman spectra (in ACN) and NBT Raman spectra after mixing with RGO. The 

final concentration of NBT was 5 µM in all samples. We did not observe any Raman bands 

indicative of NBT on the control samples. This indicates that no or few NBT molecules 

were adsorbed on RGO through π–π stacking to exhibit the GERS effect through the 

chemical enhancement mechanism. 

However, Raman bands characteristic of NBT are observed when it is adsorbed 

on the NCs, as shown in Figure 5-6. These bands are attributed to C–S stretching, 

symmetric nitro stretching, and C=C stretching, at approximately 1082, 1345, and 1576 

cm-1, as stated in the previous chapters of this thesis.65-66 Although NBT Raman bands 

assigned to the symmetric nitro stretching and C═C stretching are located at similar 

wavenumbers for the D and G bands of the NCs, these bands appeared narrower and 

easily distinguishable from the broad D and G bands of the NCs that were demonstrated 

in Figure 5-5. The NCs showed a comparable SERS performance, with the NC3.8 yielding 

the highest enhancement, which can be attributed to the effect of the particle size. We 

also observed Raman bands at 1148 and 1444 cm-1, which are attributed to a partial 

plasmon driven reduction of 4-NBT into aminothiophenol and p,p′-

dimercaptoazobenzene.67-69 We assumed a partial reduction due to the presence of the 

symmetric nitro stretch Raman band. Previous reports have shown that graphene–metal 

nanocomposites can induce plasmon driven catalysis for nitro and amino aromatic 

compounds.67-69 From Figure 5-6, we can conclude that the NCs can work as colloidal 

SERS substrates, with NC3.8 having the highest SERS performance.  
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Figure 5-6. Colloidal SERS behavior of the NCs using NBT as a Raman probe.  (A) Raman spectrum of 
5 µM NBT in RGO, (B) Raman spectrum of 5 µM NBT in DI water, (C)SERS spectrum of 5 µM NBT in NC1.9, 
(D) SERS spectrum of 5 µM NBT in NC2.9, and (E) SERS spectrum of NBT in 5 µM NC3.8. Spectra averaged 
from three different samples and stacked for clarity (laser conditions: 30 mW and 10 s integration time). 

 

5.3.5 Interaction Between NCs and Dye Labelled DNA  

Detection of biomolecules such as DNA and proteins has become vitally significant in 

various fields, including clinical medicine, biosecurity, and food safety.70-71 

Nanocomposites based on graphene–silver have been used for DNA detection.41-45 

However, in these examples of SERS platforms, detection was carried out on the surface 

of the substrate rather than in a colloidal solution, with a multistep fabrication and 

functionalization of such platforms. Based on the water dispersibility and colloidal SERS 
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of the NCs, shown in Figures 5-4, 5-5 and 5-6, we wanted to investigate the capability of 

NCs to detect a dye labelled DNA without using a thiolated DNA probe and to perform 

that in a colloidal solution. We also wanted to explore the SERS performance of these NCs 

to detect such a molecule.  

Figure 5-7 shows Raman spectra of a CY5-DNA in PPB solution as a control and 

when it is mixed with the NCs, along with the chemical structure of CY5 dye. We did not 

observe any Raman band from the control experiment. However, the Raman spectral 

intensity of CY5-DNA was enhanced when it is mixed with the NCs. The spectral intensity 

was more enhanced when NC2.9 and NC3.8 are used rather than NC1.8. The dye can 

interact also with the NCs through electrostatic and π–π stacking interactions, based on 

its structure. Raman bands characteristic of CY5 adsorbed on the NCs are summarized in 

Table 5-2, according to previously published papers.72-74 

The peak height at 1470 cm-1 was used to compare the SERS performance of the 

three nanocomposites. NC3.8 enhanced the Raman spectral intensity of CY5-DNA more 

than NC1.9 and NC2.9 by a factor of approximately 14 and 2, respectively. The SERS 

performance of the NCs was similar to Figures 5-5, 5-6, and 5-7. We attribute this to the 

particle size effect of silver nanoparticles. We can conclude that NC3.8 showed the 

highest SERS performance to detect a dye labeled DNA sample in solution. 
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Figure 5-7. Interaction of NCs with dye labeled ssDNA. Left (A) Raman spectrum of 1 µM CY5-DNA in 
PPB, (B) SERS spectrum of 1 µM CY5-DNA in NC1.9 in PPB, (C) SERS spectrum of 1 µM CY5-DNA in NC2.9 
in PPB, and (D) SERS spectrum of 1 µM CY5-DNA in NC3.8 in PPB. Spectra averaged from three different 
samples and stacked for clarity (laser conditions: 30 mW and 10 s integration time). Right, CY5 dye 
chemical structure is shown. 
 
 
Table 5-2. Major Band Assignments Listed for the SERS Spectra of CY5 Adsorbed on the NCs 

 

Band position (cm-1)  Assignment72-74 

1123 C–H in-plane bending 

1235 C–N stretching  

1363 C–O–H bending and C═C stretching 

1470 CH3 bending, C–O–H bending and C═C stretching 

1500 C═C ring stretching  

1600 C═N stretching 

 



205 
 

5.3.5.1 Comparison between NC3.8 and 10 nm AgNPs 

A number of SERS assays for DNA detection that rely on aggregation of AgNPs to enhance 

the Raman spectral intensities using an aggregating agent have been reported.75-80 The 

particle size of AgNPs ranged from 10 to 150 nm in those examples.75-80 Here, we selected 

10-nm citrate capped AgNPs that have a similar size to the AgNPs on NC 2.9 and NC3.8. 

Figure 5-8A shows Raman spectra of the CY5-DNA after mixing with the AgNPs and after 

mixing with NC3.8. We did not observe any Raman band for the CY5-DNA with the AgNPs. 

In addition, the AgNPs color has changed after mixing with CY5-DNA from yellow to 

pinkish, indicating aggregation.  However, the color of all NCs did not change after mixing 

with the CY5-DNA, as shown in 5-8B. 

This shows that graphene–silver nanocomposites have a superior SERS 

performance to detect a dye labeled DNA than AgNPs of a similar size. The optimal size 

range for spherical nanoparticles to be used as SERS substrates is suggested to be 

approximately 20–100 nm.81-82 However, a high density of closely spaced  AgNPs can be 

deposited on a GO 2D scaffold with a very large area that can bind to the target molecules;  

this results in a higher SERS enhancement when compared to colloidal AgNPs of a similar 

size. From Figure 5-8, we can conclude that the SERS performance and stability of NC3.8 

was higher than that of citrate capped AgNPs. The nanocomposite performance depends 

on a combination of factors, including SERS enhancement through chemical and 

electromagnetic mechanisms, fluorescence quenching, and AgNPs size. 
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Figure 5-8. NC3.8 SERS performance compared to AgNPs. (A) SERS spectra of 1 µM CY5-DNA in PPB 
after mixing with NC3.8 and with 10 nm AgNPs. (B) An image of the NCs and 10 nm AgNPs after mixing 
with the CY5-DNA.  
 

5.3.5.2 Signal reduction upon DNA Hybridization  

Understanding the interaction between the NCs and biomolecules such as DNA is very 

essential to build a bottom-up bioassay for such a molecule. GO has a higher affinity to 

bind to ssDNA through hydrogen bonding and π-π stacking to nucleobases, however it 

has a lower affinity to double strand DNA.83-86 Based on that, we can detect DNA 

hybridization upon introducing cDNA to our platform. Figure 5-9A shows a general 
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representation of the CY5-DNA binding to the nanocomposite in the absence of its cDNA, 

where the Raman signal is enhanced. However, upon introduction of the cDNA strand, 

the dye probed ssDNA desorbs away from the nanocomposite surface to hybridize with 

its complementary. The hybridization event resulted in a reduction in the Raman spectral 

intensity of the CY5-DNA in our case because of the distance dependence of the SERS 

effect.87-89 

 

 

Figure 5-9. DNA hybridization. (A) Graphical representation of the adsorption of ssDNA on NC3.8 and its 
desorption upon hybridization with its cDNA. (B) Bar chart of the Raman bands at 1470 and 1363 cm-1 
before (blue) and after (orange) hybridization, normalized to their values before hybridization.  
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Figure 5-9B shows a bar chart of the comparison between peak heights at 1470 

and 1363 cm-1, before and after hybridization. Each peak was normalized to its highest 

value before the hybridization step. The percent relative standard deviation (%RSD) was 

calculated to be 3% and 9% for the 1470 and 1363 cm-1 bands, respectively, before 

hybridization. It became 7% and 15% for the 1470 and 1363 cm-1 bands, respectively, 

after hybridization. These values were less than 20%, which is the recommended 

threshold for SERS substrates deviation.90-91 From Figure 5-9, we can conclude that 

NC3.8 can provide a colloidal SERS substrate that can detect DNA hybridization. 

 

5.4 Conclusions  

 

Graphene–silver nanocomposites can provide versatile SERS substrates with a 2D large 

surface area. Such substrates can interact with a wide spectrum of molecules and can be 

used on solid as well as in colloidal SERS analyses. The SERS enhancement can be 

optimized by adjusting the silver nitrate concentration to tailor the particle size and 

plasmonic behaviour of AgNPs on these substrates. The nanocomposites can be used to 

detect DNA hybridization using a dye labelled DNA, with superior performance when 

compared to commercial AgNPs. This dispersible SERS platform can open a new venue 

in colloidal SERS bioassays using DNA aptamers for various cellular and biomolecular 

targets. 
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6.1 Chapter Conclusions 

The motivation behind the work in this thesis was to develop cost-effective methods of 

SERS substrates fabrication. This thesis is divided into two main components, 

membrane-based and solution-based SERS substrates. Chapters 2 and 3 highlight the 

fabrication of membrane supported SERS substrates by integrating noble metal 

nanostructures into the 3D microporous network of polyvinylidene fluoride (PVDF) 

membranes. Chapters 4 and 5 demonstrate the use and optimization of gold nanostars 

and graphene–silver nanocomposites as in-solution colloidal SERS substrates. 

In Chapter 2 an in-situ deviceless seed-mediated method was developed to 

fabricate membrane supported gold nanostructures SERS substrates. The incorporation 

of gold nanostructures into PVDF was achieved by combing SILAR-like seeding and 

growth protocols. Combining these protocols reduced the number of required steps to 

optimize the SERS performance of these substrates. Optimization of the SERS 

performance was based on the number of seeding cycles before the growth step, with 

two seeding cycles yielding the highest signal intensities. Label-free detection of 

malachite green, melamine, and thiabendazole using these substrates demonstrates the 

potential to detect environmentally hazardous analytes. Additionally, a method to 

quantitate methimazole (MTZ), an anti-hormone pharmaceutical, in urine was developed 

using these substrates with no sampling preprocessing steps. The substrate-to-substrate 

and point-to-point variability were less than 20%. 

In Chapter 3, another in-situ equipment-free method was developed to fabricate 

membrane supported silver nanocorals SERS substrates. The nanocorals were integrated 

into the microporous PVDF membranes using a seedless method. All optimizations and 
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measurements were completed using a handheld Raman device. The SERS performance 

was optimized based on the silver nanocorals loading into the membranes. The SERS 

performance optimization study was performed using two Raman probes to simulate 

physisorption and chemisorption scenarios. Rhodamine 6G, a Raman probe, was used as 

an example of a non-specific adsorption. The second probe was mercaptobenzonitrile 

(MBN), a thiol Raman probe, which can adsorb specifically through a S–Ag interaction. 

Both approaches demonstrated a similar SERS performance trend. The substrates were 

used to detect MTZ in synthetic urine, without any preprocessing steps. The substrate-

to-substrate and point-to-point variability were also less than 20%.  

Chapters 2 and 3 demonstrated cost-effective alternative methods to lithographic 

ones to fabricate SERS substrates. The main advantages of these substrates are that they 

are easy to fabricate and use, in addition to being of low cost. Besides, the variation in 

their SERS performance within the same substrate and from substrate-to-substrate is 

comparable to other methods used to fabricate SERS substrates like inkjet printing or 

chemical immobilization of pre-synthesized nanoparticles onto solid substrates.1-2 These 

inexpensive equipment-free methods can provide flexible SERS substrates for field-

deployable applications, with homogenous SERS reproducibility.  

Solution-based SERS platforms can offer another cost-effective, practical, and 

reproducible approach for SERS analyses. In this approach, the size and shape of 

plasmonic nanostructures can be controlled and synthesized in large volumes using 

simple lab equipment. In addition, in-solution SERS can offer an overall higher 

reproducibility when compared to dried SERS platforms. However, in-solution SERS 
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platforms are not employed widely as solid-based ones. I investigated two forms of 

solution-based SERS in Chapters 4 and 5.   

 Chapter 4 explored gold nanostars (Au NS) as an in-solution SERS substrate. The 

buffer conditions used in the synthesis of these Au NS can influence their size and shape. 

The SERS performance of these Au NS synthesized under different buffer conditions was 

studied systematically. Two different Good’s buffers were used here in the synthesis of 

Au NS at different buffer-to-gold molar ratios, 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) and 4-(2-hydroxyethyl)-1-

piperazinepropanesulfonic acid (EPPS). We demonstrated that the difference in SERS 

performance between Au NS synthesised using HEPES and EPPS at different ratios was 

due to mainly the surface coverage of MBN on the Au NS instead of enhanced 

electromagnetic effects. This finding was counterintuitive based on the sharp features of 

Au NS and with aligning the laser wavelength with the surface plasmon resonance of Au 

NS synthesized at higher buffer-to-gold ratios. HR100 (Au NS synthesized using 

HEPES/gold molar ratio of 100) produced the highest signal intensities. The Au NS 

showed a %RSD of 8% in signal intensity over 78 days at 4 °C and the ability to detect a 

variety of analytes in under five minutes through chemisorption and physisorption 

mechanisms. The addition of NaCl to the Au NS increases the SERS intensity by a factor 

of about 10 through the formation of nanoaggregates. A SERS assay was developed for 

the detection and quantitation of MTZ. The assay showed a limit of detection of 0.1 μM 

and a recovery of nearly 100% when MTZ was spiked in urine. The merging of in-solution 

substrates and handheld Raman spectrometers open new avenues for rapid and 

reproducible on-site SERS analysis. 
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Chapter 5 was based on the exploration of using silver-graphene–nanocomposites 

as in-solution colloidal SERS substrates. Graphene oxide provides a large 2D surface area, 

with oxygenated species that can work as nucleation sites to incorporate silver 

nanoparticles (AgNPs). The SERS performance of graphene–silver nanocomposites was 

optimized by varying the silver nitrate concentration to control the AgNPs particle size 

and plasmonic behaviour. We demonstrated that graphene–silver nanocomposites can 

be used as solid and in-solution SERS substrates. The SERS performance of the 

nanocomposite was studied using three different Raman probes. The first probe was the 

graphene itself using its D and G Raman bands. The second probe was 4-nitrobenzenthiol 

(NBT) as a thiol Raman probe to simulate a chemisorption mechanism. The third probe 

was a dye labelled ssDNA to simulate a π–π stacking interaction. A proof of concept was 

demonstrated using a graphene–silver nanocomposite to detect DNA hybridization with 

a dye-labelled ssDNA; it showed superior performance when compared to commercial 

AgNPs. 

 

6.2 Suggestions for Future Work 

The work conducted in this thesis was based on the SERS spectra of the studied molecules 

upon their direct interaction with the SERS substrates. Generally, this was through 

chemisorption and physisorption approaches, regardless of the platform used. Although 

direct interaction between the molecule of interest and the SERS substrate offers a 

straightforward and easy approach, it still has its own challenges in terms of specificity. 

This is particularly true with molecules that have a low affinity to interact with plasmonic 

nanostructures (gold or silver) and/or have a small Raman cross section.  
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Here, I propose different approaches to circumvent these challenges as future 

suggestions based on the surface functionalization of the developed SERS substrates in 

this thesis. For example, polycyclic aromatic hydrocarbons and polychlorinated 

biphenyls pollutants do not have functional groups that would allow their interaction 

with gold or silver nanostructures, such as thiols or amines. However, modifying the 

SERS substrates with alkanethiols will increase their hydrophobicity, and these 

molecules can be captured through van der Waals forces.3-5 I also suggest the use of 

alkane dithiol to functionalize PVDF SERS substrates through thiolate chemistry from 

one end, while the other thiol end will be  used to attach Au NS. This approach can serve 

two functions at the same time. The first function is to interact and capture the 

overmentioned pollutants through van der Waals forces.3-5  The second function is to 

increase the number of hot spots in the 3D network of the PVDF SERS substrates. The 

concentration of Au NS and the length of the alkanedithiol used will be significant 

parameters to investigate in order to optimize the SERS performance of this platform. 

Another possible chemical modification for these substrates includes 

functionalization with  macrocycles such as calixarene, pillarenes, and cyclodextrins.6-8 

These macrocycles have hydrophobic cavities that can capture and trap polycyclic 

aromatic hydrocarbons and polychlorinated biphenyls pollutants.6-8 This will bring the 

pollutant molecules in close vicinity to the surface of the SERS substrate and hence 

enhance the SERS spectral intensity. Interestingly, changing the groups on the lower and 

upper rims of these macrocycles can control the chemical properties and the shape of the 

cavity of these macrocycles; this can open a lot of research possibilities to investigate and 

evaluate. 
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Biorecognition elements, such as DNA aptamers and antibodies, will improve the 

specificity of our SERS substrates.9-10 One approach is to utilize the Raman frequency 

shift upon interaction with the target biomolecule.11-12 Another approach to improve the 

specificity of our SERS substrates is to develop a sandwich assay platform.9-10 In this case,  

a biorecognition moiety, such as a primary antibody or DNA aptamer, will be attached to 

our PVDF SERS substrate to capture its target. Then, Au NS or a graphene–silver 

nanocomposite functionalized with a secondary antibody and a Raman probe will be 

introduced. The SERS spectral intensity of the Raman probe will be used to quantify the 

target concentration. Although this platform is a two-step platform, it can improve the 

specificity. This approach can offer a multiplexing platform to detect many target 

molecules using different biorecognition moieties and Raman probes. Moreover, the 

same principle can be adapted using magnetic beads functionalized with the primary 

antibodies to design in-solution SERS assays with Au NS or a graphene–silver 

nanocomposite functionalized with a secondary antibody and a Raman probe.9-10 

 Two chapters in this thesis showed the potential of a handheld Raman 

spectrometer used with two different types of SERS substrates, flexible PVDF SERS 

substrates and colloidal Au NS. The portability of the Raman spectrometer and the ease 

of the synthesis of these substrates can open a lot of pathways for future work to serve 

field-deployability applications. With this in mind, building an open source Raman/SERS 

spectral database, where researchers all over the world can contribute to it, is proposed.  

This database will allow spectroscopists and other experts in many fields to 

communicate effectively and efficiently. The impact of experimental parameters (laser 

wavelength, power, irradiation time, SERS substrates, etc.) on the Raman/SERS spectra 
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can be compared, and evaluated through this database for a tremendous  number of 

molecules (pesticides, pollutants, explosives, DNA, cells, proteins, etc.) in various 

matrices (water, food, soil, plasma, urine, etc.). This database can offer continuously 

updated online spectral archives.   

Building such a massive database can save a lot of time and effort, when 

incorporated with artificial intelligence, to be used in various applications. Artificial 

intelligence can add new dimensions to this database through advanced statistical 

modeling and algorithms of machine learning.  This, in turn, can advance the 

Raman/SERS applications to unparalleled levels in many fields.  Through this open 

source database, spectroscopists would have access to this database through their 

mobile devices and would experience no borders. I believe that creating such a mobile 

application can be very beneficial for global issues, such as climate change, opioid crisis, 

medical diagnosis, etc.  
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