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Abstract 

Surface-enhanced Raman scattering (SERS) enables sensitive detection of (bio)chemical analytes. 

However, the need for nanostructured noble metal substrates poses a major obstacle to its application. In 

this thesis, we present a novel metallic nanostructured SERS substrate that is also produced in a 

nanofabrication-free manner. The substrates are formed through the electrokinetic assembly of silver 

nanoparticles, which results in extended dendritic structures. A unique feature of these nanostructures is 

their ability to function as concentration amplification devices, thereby enhancing their analyte detection 

efficiency. Moreover, the used SERS-active dendrites can be removed and replaced in a few minutes.  

In this work, we demonstrate the detection of illicit drugs in both aqueous samples and saliva 

using our SERS substrates. Identification and quantification of illicit drugs is accomplished via Principal 

Component Analysis coupled with a Support Vector Machine. We demonstrate 100% accuracy in the 

detection of four illicit drugs (cocaine, heroin, THC, and oxycodone), and 98.3% accuracy in the 

quantification of cocaine across four orders of magnitude. Finally, we demonstrate a method for the 

detection of cocaine in saliva to a limit of detection of 100 ppb. We also establish a microfabrication-free 

“SERS-from-scratch” technique to produce our SERS substrates from a wide range of materials, 

including commercially available glass slides pre-coated with indium tin oxide. Our SERS substrates also 

have applications in the detection of toxic contaminants in food products. We apply our chips for: (1) the 

detection of thiram, a toxic pesticide, in apple juice, to a limit of detection of 115 ppb, with no sample 

preprocessing; and (2) the detection of melamine, a toxic food additive, to a limit of detection of 1.5 ppm 

in milk and 100 ppb in infant formula.  

Finally, we extend our method to enable SERS-active gold nanostructures via the electrokinetic 

assembly of gold nanoparticles. We explore the effects of conductivity on the growth of these 

nanostructures, and demonstrate the sensing capabilities of these gold nanostructures via: (1) the chemical 

detection of rhodamine 6G and thiram; and (2) a specific bioassay to detect streptavidin on biotin-

modified gold nanostructures.  
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Chapter 1 

Introduction  

 

 

1.1 Motivation  

There is a global need for more cost-effective and sensitive methods to detect small molecules in 

dilute fluid samples. The field of small molecule detection has previously been dominated by techniques 

such as high-performance liquid chromatography coupled with mass spectroscopy, or immunoassay 

methods (e.g. enzyme linked immunoassay, ELISA) coupled with spectrophotometric detection.1,2 The 

former method is highly effective, yet is very expensive, requiring trained personnel and a dedicated 

laboratory facility. The latter involves sensitive, expensive reagents, and these immunoassay platforms 

are typically tailored towards the detection of a single specific analyte.2,3 Easy-to-use, portable, versatile 

and low-cost techniques have the potential to extend the utility of sensors, allowing them to be used by 

non-technical professionals in remote settings. Point-of-care diagnostics, therapeutic monitoring, roadside 

drug detection, remote environmental monitoring, and point-of-use drug analysis (e.g. at supervised 

injection sites) are all areas that will benefit immensely from the development and introduction of 

effective sensing techniques. 

 Our group has previously designed and optimized microelectrode platforms for the alternating 

current (AC) electrokinetic concentration of biological agents. This work has resulted in significant 

improvements to the sensitivity of biosensors via specific analyte trapping and subsequent detection by 

Raman spectroscopy, e.g. in the application of bacterial or viral biosensing.4–6 The use of AC 

electrokinetics enables directed collection of particles to a detection site, while avoiding the damaging 

electrolytic reactions involved with direct current (DC) fields.7  
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The motivation behind this thesis is to use similar microelectrode platforms for the AC 

electrokinetics-directed assembly of nanoparticles in order to form structures that function as highly 

enhancing substrates for (bio)chemical sensing. The following sections provide an overview of the key 

principles involved in this assembly process, as well as the foundations of surface-enhanced Raman 

scattering (SERS), the sensing mechanism applied on the surface of these assembled nanostructures. 

 

1.2 AC electrokinetics 

AC electrokinetics is the study of the movement of particles under the influence of an AC electric 

field, primarily through induced dipoles and electrical double layer effects.8 AC electrokinetics is 

particularly compatible with lab-on-a-chip (LOC) type applications, as it can cause deterministic analyte 

motion and bulk fluid transport at relatively low operating voltages, improving compatibility with 

portable systems, and avoiding damaging electrolytic reactions.7–9 In this thesis, the concentration of both: 

(1) nanoparticles for the preparation of sensing substrates; and (2) analytes for their detection, are 

achieved through AC electrokinetic techniques. This section presents a background on AC electrokinetics, 

with a review of AC electrokinetic phenomena such as, dielectrophoresis, AC electroosmosis, and AC 

electrothermal flow.  

1.2.1 AC dielectrophoresis  

One important application of AC electrokinetics is the controlled manipulation and/or separation 

of colloids, biological particles, or microorganisms within fluid systems.8 This is achieved through the 

action of a spatially non-uniform AC electric field on dielectrically polarizable particles within the 

system, a force which is termed AC dielectrophoresis (DEP).10 When polarizable particles are placed in a 

non-uniform electric field, a dipole may be induced in the material. The direction of the net dipole 

depends on the particle’s environment: when the polarizability of the particle is greater than that of the 

medium, the net dipole is in the direction of the electric field. Conversely, if the polarizability of the 

particle is less than that of the medium, the net dipole is in the opposite direction of the field. In the 
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former case the particle moves towards high field regions through a phenomenon termed positive DEP 

(pDEP); in the latter the particle moves towards low field regions (negative DEP, nDEP). The 

polarizability is frequency dependent – therefore, in a nonuniform alternating current (AC) field, a 

material may exhibit both phenomena within different frequency ranges.7  

 The dielectrophoretic force on a particle is related to the interaction between the spatial field non-

uniformity (i.e. the field gradient) and the induced dipole. For a spherical particle with radius r, the DEP 

force in an AC field is given by Equation 1:10 

�⃗�$%& = 2𝜋𝜀+𝑟-𝑅𝑒0𝐾2(𝜔)6∇(8𝐸:⃗ 8
;
) (1) 

where 𝐸:⃗  is the AC electric field intensity, 𝜔 is the frequency of the field, and 𝐾2(𝜔) represents the 

frequency-dependent, complex-valued Clausius-Mossotti factor of the particle:7 

𝐾2(𝜔) =
𝜀=̃(𝜔) − 𝜀+̃(𝜔)
𝜀=̃(𝜔) + 2𝜀+̃(𝜔)

 
(2) 

In Equation 2, 𝜀=̃ and 𝜀+̃ are the complex permittivities of the particle and the medium, respectively, 

which incorporate both a frequency and a conductivity dependence:7 

𝜀(̃𝜔) = 𝜀@𝜀A −
𝑖𝜎
𝜔

 (3) 

where 𝜀@	is the vacuum permittivity,  𝜀A is the relative permittivity of the medium/particle, 𝜎 is the 

medium conductivity, and 𝑖 = √−1.  

 The DEP force is proportional to the volume of the spherical particle, as well as the gradient of 

the electric field squared. Therefore, for smaller particles, in order for DEP to overcome Brownian 

motion, the applied fields must often be very high.11 In this project, microscale electrode gaps are used to 

achieve high electric fields (and resulting field gradients) with relatively low applied voltages. 

1.2.2 The electrical double layer and AC electroosmosis  

 When a charged particle is placed in an aqueous solution containing mobile ions, these ions 

redistribute to form what is termed an electrical double layer (EDL).7 In its simplest description, this 
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double layer consists of a thin layer of adsorbed counterions along the surface, referred to as the Stern 

layer, followed by a relatively thick layer of hydrated counterions and some co-ions, referred to as the 

diffuse layer (see Figure 1.1). The potential within the Stern layer decays linearly, while the potential 

within the diffuse layer decays exponentially. Again, in its simplest form, for low surface potentials, the 

potential (𝜓) within the diffuse layer is given by Equation 4: 

𝜓(𝑥) = 𝜓@exp	(−𝜅𝑥) (4) 

where x represents the distance from the charged surface,  𝜓@ represents the charge at the surface, and 1/𝜅 

represents the Debye-Hückel parameter, which is a characteristic decay length of the electrical potential. 

This parameter, also referred to as the Debye screening length, is related to the ionic properties of the 

electrolyte (for dilute electrolytes), by Equation 5:  

1
𝜅
= M

𝜀+𝑘O𝑇
4𝜋𝑒; ∑ 𝑧T;𝑐T

V
W/;

 
(5) 

Where 𝑒 is the elementary charge, 𝑧T is the charge per ion, kB is the Boltzmann constant, 𝑐T is the 

concentration of each ionic component, and T is the temperature.7  

 When a fluid surrounding a charged surface is subjected to an electric field, the ions in the EDL 

experience a Coulomb force. If the electric force is tangential to the surface, this force pulls mobile ions 

in the double layer along the surface, resulting in net fluid flow. In an AC electric field, the time averaged 

fluid flow due to AC electroosmosis (ACEO) is given by Equation 6:7 

〈𝑢[\%]〉 =
1
2
Re M

𝜎`@𝐸a∗

𝜂𝜅
V =

1
8

𝜀𝜙@Ω;

𝜂(1 + Ω;);
 

(6) 

where 𝜎`@ is the surface charge density, 𝜂 is the fluid viscosity, 𝐸a∗ is the complex-valued tangential 

electric field, 𝜙@ is the electrode surface potential, and Ω is a non-dimensional frequency (Ω =

1/2	𝜋𝜅𝑥(𝜀/𝜎)𝜔).7 The frequency dependence of ACEO arises from the frequency dependence of the 

EDL – at high frequencies the double layer does not have time to form, thus the velocity is zero, while at 

low frequencies, much of the potential is dropped across the double layer, so that the tangential 
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component of the electric field is insufficient to cause flow. Generally (although this depends on the ionic 

composition of the medium), AC electroosmosis is a dominant force at 10 Hz - 100 kHz.7 

 

Figure 1.1: The electrical double layer on a charged surface. The Stern layer (linear decay of potential) is 

a thin layer of adsorbed counterions, while the diffuse layer (exponential decay of potential) is a thicker 

layer of mostly counterions with some coions. All ions in this schematic are hydrated by water molecules. 

Image adapted from Morgan and Green.7 

 

In a microelectrode system, the result of ACEO is motion away from the fluid bulk towards the 

gap between electrodes, and across the surface of the electrodes, as shown in Figure 1.2. Because the 

velocity is a function of the electric field magnitude, it is greatest at the electrode edges and decreases 

with distance away from the edge. The ACEO velocity is also dependent on the conductivity; the 

maximum ACEO flow decreases at higher conductivities (as the Debye length, 1/𝜅, decreases) 7,9,12.  
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Figure 1.2: The direction of AC electroosmotic flow in a cross-sectional profile of a microelectrode 

system activated by an AC electric field. Electrode polarization and the resulting charge of the EDL 

oscillate in time, along with the direction of the electric field, resulting in a net fluid pumping across the 

surface of the electrodes. Image adapted from Morgan and Green.7 

 

1.2.3 AC Electrothermal Flow  

 When an electric field is applied to a fluid, current flow within the medium results in Joule 

heating. The temperature increase is determined approximately by Equation 7:8 

∆𝑇 ≈
𝜎𝑉;

𝑘
 

(7) 

where k is the thermal conductivity of the medium, 𝜎 is the conductivity of the fluid, and V is the applied 

voltage. This dependence on the voltage, rather than the electric field, is important: in cases where DEP 

control is preferred, particularly in high conductivity media, small interelectrode gaps and low applied 

voltages may be necessary 7,12. 

 Joule heating causes gradients in the permittivity and conductivity of the fluid. The electric field 

acts on these non-uniformities to cause fluid flow, which becomes particularly important at high applied 

voltages, high media conductivities, and AC frequencies greater than 100 kHz. The time averaged 

electrical body force on the medium due to AC electrothermal flow (ETF) for a constant phase electric 

field is given by Equation 8: 
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〈�⃗�%jk〉 =
1
2
Re l

𝜎𝜀(𝛼j − 𝛽j)
𝜎 + 𝑖𝜔𝜀

o𝛻𝑇 ∙ 𝐸@::::⃗ r𝐸:⃗ @∗ −
1
2
𝜀𝛼j8𝐸@::::⃗ 8

;
∇𝑇s 

(8) 

where 𝛼j and 𝛽j are medium-dependent constants describe the effects of temperature on the gradients of 

permittivity and conductivity, respectively.12 The first term in Equation 8 is the contribution from the 

Coulomb force, which dominates at low frequencies, and the second is from the dielectric force, which 

dominates at high frequencies. These forces act in opposite directions: at low frequencies, the first term 

dominates and the flow is similar to ACEO, bringing fluid down towards the electrode gap and across the 

electrode surfaces, as shown in Figure 1.3. The fluid circulation is reversed at a crossover frequency, 

which is on the order of the charge relaxation frequency of the medium (𝜎/𝜀).8  

 

Figure 1.3: The AC electrothermal flow in a cross-sectional profile of a microelectrode system. At low 

frequencies, the electrothermal flow is in the same direction as ACEO, moving from the bulk towards to 

surface of the microelectrodes. Above a medium-dependent crossover frequency, the electrothermal flow 

reverses in direction.  

 

1.2.4 AC electrokinetics for the manipulation of colloids  

AC electrokinetics allows for the organization of colloids or nanoparticles into a multitude of shapes 

and structures, such as wires, dendritic or ‘tree-like’ structures, circles, diamonds, etc.13–17 These 
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structures are of importance in functional materials, as components of microelectronic systems (e.g. 

electrically functional microwires 18), and as substrates in sensing materials.19,20 

Under the influence of an AC electric field, metallic nanoparticles experience a strong 

dielectrophoretic force due to their high conductivities (and resultant high polarizabilities). For the 

purposes of electrokinetic manipulation, metallic particles can effectively be considered as infinitely 

polarizable; that is, they have a Clausius-Mossotti factor greater than or equal to 1, and therefore 

experience pDEP over an almost comprehensive range of frequencies. As shown in Figure 1.4, the 

crossover frequency of spherical silver nanoparticles (AgNPs) of 50 nm in diameter in citrate buffer 

solution with a conductivity of 57.1 mS/m (used primarily in this thesis) is on the order of 10 PHz (1016 

Hz).  

 The electric field-mediated organization of metallic nanoparticles has been reported 

previously.15,20–25 Under high field strengths, the particles may simply aggregate along the electrodes 

surfaces, or in the gap between the electrodes.20 However, under specific frequency and voltage 

conditions, they have been demonstrated to arrange into wire-like or pearl chaining structures, which 

grow from microelectrode edges.18,25–29 Because metallic particles are conductive, the pDEP-mediated 

accumulation of NPs effectively extends the electrodes, locally distorting the electric field and promoting 

wire extension. This growth has been experimentally demonstrated and modelled using TRICOMP 

Software by Bhatt and Velev.26 The authors use 12-15 nm AuNPs, in a concentrated suspension of 1014 

particles/mL, with applied AC fields of frequencies ranging from 50-1200 Hz and a field intensity of 

approximately 80 V/cm. They demonstrate the formation of microwires, which they postulate form 

through a diffusion-limited aggregation (DLA) process, largely controlled by pDEP.  
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Figure 1.4: The real part of the Clausius-Mossotti factor (K(𝝎)) for spherical silver nanoparticles 

suspended in a citrate buffer, with a conductivity of 57.1 mS/m. Notably, the crossover frequency (the 

frequency at which the particles transition from experiencing pDEP to nDEP) is at 1016 Hz. 

 

The model of DLA has been used by multiple groups to explain pDEP-mediated micro/nanowire 

growth from solutions of conductive nanoparticles.18,22,26,28,30 This type of collective aggregation proposes 

a certain threshold field intensity, as well as a threshold particle concentration at the high field regions, in 

order for aggregation and structural extension to occur. The aggregation is controlled primarily by pDEP, 

which is a short-range force, and is fairly weak for NPs unless it is able to act on aggregates. DLA tends 

to produce multiply-branched structures, with fractal or dendritic geometries.31 

 When strong induced dipoles exist in dielectrophoretic environments, the force between these 

dipoles must often be considered. Mutual DEP occurs between strongly polarizable particles in close 

proximity, and has been used to effectively model pearl-chaining and clustering of particles undergoing 

DEP. It is important to note that the inverse proportionality of this force with the particle separation is of 

the 5th power; therefore, mutual DEP becomes negligible when the particles are separated by only a few 

radii.21  
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The electrokinetic manipulation of biological entities (e.g. proteins, viruses, bacteria) is slightly more 

complex than that of metal nanoparticles, as these particles have crossover frequencies in a more 

accessible experimental range. However, if successfully controlled, electrokinetic manipulation of 

bioparticles can be particularly enabling in the area of biosensing. The incorporation of electrokinetics 

into microfluidic or lab-on-a-chip based systems allows for rapid and specific concentration of particles 

directly towards the sensing region.4,6,32,33 Additionally, with the use of AC fields, damaging electrolytic 

reactions are avoided and the integrity of the biological analytes can be conserved. For biological particle 

concentration, a concentration of electrohydrodynamic flows and DEP enables effective analyte sampling: 

electrohydrodynamic forces, which rely on bulk fluid flow and resulting viscous drag, are used to bring 

analytes from the bulk of the fluid towards the regions where DEP may be effective, and then DEP is used 

to directly concentrate the analyte towards a specific high field (for pDEP, or low field for nDEP) 

region.5,6  

 

1.3 Raman spectroscopy 

Raman scattering is a technique used to measure the vibrational fingerprint of an analyte based on 

inelastic light scattering from the sample. When electromagnetic radiation interacts with a sample, most 

of the light is scattered elastically – this is referred to as Rayleigh scattering (see Figure 1.5). A small 

fraction of photons (~1 in 107) scatters inelastically – that is, with a change in energy from the incident 

photon. If the photon interacts with a molecule in the ground state, the scattered photon will lose energy 

by exciting the molecule, a process which is termed Stokes scattering. Conversely, if the photon interacts 

with a molecule in an excited vibrational state, the scattered photon will be of increased energy – this is 

termed anti-Stokes scattering (this is generally a much weaker form of Raman scattering).34 The ‘Raman 

shift’ (measured in cm-1) quantifies the change in photon energy upon scattering, and the photon count 

across a range of Raman shifts comprises a Raman spectrum, which is specific to the vibrational, 

rotational, and electronic excited states of a molecule.35 While this spectrum is extremely informative and 
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specific, the spectral information is often inaccessible due to the inefficiency of Raman scattering. The 

cross sections of Raman scattering (~10-26 cm2 per molecule, note that this varies significantly with the 

molecular identity) are about 8-10 orders of magnitude smaller than those of fluorescence; thus Raman 

information is often overwhelmed by background noise and fluorescence in a sample.36–38 For this reason, 

some method of enhancement is required for detection of dilute analytes. This enhancement may come 

from either sample concentration, surface enhanced Raman scattering (SERS), tip enhanced Raman 

scattering (TERS), or resonance Raman scattering (RRS).35 The former two are applied in this PhD for 

the purpose of analyte detection. 

 

Figure 1.5: Light interaction in Raman scattering. (a) In Rayleigh scattering, the light interacts elastically, 

therefore the light photon has the same energy as the incoming light. (b) In Stokes Raman scattering, the 

light loses energy by exciting a vibrational energy state of the analyte (with an intermediate virtual state). 

(c) In Anti-Stokes Raman scattering, the analyte is already in an excited vibrational state, therefore energy 

is lost from the molecule upon interaction with light. (d) In Resonance Raman scattering, the photon 

energy corresponds to an electronic state transition of the analyte. 
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1.3.1 Surface-enhanced Raman scattering  

Surface enhanced Raman scattering (SERS) uses plasmonic effects on noble metal nanostructured 

surfaces to locally enhance the Raman signal, overcoming the low sensitivity problem in Raman 

spectroscopy and enabling even single molecule detection.39,40 SERS involves two mechanisms: (1) a 

dominant electromagnetic enhancement, and (2) a chemical enhancement.  

 

The electromagnetic mechanism of SERS enhancement 

 The electromagnetic mechanism arises from the excitation of localized surface plasmons – that is, 

collective excitations of the electron gas within the metal that are confined to the surface regions. SERS 

requires localized surface plasmons on a nanostructured metallic (ideally with a negative real and small 

positive imaginary dielectric constant) surface, which are excited at the known as the localized surface 

plasmon resonance (LSPR) frequency.41 This frequency is sensitive to the shape, size, material, and 

morphology of the nanoparticle, as well as the local dielectric environment.42 Both silver and gold 

nanospheres are commonly used for SERS experiments –while gold is more easily functionalized and 

biocompatible, AgNPs have a stronger LSPR absorption, surface plasmons with higher energy, and a 

resulting greater local electric field enhancement.43 

 Sharp corners in metallic nanostructures can dramatically increase the observed SERS intensity. 

Electromagnetic enhancement factors (EFs) of up to 1011 have been estimated for jagged nanostructures 

such as ‘nanotriangles’, ‘nanocubes’, or ‘nanostars’.44–47 Additionally, close-association or clustering of 

nanoparticles has been shown to significantly increase the electromagnetic EF.47 Nanoscale gaps between 

closely-associated nanoparticles are termed ‘hot spots’ – areas in which the SERS enhancement is 

drastically increased. In the 2 nm gap size between two coupled AgNPs, which only comprises <1% of 

the total surface area, adsorbed analytes are dramatically enhanced such that they contribute to >50% of 

the total SERS signal.48 Additionally when nanoparticles closely associate, the surface plasmons are able 

to couple, generating broad plasmon resonances that enable excitation from the visible frequencies to the 
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near infrared.34 Aggregates of silver nanoparticles will be shown in this thesis to form fractal patterns, 

resulting in extended networks of SERS-active ‘hot spots’.  

 

The chemical mechanism of SERS enhancement 

 The chemical enhancement mechanism was discovered from the observation that Raman 

scattering is not enhanced similarly for all molecules, as well as the fact that there is a “missing” 

contribution from the enhancement – the electromagnetic adsorption allows an enhancement of 10 orders 

of magnitude, while SERS EF’s may reach 1014.37,40 Chemisorption of the molecules on to the roughed 

surface enables new resonant intermediate states. Therefore, while the electromagnetic enhancement 

mechanism enables a greater measured signal by locally increasing both the incident and scattered electric 

fields, the chemical enhancement mechanism increases the signal by directly increasing the Raman cross 

section of the surface-interacting analytes.34  

 

Calculation of SERS enhancement factors 

The quality of a system for SERS analysis is often assessed through the enhancement factor (EF), 

which is a ratio of the SERS signal to the normal Raman signal. The SERS EF is most commonly defined 

as follows: 

 
𝐸𝐹 =

𝐼u%vu/𝑁u%vu
𝐼xvu/𝑁xvu

 
(9) 

where I and N refer to the intensity and the number of molecules within the probe volume, respectively, 

and the subscript NRS refers to the normal Raman scattering condition (i.e. with a non-SERS active 

system).40 Because it is uncommon to be able to precisely quantify the number of molecules within the 

probe volume, a commonly used experimental assumption is that the number of molecules is proportional 

to the concentration of the analyte used. This yields the following equation, for what is termed an 

analytical enhancement factor:  
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𝐸𝐹 =

𝐼u%vu/𝐶u%vu
𝐼xvu/𝐶xvu

 
(10) 

where CSERS and CNRS are the concentrations used in the SERS and normal Raman experiments, 

respectively. The analytical enhancement factor, while it depends strongly on analyte distribution and the 

substrate morphology, is a practically useful characterization of the enhancement yielded by a substrate at 

specific experimental conditions.49  

 

Fabrication of SERS substrates 

SERS may be achieved either in colloidal solution, or on a solid substrate modified to be rough 

on the nanoscale. The former provides the ability for in situ manipulation and analysis of fluid systems, as 

well as 3D interaction of the analyte with the SERS-active regions, while maintaining the analyte 

concentration of the original sample, i.e., there is no adsorption/evaporation process required. However, 

colloidal solutions of nanoparticles may suffer from poor reproducibility, poor stability, inhomogeneous 

NP distributions, and a transiency of SERS-active sites.47 Therefore, for reproducible SERS analysis, 

many SERS users prefer to work with solid substrates comprising permanent SERS-active regions. This 

may be achieved through: (1) ‘top-down’ nanofabrication techniques such as electron beam lithography, 

focused ion beam etching, atomic layer deposition, or metal film over nanosphere (FON) deposition;2,50,51 

or (2) ‘bottom-up’ techniques, which employ nanoparticle/colloid solutions to modify the structure of a 

substrate through either self-assembly (e.g. sol-gel methods), or directed assembly (e.g. electrokinetic 

assembly, or optical trapping).52,53 The former often requires complex and expensive nanofabrication 

equipment in dedicated clean room laboratories. In this thesis, we apply a ‘bottom-up’ technique for the 

directed assembly of nanoparticles into SERS-active solid substrates. 

In the design of SERS-active systems, it is important to consider the distance of interaction 

between the analyte and the surface, as this strongly affects the SERS enhancement. The chemical 

enhancement requires chemisorption and therefore direct contact between the analyte and the surface, 

while the EM enhancement extends a small distance from the surface. The SERS intensity is observed to 
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decrease at a rate of r-10 from the surface, thus for practical SERS use in analyte detection and 

identification, analyte association distances of <10 nm are generally required.51 

 

1.4 Scope of Thesis 

This thesis involves the development and application of a method to produce sensitive SERS 

substrates through electrokinetic assembly of nanoparticles from suspension.  Chapter 2 is the inaugural 

manuscript detailing the mechanism of nanoparticle assembly into SERS-active nanostructures, 

specifically silver nano-dendrites. It involves an exploration of the electric field parameters (frequency, 

voltage), the nanoparticle constituents (silver vs. gold) and the nanoparticle concentration for optimal 

nano-dendrite growth. Chapter 2 also establishes the utility of the silver nano-dendrites in chemical 

sensing of rhodamine 6G (a Raman dye), melamine (a toxic food additive), thiram (a pesticide), and 

cocaine (an illicit drug). Finally, in Chapter 2 we detail a method for the “active mode” usage of our 

SERS-substrates; that is, a method for enhanced analyte sampling through AC electrokinetic 

concentration of biological particles, by re-activating the electric field through the nano-dendrite electrode 

extensions. This “active mode” is a unique feature of the SERS substrates that enables analyte collection 

directly to the detection site. 

 Chapter 3 details a method for the identification and quantification of chemically similar and 

societally relevant drug analytes via SERS detection on the silver nano-dendrites.  The identification and 

quantification are achieved the use of multivariate statistical methods. By developing a principal 

component analysis framework coupled with a support vector machine, we successfully identify analyte 

samples containing cocaine, heroin, oxycodone, and tetrahydrocannabinol (THC), and quantify cocaine 

concentrations in dilute solutions. The techniques developed in this chapter, including the establishment 

of a ‘spectral library’, and a subsequent identification algorithm, provide a framework for the analysis of 

complex chemical analytes with overlapping Raman peaks, an approach with clear commercial 

applications.  
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 Chapter 4 extends the accessibility of the SERS substrates by removing the requirement for 

microfabrication for the microelectrode. We develop a method to simply use a sharp tool to ‘scratch’ the 

surfaces of solid substrates coated with a conductive film, in order to create two electrically disconnected 

microscale electrodes. This scratch is not comprehensive, meaning that there are isolated microscale 

islands distributed throughout the gap; we show that these islands contribute positively to silver 

deposition across the microelectrode gap. We demonstrate that these electrodes can be used to assemble 

silver nanoparticles into SERS-active structures. These structures are then applied for chemical detection 

of rhodamine 6G, cocaine, thiram, and dinitrotoluene (DNT, an explosive).  

 Chapter 5 applies the silver nano-dendrites to solve a specific, societally-relevant sensing 

problem, the detection of melamine in milk and infant formula. We develop a method to protect the silver 

nano-dendrites from surfactant dissolution; that is, to stabilize them with an ionic layer so that they can be 

used with high protein content solutions. We also apply a method to ‘crash out’ proteins from milk and 

infant formula, to enable detection of melamine in these complex solutions. 

 Chapter 6 expands upon the silver nano-dendrite sensing platform, and develops a method for the 

growth of gold nano-dendrites, enabling biological sensing, and functionalization of SERS surfaces. We 

optimize the electric field parameters for the growth of gold nano-dendrites, and apply them for both: (1) 

the chemical detection of rhodamine 6G and thiram, and (2) a specific biotin-streptavidin assay. Finally, 

we demonstrate that the “active capture” approach developed in Chapter 2 can be applied here, to further 

increase the analyte binding above that which is enabled through specific binding agents. 

 Finally, Chapter 7 makes conclusions on the work presented in this thesis, as well as 

recommendations for future developments. 

   

1.5 References 

(1)  Abalde-Cela, S.; Aldeanueva-Potel, P.; Mateo-Mateo, C.; Rodríguez-Lorenzo, L.; Alvarez-
Puebla, R. A.; Liz-Marzán, L. M. Surface-Enhanced Raman Scattering Biomedical Applications 
of Plasmonic Colloidal Particles. J. R. Soc. Interface 2010, 7 Suppl 4, S435-50. 



17 

 

(2)  Bantz, K. C.; Meyer, A. F.; Wittenberg, N. J.; Im, H.; Kurtuluş, O.; Lee, S. H.; Lindquist, N. C.; 
Oh, S.-H.; Haynes, C. L. Recent Progress in SERS Biosensing. Phys. Chem. Chem. Phys. 2011, 
13, 11551–11567. 

(3)  Giljohann, D. A.; Mirkin, C. A. Drivers of Biodiagnostic Development. Nature 2009, 462, 461–
464. 

(4)  Tomkins, M. R.; Wood, J. A.; Docoslis, A. Observations and Analysis of Electrokinetically 
Driven Particle Trapping in Planar Microelectrode Arrays. Can. J. Chem. Eng. 2008, 86, 609–
621. 

(5)  Tomkins, M.; Liao, D.; Docoslis, A. Accelerated Detection of Viral Particles by Combining AC 
Electric Field Effects and Micro-Raman Spectroscopy. Sensors 2015, 15, 1047–1059. 

(6)  Liao, D. S.; Raveendran, J.; Golchi, S.; Docoslis, A. Fast and Sensitive Detection of Bacteria 
from a Water Droplet by Means of Electric Field Effects and Micro-Raman Spectroscopy. Sens. 
Bio-Sensing Res. 2015, 6, 59–66. 

(7)  Morgan, H.; Green, N. G. AC Electrokinetics: Colloids and Nanoparticles; Research Studies 
Press Ltd, 2003. 

(8)  Ramos, A.; Morgan, H.; Green, N. G.; Castellanos, A. Ac Electrokinetics: A Review of Forces in 
Microelectrode Structures. J. Phys. D. Appl. Phys. 1998, 31, 2338–2353. 

(9)  Hughes, M. P. Nanoelectromechanics in Engineering and Biology; CRC Press, 2003. 

(10)  Pohl, H. A. The Motion and Precipitation of Suspensoids in Divergent Electric Fields. J. Appl. 
Phys. 1951, 22, 869. 

(11)  Pescaglini, A.; O’Riordan, A.; Quinn, A. J.; Iacopino, D. Controlled Assembly of Au Nanorods 
into 1D Architectures by Electric Field Assisted Deposition. J. Mater. Chem. C 2014, 2, 6810. 

(12)  Green, N. G.; Ramos, A.; González, A.; Castellanos, A.; Morgan, H. Electrothermally Induced 
Fluid Flow on Microelectrodes. J. Electrostat. 2001, 53, 71–87. 

(13)  Yuan, Y. J.; Andrews, M. K.; Marlow, B. K. Chaining and Dendrite Formation of Gold Particles. 
Appl. Phys. Lett. 2004, 85, 130–132. 

(14)  Liu, W.; Wang, C.; Ding, H.; Shao, J.; Ding, Y. AC Electric Field Induced Dielectrophoretic 
Assembly Behaviour of Gold Nanoparticles in a Wide Frequency Range. Appl. Surf. Sci. 2016. 

(15)  Kretschmer, R. W. F. Pearl Chain Formation of Nanoparticles in Microelectrode Gaps by 
Dielectrophoresis. Langmuir 2004, 20, 11797–11801. 

(16)  Raveendran, J.; Wood, J. A.; Docoslis, A. Contact-Free Templating of 3-D Colloidal Structures 
Using Spatially Nonuniform AC Electric Fields. Langmuir 2016, 32, 9619–9632. 

(17)  Gangwal, S.; Cayre, O. J.; Velev, O. D. Dielectrophoretic Assembly of Metallodielectric Janus 
Particles in AC Electric Fields. Langmuir 2008, 24, 13312–13320. 



18 

 

(18)  Hermanson, K. D.; Lumsdon, S. O.; Williams, J. P.; Kaler, E. W.; Velev, O. D. Dielectrophoretic 
Assembly of Electrically Functional Microwires from Nanoparticle Suspensions. Science 2001, 
294, 1082–1086. 

(19)  Cherukulappurath, S.; Lee, S. H.; Campos, A.; Haynes, C. L.; Oh, S.-H. Rapid and Sensitive in 
Situ SERS Detection Using Dielectrophoresis. Chem. Mater 2014, 26, 59. 

(20)  Salemmilani, R.; Piorek, B. D.; Mirsafavi, R. Y.; Fountain, A. W.; Moskovits, M.; Meinhart, C. 
D. Dielectrophoretic Nanoparticle Aggregation for On-Demand Surface Enhanced Raman 
Spectroscopy Analysis. Anal. Chem. 2018, 90, 7930–7936. 

(21)  Gierhart, B. C.; Howitt, D. G.; Chen, S. J.; Smith, R. L.; Collins, S. D. Frequency Dependence of 
Gold Nanoparticle Superassembly by Dielectrophoresis. Langmuir 2007, 23, 12450–12456. 

(22)  Barsotti, R. J.; Vahey, M. D.; Wartena, R.; Chiang, Y. M.; Voldman, J.; Stellacci, F. Assembly of 
Metal Nanoparticles into Nanogaps. Small 2007, 3, 488–499. 

(23)  Evcimen, I. N.; Coskun, S.; Kozanoglu, D.; Ertas, G.; Unalan, H. E.; Nalbant Esenturk, E. 
Growth of Branched Gold Nanoparticles on Solid Surfaces and Their Use as Surface-Enhanced 
Raman Scattering Substrates. RSC Adv. 2015, 5, 101656–101663. 

(24)  Velev, O. D.; Bhatt, K. H. On-Chip Micromanipulation and Assembly of Colloidal Particles by 
Electric Fields. Soft Matter 2006, 2, 738. 

(25)  Xiong, X.; Busnaina, A.; Selvarasah, S.; Somu, S.; Wei, M.; Mead, J.; Chen, C. L.; Aceros, J.; 
Makaram, P.; Dokmeci, M. R. Directed Assembly of Gold Nanoparticle Nanowires and Networks 
for Nanodevices. Appl. Phys. Lett. 2007, 91, 1–4. 

(26)  Bhatt, K. H.; Velev, O. D. Control and Modeling of the Dielectrophoretic Assembly of On-Chip 
Nanoparticle Wires. Langmuir 2004, 20, 467–476. 

(27)  Shen, S. C.; Liu, W.-T.; Diao, J.-J. Colloidally Deposited Nanoparticle Wires for Biophysical 
Detection. Chinese Phys. B 2015, 24, 127308. 

(28)  Ranjan, N.; Vinzelberg, H.; Mertig, M. Growing One-Dimensional Metallic Nanowires by 
Dielectrophoresis. Small 2006, 2, 1490–1496. 

(29)  Lumsdon, S. O.; Scott, D. M. Assembly of Colloidal Particles into Microwires Using an 
Alternating Electric Field. Langmuir 2005, 21, 4874–4880. 

(30)  Papadakis, S. J.; Gu, Z.; Gracias, D. H. Dielectrophoretic Assembly of Reversible and 
Irreversible Metal Nanowire Networks and Vertically Aligned Arrays. Appl. Phys. Lett. 2006, 88, 
233118. 

(31)  Ben-Jacob, E.; Garik, P. The Formation of Patterns in Non-Equilibrium Growth. Nature 1990, 
343, 523–530. 



19 

 

(32)  Docoslis, A.; Kalogerakis, N.; Behie, L. A.; Kaler, K. V. A Novel Dielectrophoresis-Based 
Device for the Selective Retention of Viable Cells in Cell Culture Media. Biotechnol. Bioeng. 
1997, 54, 239–250. 

(33)  Tomkins, M.; Liao, D.; Docoslis, A. Accelerated Detection of Viral Particles by Combining AC 
Electric Field Effects and Micro-Raman Spectroscopy. Sensors 2015, 15, 1047–1059. 

(34)  Kneipp, K.; Kneipp, H.; Itzkan, I.; Dasari, R. R.; Feld, M. S. Surface-Enhanced Raman Scattering 
and Biophysics. J. Phys. Condens. Matter 2002, 14, R597–R624. 

(35)  Smith, E.; Dent, G. Modern Raman Spectroscopy - A Practical Approach; 2005. 

(36)  Nie, S.; Emory, S. R. Probing Single Molecules and Single Nanoparticles by Surface-Enhanced 
Raman Scattering. Science (80-. ). 1997, 275, 1102–1106. 

(37)  Campion, A.; Kambhampati, P. Surface-Enhanced Raman Scattering. Chem. Soc. Rev. 1998, 27, 
241. 

(38)  Meyer, S. A.; Ru, E. C. Le; Etchegoin, P. G. Quantifying Resonant Raman Cross Sections with 
SERS. J. Phys. Chem. A 2010, 114, 5515–5519. 

(39)  Jensen, L.; Schatz, G. C. Resonance Raman Scattering of Rhodamine 6G as Calculated Using 
Time-Dependent Density Functional Theory. 2006. 

(40)  Le Ru, E. C.; Blackie, E.; Meyer, M.; Etchegoin, P. G. Surface Enhanced Raman Scattering 
Enhancement Factors:  A Comprehensive Study. J. Phys. Chem. C 2007, 111, 13794–13803. 

(41)  Kosuda, K.; Bingham, J.; Wustholz, K.; Van Duyne, R. Handbook of Nanoscale Optics and 
Electronics; Academic Press, 2010. 

(42)  Willets, K. A.; Van Duyne, R. P. Localized Surface Plasmon Resonance Spectroscopy and 
Sensing. Annu. Rev. Phys. Chem. 2007, 58, 267–297. 

(43)  Jiang, R.; Chen, H.; Shao, L.; Li, Q.; Wang, J. Unraveling the Evolution and Nature of the 
Plasmons in (Au Core)-(Ag Shell) Nanorods. Adv. Mater. 2012, 24, OP200-7. 

(44)  Santos Costa, J. C.; Ando, R. A.; Sant’Ana, A. C.; Rossi, L. M.; Santos, P. S.; Temperini, M. L. 
A.; Corio, P. High Performance Gold Nanorods and Silver Nanocubes in Surface-Enhanced 
Raman Spectroscopy of Pesticides. Phys. Chem. Chem. Phys. 2009, 11, 7491. 

(45)  Hrelescu, C.; Sau, T. K.; Rogach, A. L.; Jäckel, F.; Feldmann, J. Single Gold Nanostars Enhance 
Raman Scattering. Appl. Phys. Lett. 2009, 94, 153113. 

(46)  Fan, Z.; Senapati, D.; Khan, S. A.; Singh, A. K.; Hamme, A.; Yust, B.; Sardar, D.; Ray, P. C. 
Popcorn-Shaped Magnetic Core-Plasmonic Shell Multifunctional Nanoparticles for the Targeted 
Magnetic Separation and Enrichment, Label-Free SERS Imaging, and Photothermal Destruction 
of Multidrug-Resistant Bacteria. Chem. - A Eur. J. 2013, 19, 2839–2847. 



20 

 

(47)  Ding, S.-Y.; Yi, J.; Li, J.-F.; Ren, B.; Wu, D.-Y.; Panneerselvam, R.; Tian, Z.-Q. Nanostructure-
Based Plasmon-Enhanced Raman Spectroscopy for Surface Analysis of Materials. Nat. Rev. 
Mater. 2016, 1, 16021. 

(48)  Fang, J.; You, H.; Zhu, C.; Kong, P.; Shi, M.; Song, X.; Ding, B. Thermodynamic and Kinetic 
Competition in Silver Dendrite Growth. Chem. Phys. Lett. 2007, 439, 204–208. 

(49)  Le Ru, E.; Etchegoin, P. Principles of Surface-Enhanced Raman Spectroscopy and Related 
Plasmonic Effects; Elsevier, 2009. 

(50)  Hoch, H. C.; Jelinski, L. W.; Craighead, H. G. Nanofabrication and Biosystems: Integrating 
Materials Science, Engineering, and Biology; Cambridge University Press, 1996. 

(51)  Dieringer, J. A.; McFarland, A. D.; Shah, N. C.; Stuart, D. A.; Whitney, A. V.; Yonzon, C. R.; 
Young, M. A.; Zhang, X.; Van Duyne, R. P. Introductory Lecture : Surface Enhanced Raman 
Spectroscopy: New Materials, Concepts, Characterization Tools, and Applications. Faraday 
Discuss. 2006, 132, 9–26. 

(52)  Velev, O. D.; Gupta, S. Materials Fabricated by Micro- and Nanoparticle Assembly - The 
Challenging Path from Science to Engineering. Adv. Mater. 2009, 21, 1897–1905. 

(53)  Freeman, R. G.; Grabar, K. C.; Allison, K. J.; Bright, R. M.; Davis, J. A.; Guthrie, A. P.; 
Hommer, M. B.; Jackson, M. A.; Smith, P. C.; Walter, D. G.; et al. Self-Assembled Metal Colloid 
Monolayers: An Approach to SERS Substrates. Science 1995, 267, 1629–1632. 

 

 

 

 

 

 

 

 

 

 

 

 



21 

 

Chapter 2 

In situ assembly of active surface-enhanced Raman scattering substrates via 

electric field-guided growth of dendritic nanoparticle structures 

 

With minor changes to fulfill formatting requirements, this chapter is as it appears in: 

H. Dies, J. Raveendran, C. Escobedo, and A. Docoslis. Nanoscale, 2017, 9, 7847-7857.  

 

Contributions: Joshua Raveendran contributed experimentally by providing TEM images, COMSOL 

simluations of electric field magnitude and gradient, as well as simulations of the electroosmotic velocity 

with frequency variation. 

 

Abstract: Surface-enhanced Raman scattering (SERS) can provide ultrasensitive detection of chemical 

and biological analytes down to the level of a single molecule. The need for costly, nanostructured, noble-

metal substrates, however, poses a major obstacle in the widespread application of the method. Here we 

present for the first time a novel type of metallic nanostructured substrates that, not only exhibit a 

remarkable SERS activity, but are also produced in a facile, cost-effective and nanofabrication-free 

manner. The substrates are formed through an electric field-guided assembly process of silver 

nanocolloids, which results in extended and interconnected dendritic nanoparticle structures with a high 

density of “hot spots”. A unique and significant performance attribute of these nanostructures is their 

ability to also function as concentration amplification devices, thereby further enhancing their analyte 

detection efficiency. This major advantage against conventional SERS substrates is illustrated 

experimentally here with the concentration and detection of proteins from solution. Low limits of 

detection for illicit drugs, food contaminants and pesticides in relevant matrices are also demonstrated. 

The SERS-active dendrites are reusable and can be removed and replaced in a few minutes. The SERS 



22 

 

substrates presented herein constitute a significant advance towards more effective and less expensive 

diagnostic tools. 

 

2.1 Introduction 

The need for analytical technologies to provide rapid, quantitative, and ultrasensitive detection of 

chemical and biological analytes in environmental or biological fluids is globally on the rise.1 The early 

detection of biomarkers of devastating diseases such as cancer, or the in situ identification of food 

contaminants, illegal drugs and terrorism agents such as bacteria, viruses and explosives, can be better 

accomplished with the use of sensing devices that combine time-efficiency, low limits of detection, 

portability and cost-effectiveness.2,3 The best available methods today, such as polymerase chain reaction, 

enzyme-linked immunosorbent assay, or mass spectrometry, are all laboratory-based and require 

expensive reagents, specialized personnel, and centralized laboratory facilities.4 

On the other hand, Raman spectroscopy, with its inherent biochemical specificity, simplicity in 

sample preparation, and transparency to water, provides an ideal mechanism for analyte identification in 

fluid samples. In particular, the exceptional sensitivity of surface-enhanced Raman scattering (SERS) 

makes detection possible at clinically applicable concentrations for a number of highly important 

analytes, including biomolecules, chemical contaminants, illicit drugs and even whole cells.5–13 SERS 

provides a wealth of highly resolved and chemically specific vibrational information, at signal intensities 

up to 14 orders of magnitude greater than those of Raman spectroscopy. When combined with fiber 

optics, diode lasers, and portable Raman spectrometers, SERS can become a powerful technique for 

point-of-care diagnostics or the remote detection of explosives and other harmful chemicals.14  

A major obstacle that currently prevents SERS from becoming a widespread analytical method is the 

lack of cost-effective fabrication methods to produce the nanoscale substrates required for sensitive and 

reproducible detection.15 To date, most methods of nanofabrication require dedicated clean room 

facilities, as well as involved expensive techniques such as focused ion beam etching, electron beam 
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lithography, atomic layer deposition, or metal film over nanosphere deposition.9,16,17 An alternative and 

promising method was recently demonstrated by Ben-Jaber and coworkers, who showed that high Raman 

signal enhancements can be achieved when colloidal Au nanoparticles are dropcast on UV-irradiated 

photo-active substrates.10 Another emerging method involves the electrochemical reduction and 

deposition of metal ions from solution to form nanostructured arrangements such as dendrites.18–21 These 

structures can often function as highly enhancing substrates (particularly when produced with Ag), due to 

the broadening of the plasmon resonance through the coupling of nanoparticles on closely spaced dendrite 

branches.22 However, while Ag has the highest enhancement factor of the noble metals, it is the least 

stable (it oxidizes under atmospheric conditions). Therefore, SERS-active substrates of Ag dendrites with 

a high density of “hot spots” that can form in situ, through a rapid, point-of-use fabrication method, are 

highly desirable. 

Here, we introduce a type of nanostructured “SERS-on-a-chip” substrates that are produced in 

situ and on-demand through a facile, rapid and reproducible method that enables the ultrasensitive and 

quantitative detection of a wide range of analytes. The SERS-active substrates comprise interconnected 

dendritic structures that form through an electric field-guided assembly process of colloidal metallic 

nanoparticles (here, silver nanoparticles, AgNPs). This inherently bottom-up approach to fabrication 

requires only a few minutes to complete and can be performed easily and reproducibly using planar 

microelectrodes supported on a silicon chip. We identify a window of process parameters, inside which 

the resulting nanoparticle substrates can simultaneously fulfill two major, and often competing, design 

goals: (a) high local SERS enhancement and (b) effective surface coverage. More importantly, we 

illustrate an additional mechanism, by which these dendritic structures can actively contribute to 

enhanced analyte detection: being physical extensions of the microelectrodes, the metallic nanoparticle 

structures can generate (when actuated by an external power source) locally enhanced electric fields and 

forces strong enough to cause the accelerated capture of analytes from solution. Notably, all the 

aforementioned functions can be accomplished on a silicon-based nanoparticle assembly platform that is 
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not only robust (in contrast to paper-based devices) and simple to operate, but also reusable: that is, the 

SERS-active dendrites may be removed from the surface after use and replaced with a fresh layer in a 

matter of minutes. 

 

2.2 Experimental  

2.2.1 Materials 

Rhodamine 6G (R6G, 99%), melamine (99%), thiram (Pestanal®, analytical standard), cocaine (1 

mg mL−1, in acetonitrile), bovine serum albumin (BSA, >98%) and avidin-FITC (from egg white) were 

purchased from Sigma-Aldrich (Oakville, ON). Silver nanoparticles (AgNPs) of 50 nm in diameter, 

stabilized in 2 mM citrate, were obtained from Cytodiagnostics Inc. (Burlington, ON). Polished silicon 

wafers (4′′ diameter) with a thermally grown SiO2 layer (0.5 μm) were purchased from University Wafer 

(South Boston, MA, USA). Millipore® water (18.2 MΩ cm) was used throughout the experiments. 

2.2.2 Microchip fabrication 

The microfabrication of electrodes was carried out at the Nanofabrication Kingston facility (NFK, 

Innovation Park, Kingston, Ontario) through maskless photolithography on silicon wafers, followed by 

electron beam metal film evaporation and liftoff. The negative photoresist SU-8 (MicroChem Corp, 

Westborough, MA) was used with the IMP maskless photolithography system to transfer the 

microelectrode pattern to the silicon substrate. A 5 nm layer of chrome was used to improve the adhesion 

of the deposited Au layer (100 nm thickness) to the silicon substrate. 

2.2.3 Analyte sample preparation 

Melamine was dissolved in Millipore® water to a stock concentration of 1 mg mL−1 (1000 ppm) 

and diluted in water to generate solutions in the range 100 ppm–100 ppt. R6G was dissolved in methanol 

at a stock concentration of 0.1 M, and diluted in methanol/water (1:1) to generate solutions in the range 1 

mM-1 nM. Cocaine was dissolved in acetonitrile at a stock concentration of 1000 ppm, and diluted in 
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water to generate solutions in the range 100 ppm–1 ppb. Bovine serum albumin (BSA) was dissolved at 

0.5 wt% in Millipore® water. For each experiment, a 5 μL BSA solution was deposited on the dendrite-

modified microelectrodes. We optimized a method to process melamine-spiked milk solutions, involving 

the following steps: (1) acetonitrile is added in a 1:1 ratio to the milk, and the solution is mixed; (2) the 

solution is centrifuged for 30 minutes to precipitate the protein; and (3) the fat component is skimmed off, 

the precipitated protein is left as a pellet in the bottom of the tube, and the middle layer is removed for 

SERS analysis. For thiram-spiked apple juice samples, the thiram was added directly to apple juice with 

no sample preparation. 

2.2.4 Nanoparticle dispersion preparation 

All nanoparticle (NP) dispersions were concentrated through centrifugation at 3800g for 20 

minutes, followed by removal of the supernatant to reach a final concentration of 2.9 × 1011 particles per 

mL. Samples were sonicated post-concentration. A Zetasizer Nano ZS (Malvern, Inc.) was used to 

measure the AgNP hydrodynamic radius (67.7 nm) and zeta potential (−25.4 mV), as well as suspension 

conductivity (0.0571 S m−1), to ensure that a unimodal, non-aggregated, stable dispersion was consistently 

used in the experiments. 

2.2.5 SERS substrate preparation and use 

For NP deposition, a 10 μL sample of concentrated NP solution was placed over the 

microelectrode center using a micropipette (Figure 2.1(b)). The collection was run for 12 minutes at AC 

frequencies 1 Hz–1 MHz, and voltages of 1–20 Vpp (peak-to-peak), in some experiments with an imposed 

DC bias. Following NP deposition, the chip was washed with water and dried in a stream of air. For 

larger biological analytes, active analyte collection was performed prior to detection: a 5 μL droplet of the 

analyte solution was deposited over the microelectrode centre, and the collection was run for 15 minutes 

at 10 kHz and 15 Vpp. Smaller analytes (cocaine, melamine, R6G) come into contact with the SERS active 

surface through passive adsorption: a 2 μL solution of analyte was deposited over the microelectrode 

surface and the solvent was allowed to evaporate prior to detection.  



26 

 

 
Figure 2.1: Schematic representation of the SERS-active substrate preparation and detection process. (a) 

Gold planar microelectrode array photolithographically deposited on an oxidized silicon chip. (b) 

Connected to an AC source, the microelectrodes are used to guide the assembly of colloidal silver 

nanoparticles into a SERS-active substrate. (c) The SERS-active substrate remains stably attached to the 

surface of the chip after the droplet is removed. (d) The analyte solution is dropcast onto the surface of the 

chip and SERS micro-spectroscopy is used for detection. The nanoparticles are washed away and the 

cleaned microelectrode platform is used in a new detection cycle. 

 

2.2.6 Surface characterization 

Scanning electron microscopy (SEM) was performed at the Queen's Facility for Isotope Research, 

on a MLA 650 FEG environmental SEM, at a voltage of 5.00 kV. Optical microscopy was performed on 

the Raman micro-spectrometer. ImageJ was used for the processing of SEM images and percentage 

surface coverage analysis. Fluorescent microscopy was carried out on an Olympus 1X83 inverted 

fluorescence microscope with a green fluorescent protein (GFP) filter. 
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2.2.7 Raman measurements and spectral processing 

A HORIBA Jobin Yvon Raman Spectrometer (Model: LabRAM) with a 632.8 nm He/Ne laser 

(17 mW), 1800 l nm−1 grating and an Olympus BX-41 microscope system were used. The collection of 

spectra was performed in the backscattered mode under the following conditions: ×100 microscope 

objective, 500 μm pinhole, 500 μm slit width, laser filter 10×, for a sampling time of 10 seconds with 10 

repeats. All Raman spectra were background corrected through polynomial subtraction, and the noise was 

reduced with a Savitsky–Golay filter. 

2.2.8 Numerical simulations 

Comsol Multiphysics® (version 5.1) was used to simulate the conditions during dendrite 

formation to better understand the electrokinetic mechanisms responsible for the assembly process. A 

quarter of a cylinder (height = 100 μm, radius 250 μm) was used as the control volume in order to take 

advantage of the symmetry in the electrode design and reduce the required computation power. The 

electrodes had the same design as those used experimentally with circular tips and a 17 μm gap between 

adjacent electrodes. Simulations were performed both with and without a nanoparticle attached to the 

electrode surface. TEM measurements were used to estimate the geometry of a nanoparticle. Simulations 

performed with a nanoparticle present were done using a smaller control volume (height = 20 μm, radius 

190 μm) to avoid computational limits. A stationary model was used for all simulations. More 

information regarding simulations is available in Appendix 1. 

 

2.3 Results and Discussion 

2.3.1 Electric field-guided assembly of nanoparticles 

Colloidal metallic nanoparticles can assemble to form SERS-active substrates under the influence 

of a spatially non-uniform electric field. The concept is demonstrated here by employing colloidal silver 

nanoparticles (AgNPs) as building blocks and a simple, reusable assembly platform comprising a set of 

planar microelectrodes connected to an alternating current (AC) power source (Figure 2.1). A typical 
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assembly process requires the use of a 10 μL silver nanoparticle suspension droplet (1011 particle per mL) 

and completes within a few minutes. Analyte detection by means of SERS micro-spectroscopy is 

accomplished by either the method of drop-casting or by analyte adsorption from solution. At the end of 

the measurement, the nanoparticle substrate is rinsed away and the microelectrode chip is reused to 

assemble a fresh layer. It was experimentally ascertained that this cycle can be repeated for at least 20–30 

times without any visible microelectrode decay, or loss of detection performance. 

Through optimization experiments across a wide range of voltage (0.1–20 Vpp) and AC frequency 

(0–1.0 MHz) conditions, the parameter window of 1–100 Hz and 2.5–3.5 Vpp was found to lead to 

substantial deposition of colloidal AgNPs. This electric field-driven colloidal deposition process occurs 

through the assembly of dendritic AgNP structures in the areas between adjacent microelectrodes. Figure 

2.2 shows a variety of nanoparticle deposition patterns produced at some characteristic voltage and 

frequency conditions. Although a planar quadrupolar microelectrode array was used in the experiments, a 

bipolar electrode array or another similar alternative worked sufficiently well. The voltages shown are the 

maximum (nominal) applied voltages at each frequency, for which growth of dendrites is observed. As 

shown in Figure 2.2 (a) and (b), dense dendritic structures are formed at 1 Hz; however, in most cases 

these conditions cause electrochemical reactions that are damaging to the microelectrodes. At 10 Hz, 2.5 

Vpp (Figure 2.2 (c) and (d)), well-structured dendrites extending ∼15 μm are produced between adjacent 

microelectrodes. Dendrites are also observed at 100 Hz (Figure 2.2 (d) and (e); however, they are scarce 

and short. At frequencies ≥1 kHz, no dendritic structures are produced, although some unstructured 

nanoparticle deposition is observed in the high field regions directly along the electrode edges. 
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Figure 2.2: AgNP structures produced through electrokinetic deposition on microelectrodes. At low 

frequencies (1–100 Hz), AgNPs form dendritic structures within a critical voltage range. (a) At 1 Hz, 1 

Vpp, a dense deposition is produced, which the SEM in (b) reveals to be dendritic in nature; however, this 

frequency also causes significant microelectrode damage. (c) At 10 Hz, 2.5 Vpp, an effective surface 

coverage of the microelectrode gap region with dendrites is observed, and (d) SEM images indicate 

intricate branching of these structures, allowing for LSPR coupling and high SERS activity. (e) At 100 

Hz, little deposition is observed; however the SEM in (f) demonstrates short well-structured dendrites.  

 

2.3.2 SERS activity of the electric field-generated nanoparticle structures 

Rhodamine 6G (R6G), a Raman reporter molecule with a distinct and strong Raman spectrum, 

was used for assessing the SERS activity of the nanoparticle substrates formed under various electric field 
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conditions. The R6G spectrum is characterized by Raman peaks at 612, 1179, 1306, 1360, 1505, 1567, 

1595, and 1646 cm−1. Figure 2.3(a) shows the results of these optimization experiments, where the SERS 

abilities of various substrates produced under a variety of electric field conditions are quantified through 

the intensity of a key peak (at 1360 cm−1, assigned to aromatic C–C stretching23) in the SERS spectrum of 

R6G. Figure 2.3(a) also verifies the improved SERS performance of NP structures deposited at low 

frequency conditions. This spectral quantification considers the combined effect of two factors that 

simultaneously affect the SERS performance: (1) the inherent SERS activity of the deposited NPs; and (2) 

the fraction of the surface sampled by the laser beam that is covered by the NP structures. In all cases 

where NPs are deposited, the region shows some signal enhancement; however, for the high frequency 

depositions, the NPs were only located along the microelectrode edges. These extremely localized regions 

of SERS enhancement were not found to be sufficient for laser sampling and analyte detection.  

To examine the quantitative detection capability of the Ag dendritic substrates, we performed a 

calibration with R6G at concentrations from 0.1 mM to 1 nM, as shown in Figure 2.3(b). The intensity of 

the 1360 cm−1 peak is used for quantification. The data show a strong linear correlation (R2 value of 

0.988) over 6 orders of magnitude; however, not all data points lie upon a linear calibration curve. 

Therefore, it can be concluded that, although SERS is primarily used for identification purposes, the 

present method has the potential to also be used for order-of-magnitude quantification over a wide range 

of concentrations. 

The performance of the dendritic SERS substrates formed at 10 Hz and 2.9 Vpp was compared 

against the SERS ability of randomly aggregated AgNPs (i.e. deposited in a “coffee ring” pattern through 

passive evaporation from a droplet). Spectra were taken at identical acquisition parameters (633 nm laser, 

10 s acquisition time, ×10 objective). In both cases 10 μL of 10−5 M R6G in methanol, from the same 

batch, was dropcast onto the surface and allowed to evaporate. The spectra shown in Figure 

2.3(c) correspond to an average of 5 different SERS signals for each substrate. It is evident that the hot 

spot density and resulting SERS intensity of the electric field-guided growth is far superior to that of 
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random aggregation. Figure 2.3(c) also contains SERS spectra obtained under the exact same conditions 

using a commercially available SERS substrate (Ocean Optics Inc., Dunedin, FL, USA). The substrate 

consists of AuNPs deposited onto a paper sticker, which is supported upon a glass microscope slide. An 

AgNP substrate was not commercially available from Ocean Optics at the time that these tests were 

performed. Since AuNPs are not as plasmonically active as AgNPs at 633 nm, these spectra are used here 

only for a relative performance comparison under the conditions of our experiment and cannot be taken as 

representative of the optimal SERS performance of this commercial benchmark. 

The intensity of the peak at 1360 cm−1 is used to calculate the SERS enhancement factor (EF), via 

Equation 1: 

where ISERS and INR are the (background corrected) intensities of the 1360 cm−1 peak on the SERS 

substrate and on a silicon (normal Raman) surface, respectively, and NSERS and NNR are the number of 

analyte molecules adsorbed on the SERS and silicon surfaces, respectively. For all calculations here, we 

assumed that NSERS and NNR were directly proportional to the concentration of analyte dropcast upon the 

substrate. Using the data shown in Figure 2.3(c), we determine an analytical EF of 4 × 105 for our silver 

dendrites. Given an estimated surface coverage of 38% on the silicon substrate, the EF per silver 

nanocluster region is 1 × 106, which is about one order of magnitude higher than the performance of other 

nanoparticle-based SERS substrates reported in the literature.24–26 Under the conditions of this test, the 

Ocean Optics substrates provide an analytical EF of 2 × 104. 

 

𝐸𝐹 =
𝐼u%vu/𝐼xv
𝑁u%vu/𝑁xv

 (1) 
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Figure 2.3: (a) SERS performance of AgNP substrates formed under different electric field conditions, 

quantified through the intensity of the 1360 cm−1 peak in the SERS spectrum for R6G. (b) Calibration of 

the sensing surface with varying concentrations of R6G. (c) Comparison between electrokinetically-

produced Ag dendrites (blue) and Ocean Optics SERS Au nanoparticle substrates (green) for the detection 

of 10−5 M R6G. Spectra are shifted along an arbitrary axis for visualization. Error bars in (a) and (b) 

represent standard deviations of peak intensities from n = 5 repeated measurements. 

 

2.3.3 Ultrasensitive detection of chemical analytes in the “passive mode” 



33 

 

Samples of three relevant chemical analytes: (1) melamine, (2) cocaine, and (3) thiram, each 

dissolved in an appropriate matrix, were used to demonstrate the performance of the dendritic SERS 

substrates in “real-world” sample testing. The samples were applied on the dendrites using drop casting, 

which is commonly used for testing the chemical sensing performance of SERS substrates. 

Detection of melamine in infant formula. Melamine (66.7% by mass nitrogen) addition to dairy 

products, infant formula, or pet food for boosting the apparent protein content27 resulted in the 

hospitalization of over 50 000 infants in China in 2008 and the deaths of hundreds of household pets in 

the United States of America in 2007.28,29 The World Health Organization sets a safe allowable 

concentration for melamine in milk at 2.5 parts per million (ppm) and in infant formula at 1 ppm.30,31 The 

results of melamine detection on our SERS substrates are shown in Figure 2.4(a). Melamine presents its 

most intense Raman peak at 685 cm−1, which is assigned to the ring breathing II mode, characteristic of 

the in-plane deformation of the triazine ring.5 Due to the strong SERS ability of our AgNP dendritic 

surfaces, we are able to detect melamine reproducibly in liquid infant formula to a concentration of 1 

ppm, through a short sample preparation step requiring only one solvent (acetonitrile).  

Detection of thiram in apple juice. Thiram is an organosulfur compound commonly used as a 

fungicide or animal repellant in industry and agriculture.32 Upon metabolization, thiram produces carbon 

disulfide, which is toxic to the liver. The US Environmental Protection Agency prescribes a maximal 

residue limit (MRL) of 7 ppm for thiram in food products – most current methods of monitoring pesticide 

concentrations in fruits and vegetables use high performance liquid chromatography (HPLC)20,32 Here, we 

spiked apple juice with thiram directly, and with no sample preparation, detected thiram reproducibly at 1 

ppm (Figure 2.4(b)), seven times below the prescribed MRL. 

Detection of cocaine in water. Cocaine is an illicit drug associated with several detrimental 

health effects that may require urgent care: in the United States of America in 2011, cocaine was 

associated with 40.3% of illicit-drug related emergency room visits.33 There is a pronounced need for a 

rapid and minimally invasive cocaine detection method, in order to prescribe appropriate care and/or 
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prevent drug-related accidents. SERS-based detection is particularly compatible with salivary drug 

testing, as saliva is 99.5% water, which presents a negligible background Raman signal for chemical 

analysis.7 The cutoff concentration for federal workplace testing of cocaine lies between 120–150 ppb, 

while the cutoff concentration for clinical applications is 10–50 ppb.7,34 The results of cocaine detection 

on our SERS substrates are shown in Figure 2.4(c). Cocaine solutions in water were dropcast directly on 

to our substrates and the most prominent peak at 1003 cm−1 was used to identify analyte presence. We 

demonstrate the reproducible detection of 100 ppb cocaine in distilled water, below workplace testing 

limits and close to the range of testing for clinical applications. 

 

 
Figure 2.4: (a) Detection of melamine in spiked infant formula, treated with a simple method for protein 

precipitation. (b) Detection of thiram in spiked apple juice without sample preparation. (c) Detection of 

cocaine in spiked deionized water. Spectra are shifted along an arbitrary axis for visualization. Note: the 

wavy background in this image is an artifact of the Raman spectrometer, likely due to notch filter aging. 

 

2.3.4 “Active mode” of sensing through electrokinetically driven analyte pre-concentration 

Thus far, the detection performance of the electrically grown SERS substrates has only been 

demonstrated under conditions where the chemical analytes were driven to the detection surface by 

adsorption from solution or solvent drying (“passive mode”). As shown here, the dendritic nanoparticle 

structures can further improve the overall detection performance by causing the accelerated transport and 

capture of analytes from solution, effectively acting as a concentration amplification device (“active 
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mode”). To accomplish this, we take advantage of the fact that the dendrites constitute electrically 

conducting extensions of the microelectrodes that shorten the microelectrode gap, thereby producing 

electric fields of a much higher intensity (E = V/d). Without the SERS layer, the given microelectrode set 

would only be able to cause dielectrophoresis on large biological objects, such as bacteria and 

viruses.35,36 As shown below, in the presence of the SERS layer, this capability can be extended to 

biomolecules, such as proteins. 

Under an AC electric field, the dendrites were observed to grow at equal rates from both 

electrodes simultaneously (Figure 2.2), until they bridge the microelectrode gap, causing an electrical 

short-circuit. This event triggers a rapid drop in the applied potential across the microelectrode platform. 

However, by adding a small DC bias to the applied AC signal we were able to cause directional and more 

extensive growth of dendrites from a single electrode. As shown in Figure 2.5, applying a positive DC 

bias of 0.5 V (the citrate-coated AgNPs have a negative zeta potential) while keeping the magnitude of 

the peak-to-peak voltage constant caused dendrite growth on a single electrode, which extends across the 

gap without causing a short circuit. The contribution of DC bias is dual: it assists dendrite growth by 

means of electrophoresis, a longer ranged force than dielectrophoresis, and at the same time prevents 

nanoparticle attachment and growth to/from one of the microelectrodes. The application of much higher 

DC bias results in either electrochemical microelectrode damage or formation of nanoparticle aggregates 

at the electrode edges. 

The principle of active analyte collection (concentration amplification) is demonstrated here with 

the detection of bovine serum albumin (BSA), an abundant plasma protein with a well-known primary 

structure (molecular weight 66 267 Da).37 The results of the SERS detection of BSA are shown in Figure 

2.5. The peaks have been assigned from comparisons with other reported BSA SERS spectra.6,37–39 In the 

“active mode” of detection, the BSA solution (5 μL) is deposited on the SERS layer and the 

microelectrodes are activated again with an AC signal of 10 kHz and 15 Vpp. The protein–electric field 

interaction occurs for 15 minutes, at the end of which the droplet is removed with a stream of air and the 
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Raman signal of the dried sample is measured. As can be seen in Figure 2.5, a distinct SERS spectrum is 

acquired when the protein molecules are exposed to the applied electric field. The resulting amplification 

in the Raman signal comes from two sources: (1) the SERS substrate enhancement, and (2) analyte 

capture and concentration by the electric field. The observed peaks agree well with the alpha-helix rich 

structure of BSA.38 When the experiment is performed under the exact same conditions but without an 

electric field (i.e. only with passive protein adsorption to the SERS surface) a less distinct spectrum is 

produced. This spectrum still experiences amplification from the SERS substrate, but the insufficient 

amount of adsorbed protein cannot produce a distinct spectrum for analysis. Identification may still be 

possible with chemometric spectral analysis; however, this would require several spectral measurements 

and model training. On the unmodified silicon surface, no signal is observed from the protein after 

treatment with the electric field, i.e., conventional Raman is not sufficient for detection. 

To demonstrate visually that protein electrokinetic concentration is achieved, we performed 

experiments with avidin-FITC, a fluorescently-labelled protein with a similar tertiary structure and 

molecular weight to that of BSA. As shown in Figure 2.5(c), the protein remains on the dendritic region 

following a collection (at 10 kHz, 15 Vpp) and washing event. Furthermore, it appears that the dendrites 

are essential for protein collection – in the absence of dendritic extensions (as shown in Figure 2.5(c)) the 

electric field is not sufficient for substantial protein collection. The role of dendrites is dual as they: (1) 

reduce the electrode gap, locally enhancing the dielectrophoretic force, and (2) create an electrostatic 

field, due to their inherent surface charge, which promotes protein attachment. 

Although the growth of dendrites can be accomplished in two ways, i.e., with or without a DC 

offset simultaneously applied with the AC electric field, no evidence currently exists that one mode 

results in a stronger SERS signal than the other. However, the simultaneous application of a DC offset is 

considered preferable overall, as it allows for a faster rate of dendritic growth to be achieved. 

Additionally, the lack of short-circuiting permits uninterrupted growth of dendrites and, as a result, the 

assembly of a SERS layer with much larger (2- to 10-fold) total surface area. 
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2.3.5 The role of electrokinetic effects on nanoparticle assembly 

The assembly of metallic nanoparticles into extended SERS-active dendrites inside a spatially 

non-uniform electric field requires careful modulation of a number of simultaneously occurring colloidal 

and electric field driven effects. In addition to Brownian motion, the movement of electrified metallic 

NPs can be influenced by: (1) dielectrophoresis (DEP), the deterministic motion of polarizable particles 

inside a spatially non-uniform electric field due to field-induced dipole effects; (2) mutual DEP, an 

attractive, electric-field generated particle–particle interaction, which acts generally to cause chaining 

between induced dipoles; (3) electrophoresis (EP), a deterministic force which acts directly on charged 

particles in an electric field when a direct current (DC) electric field component is present; and finally (4) 

viscous drag on the particles due to electric field generated fluid flows, which comprise AC 

electroosmosis (ACEO), and AC electrothermal flow (AC ETF). For a comprehensive overview of AC 

electrokinetic phenomena on metallic micro/nanoparticles the reader is referred to a recent article by 

Ramos et al.40  

The existence of dendritic nanostructures indicates that the SERS-active substrates are formed by 

means of a mass transfer-controlled nanoparticle assembly process that is influenced by dielectrophoresis 

and dipolar particle chaining forces.41–43 Since metallic particles are electrically conducting, the DEP-

mediated accumulation of NPs effectively extends the electrodes, locally distorting the electric field and 

creating high field regions that promote wire extension. Other groups have observed the DEP-mediated 

organization of conductive nanoparticles into chains or wire-like structures.44–50 However, for branching 

and dendrite formation, rather than unidirectional elongation, the particles must be moving slowly, and 

experiencing small enough forces to be able to sample a variety of energy states. Thus, there exists a 

small window of electrokinetic parameters in which dendrite formation occurs. Specifically, the voltage 

must be large enough to allow for a close nanoparticle association yet not as large so as to cause 

aggregation at a single high field region. Simultaneously, the frequency must minimize 

electrohydrodynamic fluid flow to allow for mass transfer-limited growth to occur. This has been 

confirmed by a previous report where dendrite formation was found to primarily occur by means of 
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nanoparticle dielectrophoresis, at a threshold local particle concentration and attractive force 

magnitude.42 In the present case we determine that a threshold voltage of 2.5 Vpp at 10 Hz must be applied 

across the electrodes in order for dipolar chaining forces (mutual DEP) to promote the formation of 

extended structures by overcoming electrostatic repulsion between the charged nanoparticles. 

Central among the effects that influence the assembly characteristics of AgNPs is 

dielectrophoresis. The term “dielectrophoresis” (DEP) describes the deterministic motion that polarizable 

particles exhibit inside a spatially non-uniform electric field due to field-induced dipole effects.51,52 This 

particle motion is caused by the action of a force, suitably termed “dielectrophoretic force” (FDEP). 

Assuming that the AgNPs used in this work (Figure 2.6a) can be reasonably approximated as spheres, the 

time-averaged FDEP acting on them is calculated from  

Equation 2:53  

where εm is the permittivity (real part) of the medium, r is the radius of the nanoparticle, E is the root-

mean-square intensity of the electric field, and K(ω) represents the complex valued Clausius–Mossotti 

factor, a measure of the nanoparticle's polarizability with respect to the medium. In the present case of 

electrically conducting nanoparticles, the value of the Clausius–Mossotti factor is positive across the 

range of the frequencies explored, meaning that the Ag nanoparticles experience positive DEP, i.e., they 

move in the direction of higher electric field gradients. As seen in Figure 2.6(b), the highest field 

gradients are produced at the electrode edges and, most importantly, in the areas of minimal inter-

electrode separation. These results are consistent with the experimental observations (Figure 2.2). 

Metallic nanoparticles attached to the electrodes act as points of locally intensified electric field gradients, 

thereby exerting stronger dielectrophoresis on neighboring suspended nanoparticles (Figure 2.6(c)). 

Moreover, edges and other shape irregularities on the nanoparticles can intensify the local electric field 

further, allowing for stronger attractive DEP forces and an orientation torque that facilitates branching 

and dendrite growth. The established particle–particle contacts simultaneously create the “hot spots” that 

𝐹$%& = 2𝜋𝜀+𝑟-Re[𝐾(𝜔)]∇|𝐸|; (2) 
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give rise to the observed strong SERS signal. The link between the presence of dendritic structures of 

silver and strong SERS effects has recently been demonstrated.54 

 
Figure 2.5: (a) Optical microscopy and (b) SEM images of dendrites produced with an imposed DC bias. 

The dendrites grow from the positively biased electrode, with improved extension and no shorting of the 

microelectrode system. (c) Spectral results from electrokinetic activation and analyte concentration using 

Ag dendrites. By applying an AC electric field to a solution of 0.5 wt% BSA, the sample concentration is 

achieved, which enhances characteristic SERS protein peaks. A non-specific Raman signal is observed in 

the absence of dendrites. (d) Fluorescent microscopy of avidin-FITC collected on dendrite-modified 

microelectrodes. On unmodified electrodes (at the same electric field conditions), no protein deposition is 

observed (inset). 

 

The mass transfer-controlled process of dendrite formation is facilitated in an AC frequency window 

where electric field-generated fluid flows, such as AC electroosmosis and AC electrothermal, are weak. 

The viscous drag forces that such flows exert on the nanoparticles may have disruptive effects on the 
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assembly process. Our simulation work shows that, for the experimental parameters used in this study, 

AC electroosmotic velocity becomes significant only above 100 Hz, i.e., the highest frequency value at 

which dendritic growth was observed (Figure 2.6(d)). Similarly, AC electrothermal flow manifests at AC 

frequencies greater than 100 kHz.53,55	

 

Figure 2.6: (a) TEM image of a single AgNP. (b) Optical microscopy image of the bare electrode tips 

superimposed by a color plot depicting the gradient of the squared electric field (norm) at the electrode 

surface with no nanoparticles present at 3 Vpp, 10 Hz. (c) Plot of the enhanced gradient of the squared 

electric field (norm) generated around a silver nanoparticle attached to the electrode surface at 3 Vpp, 10 

Hz. (d) Numerical simulated results of the max electroosmotic velocity at various frequencies. The 

relationship between electroosmotic flow and frequency matches what is typically seen in the literature 

with the max value occurring between 1–10 kHz.	

	

In closing, it should be noted that other effects, such as induced charge electrophoresis, brought 

about by the surface charge on the particle and shape irregularities, may also play a role in nanoparticle 
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motion and assembly under an AC electric field.56 Additionally, the stabilizing layer of adsorbed citrate 

ions on the AgNP's surface (ζ ≈ −50 mV) also increases their surface conductance (high Dukhin number) 

and can cause sizeable concentration polarization effects.57 

 

2.4 Conclusions 

Here we demonstrated a simple, rapid, ‘bottom-up’ method for the fabrication of ultrasensitive SERS 

substrates through the assembly of colloidal silver on a reusable planar microelectrode set. It was shown 

that the growth of such a plasmonically active, branched nanoparticle layer only occurs successfully 

within a relatively narrow window of electric field parameters. The appearance of the structured layer 

suggests that the nanoparticle assembly process occurs under a mass transfer-controlled regime, through 

what is believed to be a balance between various effects, but mainly dielectrophoresis (nanoparticle 

attraction to the electrodes), particle chaining forces (attractive) and electrostatic interactions (repulsive). 

When only an AC field is used, the dendrites grow from both microelectrodes until they completely 

bridge the inter-electrode gap. When a small DC offset is applied simultaneously, dendrite growth 

proceeds only from one microelectrode and does not result in a short-circuit. 

In terms of performance, the dendritic substrates fulfill two major performance criteria: (1) high 

SERS enhancement and (2) effective surface coverage. Specifically, an analytical enhancement factor of 

4 × 105 was achieved in tests with R6G. The excellent SERS performance of these substrates was 

demonstrated with the detection of various analytes using two different operation modes: (1) the “passive 

mode” (dropcast method) was used in the detection of trace amounts of illicit drugs, food contaminants, 

and pesticides (all detectable at relevant testing concentrations); and (2) the “active mode” was used for 

pre-concentrating and subsequently detecting proteins in solution. These are, however, only a few 

examples; in principle, the spectrum of analytes that can be detected through SERS at ultralow levels is 

much broader: significant examples include explosives, cancer biomarkers and globally devastating 

viruses.10,58,59 
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Owing to recent advancements in component packaging and miniaturization, powerful 

microscope-coupled Raman systems are now available as benchtop or portable devices. Ongoing work in 

our lab generates evidence that extended dendritic structures (>104 μm2) are achievable with variations on 

the current microelectrode design. This will allow for a straightforward integration of the method with 

fiber optics and modular Raman microscopes, thereby enabling greater portability and a broader user 

base. 
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Chapter 3 

Rapid identification and quantification of illicit drugs on nanodendritic 

surface-enhanced Raman scattering substrates 

 

With minor changes to fulfill formatting requirements, this chapter is as it appears in: 

H Dies, J Raveendran, C. Escobedo, and A. Docoslis. Sensors and Actuators B: Chemical, 2018, 257, 

382–388 

 

Contributions: Joshua Raveendran performed the chemometric analysis in MATLAB, including principal 

component analysis and the support vector machine. 

 

Abstract: In this paper, we demonstrate rapid, sensitive and specific detection of illicit drugs in both 

aqueous samples and saliva using surface-enhanced Raman scattering (SERS) substrates with a unique, 

dendritic architecture. The substrates are prepared on a reusable microelectrode platform by 

electrokinetically assembling colloidal silver nanoparticles from a droplet. Identification and 

quantification of illicit drugs is accomplished on these substrates with the aid of Principal Component 

Analysis (PCA) coupled with a Support Vector Machine (SVM). We demonstrate 100% accuracy in the 

detection of four different illicit drugs (cocaine, heroin, THC, and oxycodone), and 98.3% accuracy in the 

quantification of cocaine across four orders of magnitude. Finally, we demonstrate a simple method, with 

limited sample processing, for the ultrasensitive detection of cocaine in saliva to a limit of detection of 

100 ppb. 
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3.1 Introduction 

 The increasing abuse of illicit or recreational drugs represents a major public health and safety 

risk, identifying a crucial need for an effective technique to detect these chemicals in roadside, workplace, 

or emergency room applications. Worldwide, it is estimated that a quarter of a billion people abuse at 

least one illicit drug annually, leading to 207,400 drug-related deaths.1 Ideally, a drug detection 

technology should be: (1) sensitive, such that drugs can be detected at relevant concentrations; (2) 

specific, such that false negatives and resulting further investigations are avoided; (3) rapid and portable, 

enabling point-of-use detection in a wide variety of environments; (4) inexpensive, and (5) user friendly – 

that is, simple and intuitive for a non-technical user (e.g. a police officer). To date, the commercial 

detection mechanisms used for sensing illicit drugs or their metabolites in blood, urine, saliva or seized 

material samples predominantly use immunoassay methods (e.g. ELISA) for screening, followed by 

liquid/gas chromatography combined with mass spectrometry, for confirmation.2–4 These methods, 

although sensitive and specific, require dedicated laboratory facilities, expensive equipment, and trained 

personnel, all of which significantly limit the potential for widespread point-of-use analysis.4,5 

Furthermore, this inherently two-tiered system requires that the sample (and potentially the individual) be 

transferred, adding to the time required to obtain results and imposing potential legal complications.   

 Surface-enhanced Raman scattering (SERS) is an emerging technology that provides a specific 

spectral fingerprint of an analyte via inelastic light scattering from the sample. Through plasmonic effects 

on nanostructured metallic surfaces, SERS achieves necessary signal intensities to detect molecules at 

ultralow concentrations.6 SERS finds strong applications in medical diagnostics, therapeutic monitoring, 

food safety analysis, forensics, and potentially, if integrated into a microcapsule, as ingestible sensors for 

gut health analysis or therapeutic monitoring.7,8 Several groups have applied SERS for the detection of 

drugs in aqueous solution; these methods are well summarized in a review by Ryder.6 SERS is generally 

applied through one of two methods: (1) by using a microfluidic chip in which the analyte interacts with 

nanoparticles in solution, promoting colloidal aggregation in the laser detection site; or (2) by using a chip 
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with a fixed metal nanostructure, which functions as a sensing surface. The former method often suffers 

from poor reproducibility and a transiency of SERS-active sites,9 while the principal challenge in the 

latter method arises in the fabrication of the sensing surfaces. Generally, in order to reproducibly fabricate 

a nanostructured metallic surface, highly specialized equipment, a dedicated cleanroom facility and 

trained personnel are required.10,11 An alternative is the cheaper method (which has been used by several 

producers of commercial SERS substrates) of dropcasting silver nanoparticles on a paper-based/cellulose 

substrate, and allowing for their aggregation to form randomly distributed hot spots. This method, 

although convenient and inexpensive, suffers from poor reproducibility in signal enhancement. 

Additionally, paper renders the substrate single-use.12 Emerging methods employ wet-chemistry 

techniques for the production of nanostructured substrates.13 These methods typically involve the 

electrochemical growth of nanostructured material onto solid supports through replacement reactions, 

starting with metal salt (e.g. AuCl4, AgNO3) in solution.14,15 

 Here, we present the application of a novel SERS sensor, produced through an electric field-

guided assembly process of colloidal silver nanoparticles into ultrasensitive ‘nanodendrites’ upon a 

silicon surface. These SERS surfaces form quickly (within 12 minutes), and are washable with a simple 

soap solution, enabling reusability, thus increasing cost-effectiveness. We demonstrate that through the 

application of chemometric methods we are able to achieve accurate identification of four illicit drugs: 

cocaine, heroin, tetrahydrocannabinol (THC, the active component in marijuana), and oxycodone, in 

aqueous solutions. Additionally, we demonstrate the capacity for order of magnitude quantitative 

detection of cocaine. Finally, we demonstrate real-world applicability through sensing of cocaine in saliva 

at relevant concentrations.  

 

3.2 Materials and Methods 

3.2.1 Materials 
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Cocaine (1mg/mL in acetonitrile), heroin (1mg/mL in acetonitrile), tetrahydrocannabinol 

(1mg/mL in methanol), oxycodone (1mg/mL in methanol), and acetonitrile were obtained from Sigma-

Aldrich (Oakville, ON). Silver nanoparticles of 50 nm in diameter, stabilized in 2mM citrate were 

obtained from Cytodiagnostics Inc. (Burlington, ON). Polished silicon wafers (4’’ diameter) with a 

thermally grown SiO2 layer (0.5µm) were purchased from University Wafer (South Boston, MA, USA). 

Milliporeâ water (18.2 MW cm) was used for all drug dilutions. 

3.2.2 Microchip Fabrication 

The microfabrication of electrodes was carried out at the Nanofabrication Kingston (NFK, 

Innovation Park, Kingston, Ontario) through maskless photolithography on silicon wafers, followed by 

electron beam metal film evaporation and liftoff. The negative photoresist SU-8 (MicroChem Corp, 

Westborough, MA) was used with the IMP maskless photolithography system to transfer the 

microelectrode pattern to the silicon substrate. A 5 nm layer of chrome was used to improve the adhesion 

of the deposited Au layer (100 nm thickness) to the silicon substrate.  

3.2.3 SERS substrate preparation 

The nanoparticles were concentrated prior to use through centrifugation at 3800g for 20 minutes, 

followed by removal of the supernatant to reach a final concentration of 2.9 x 1011 particles/mL. Samples 

were sonicated post-concentration. A Zetasizer Nano ZS (Malvern, Inc.) was used to measure the 

hydrodynamic radius (67.7nm) of the nanoparticle suspensions, to ensure that a unimodal, non-

aggregated, stable dispersion was consistently used in the experiments. For nanoparticle deposition, a 10 

µL sample of concentrated NP solution was placed over the microelectrode center using a micropipette. 

The collection was run for 12 minutes at an AC frequency of 10 Hz, and a peak-to-peak voltage of 2.9V, 

with a 0.5V DC bias. Following NP deposition, the chip was washed with water and dried in a stream of 

air.  

3.2.4 Raman measurements  
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For each experiment, a 5 µL analyte solution was deposited on the dendrite-modified 

microelectrodes using a micropipette and left to evaporate. A HORIBA/Jobin Yvon Raman Spectrometer 

(Model: LabRAM) with a 632.8 nm He/Ne laser (17 mW), 1800 1/nm grating and an Olympus BX-41 

microscope system were used. The collection of spectra was performed in the backscattered mode under 

the following conditions: x100 microscope objective, 500 µm pinhole, 500 µm slit width, attenuation 

filter 10x, for a sampling time of 10 seconds with 10 repeats. Following SERS measurements, the surface 

was cleaned by gentle brushing with a cotton swab and a solution of dish soap with water. This 

regenerated the clean silicon microelectrode for future nanoparticle deposition and SERS measurements.  

3.2.5 Saliva Processing 

Saliva samples were self-collected by healthy donors and used immediately after collection. 

Cocaine solution was added to saliva to a final concentration of 100 ppb. The following method was 

employed to crash out the proteins from the saliva: (1) acetonitrile was added at a ratio of 1:1, (2) the 

solution was centrifuged at 2700 g for 20 minutes, (3) the supernatant was removed for analysis. Only 

small sample volumes are required for analysis, approximately 5 µL.  

3.2.6 Multivariate Analysis 

Spectral processing and multivariate analysis (MVA) was performed using Matlab (R2017a). 

Spectra were filtered using a Savitzky-Golay filter before being corrected using a derivative function 

(derivative function used for MVA). The built in Matlab function ‘pca’ was used to perform PCA and 

calculate the PCs. The principal components were standardized before the Classification Learning App 

was used to calculate a linear SVM model for discrimination between different sample classes. Baseline 

correction and  Hotelling T2 test were performed using functions available on Mathworks.16,17 
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3.3 Results and Discussion 

 Here, we present the results of our recently established technology, through which synthesis of 

SERS substrates is accomplished by means of an electric field-guided assembly process of colloidal silver 

nanoparticles. These substrates can be formed on the surface of reusable microelectrode chips energized 

by an alternating current (AC) signal.18 The interaction between the electric field and the colloidal droplet 

brings about a host of electrokinetic phenomena (dielectrophoresis, electrophoresis, mutual 

dielectrophoresis) that cause Ag nanoparticles to collect along the electrodes and follow an assembly 

process in the microelectrode gap. Under the proper conditions (AC voltage and field frequency) it can be 

seen that the Ag nanoparticle assembly produces an ultrasensitive branched layer, consisting of a 

dendritic structure with a high density of SERS hot spots (shown by optical microscopy, scanning 

electron microscopy (SEM), and transmission electron microscopy images (TEM) in Figure 3.118). The 

assembly, detection, and regeneration steps are shown schematically in Figure 3.2. The first step involves 

in situ assembly of the sensor: an Ag nanoparticle suspension is placed upon the microelectrode surface, 

and the microelectrodes are activated at 10Hz, 2.9 V peak-to-peak, with a 0.5 V DC bias for 12 minutes. 

At this frequency, electrohydrodynamic flows are minimized and the nanoparticles form branched 

structures through a mass-limited growth process. The DC bias functions as a protective electrostatic 

barrier, preventing shorting of the electrodes, and also improves the dendritic surface coverage.18 Next, 

the nanoparticle droplet is blown off and the analyte is dropcast upon the sensing surface. Raman spectral 

acquisition is achieved through a 10 second laser exposure directed at the microelectrode gap 

(consistently where the nanodendrites form). The microchip can then be washed with a simple soap 

solution and reused for multiple detection events. We have experimental evidence to support that under 

these conditions, the microelectrodes may be used at least 20-30 times without any visible microelectrode 

damage 18. 
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Figure 3.1: (a) Optical microscopy image of sensing surface. (b) SEM image showing nanodendrites 

grown from the microelectrode edge. (c) SEM at a smaller scale, showing the intricate branched structure 

of the dendritic silver sensing surface. All images shown are from 12 minute depositions at 10Hz, 2.9 V 

pp, with a 0.5 V DC bias. (d) TEM image of silver nanoparticles used in the dendrite preparation. 

 

 For the illicit drug detection, we dissolved each drug in water, deposited a small amount of 

aqueous analyte (5µL) on the SERS substrate, and took repeated 10s Raman spectra. The spectral 

averages for the four illicit drugs, as well as a blank sample (water on the SERS surface) are displayed in 

Figure 3.3(a). The four drug analytes have distinct spectra which differentiate them from each other and 

the blank spectrum. In particular, cocaine and heroin have distinct peaks at 1003 cm-1 and 626 cm-1 

respectively.19  THC and oxycodone however, have spectra that are not as easily recognizable, as they 

lack single sharp distinct peaks. Visual matching of a spectrum to a known spectrum in a database (a 

commonly applied method in SERS detection) is a non-ideal option for this system, as the complexity of 

the spectra would necessitate a trained experimentalist with a careful eye to examine the spectra (and even 

so, they would have difficulty with identification due to slight variations about the average spectra). For 

complex molecules, similar analytes, or multiplex samples that contain several Raman active bonds, this 
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can become tedious and difficult to make an identification with 100% accuracy. In order to overcome this 

issue, automate the identification process and make full use of the recorded spectra, we performed PCA 

on the collected spectra and used a linear SVM model to classify spectra. PCA was able to successfully 

“compress” the data; allowing for three variables to be used for analysis in place of 1200 variables. The 

first three principal components (PCs) described 11.9%, 8.2%, and 6.9% of the variability for a 

cumulative total of 27.0%.  

 The first three principal components were used to plot each spectrum as a single data point in a 3-

dimensional PC space as shown in Figure 3.3(b). For clarity, the spectra are color-coded based on sample 

type and an ellipsoid is drawn to indicate the 95% confidence interval. Each sample type formed distinct 

clusters with clear space between the clusters.  Cocaine was found to form the densest cluster, which 

agrees with the fact that it has the most easily distinguishable SERS spectra. The THC and oxycodone 

ellipsoids were the largest, and were in close proximity to each other in the 3-dimensional PC space. This 

agrees with their similarities in chemical structure and lack of sharp distinct peaks. The clusters were then 

assessed to determine if their separation was significant using a Hotelling’s T2 value with a F-test.20  All 

clusters were found to be separated by a distance that could be considered statistically significant. 

Through application of the Davies-Bouldin criterion, we determined the optimal number of clusters in our 

data to be five, matching the desired result. K-means clustering found that all clusters consisted of only a 

single sample type. Therefore, we have established a data clustering method that achieves statistically 

significant separation and thereby identification in an unsupervised manner. 

A classification model was then developed by using the first 3 PCs as inputs to a Support Vector 

Machine (SVM). The SVM implements a supervised learning technique, in which a calculated hyperplane 

is used to separate the data into different classes.21 As a test of our sensor accuracy, leave-one-out cross 

validation was used to determine if the PCA-SVM model could successfully identify the drug component 

in unknown samples. As summarized in Table A2.1, all unknown spectra were correctly identified with 

100% accuracy. 
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Beyond identifying the presence of an illicit drug, it is also highly desirable to be able to quantify 

the concentration present, particularly in the applications of medical diagnostics and therapeutic 

monitoring 22. PCA was applied for dimensionality reduction of spectra from cocaine samples at various 

concentrations. In this case, the first three PCs explained a total of 41.5% of the variance (18.2%, 12.7%, 

10.6%). Again, the first three PCs were used to plot each spectrum as a point in a 3-dimensional space 

and each sample group formed its own cluster, as shown in Figure 3.4. The first PC separated the lower 

half of concentrations, while a combination of the first 3 PCs separated the higher concentrations. 

Notably, this type of quantification requires a large database of different concentrations to ensure 

accuracy, and intermediate concentrations may still be difficult to identify. However, it is in some ways 

advantageous over traditional quantification methods, in that it uses the entire spectrum, reducing the 

chance of inaccuracies. By applying the PCA-SVM cocaine quantification algorithm and were able to 

correctly quantify cocaine with 98.3% accuracy. 
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Figure 3.2: Schematic representation of SERS-active substrates and the detection process. (a) The 

quadrupolar microelectrode array is activated at voltage V=2.9V pp, and frequency f=10Hz (with a DC 

bias of V0=0.5V), with opposite electrodes having the same polarity. This process deposits silver 

nanoparticles into a SERS-active dendritic structure. The droplet is then blown off to prepare for sensor 

use. (b) The analyte sample is dropcast onto the SERS substrate. Red dots represent analyte molecules 

(not to scale). (c) Raman micro-spectroscopy is used to probe the detection site and identify/quantify the 

analyte. (d) The surface is washed with a surfactant solution (e.g. dish soap) in order to remove the 

dendrites and regenerate the microelectrodes. 
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Figure 3.3: (a) Average spectra obtained for illicit drugs tested and blank sample (water deposited on Ag 

dendrites). Spectra have been baseline corrected, normalized and vertically shifted along an arbitrary axis. 

Drugs were tested at 100 ppm. (b) Plot of first three principal components used to cluster the spectra from 

different illicit drug analytes for identification. Each cluster consists of 20 spectra, and ellipsoids indicate 

a 95% confidence interval for each group.  

 

Figure 3.4: Plot of first three principal components calculated for cocaine at 4 different concentrations, as 

well as a blank sample. Each cluster consists of 20 spectra, and ellipsoids indicate 95% confidence 

intervals for each cluster. 
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 The real-world applicability of SERS for drug detection in humans was tested using ‘spiked’ 

saliva samples. Saliva was collected from healthy donors, and spiked to a cocaine concentration of 100 

ppb (the US cutoff for federal workplace testing lies between 120-150 ppb23). Spiked and non-spiked 

saliva samples were then processed with a quick (20 minute) protein precipitation method, before a 

sample was dropcast onto a SERS substrate. Although the experimental protocol requires the use of a 

centrifuge for sample preparation, portable centrifuges can easily handle the small sample volumes 

required for these tests.24 As shown in Figure 3.5(b), a specific cocaine peak at 1003 cm-1 can be seen in 

saliva containing cocaine, and is not prominent in the drug-free saliva sample. However, this is a complex 

sample, containing carbohydrates, enzymes (the protein precipitation is not 100% efficient), electrolytes, 

and fragmented epithelial cells. Therefore, this analysis benefits remarkably from PCA; upon performing 

PCA on the collected spectra, two distinct clusters were formed (Figure 3.5(c)). Statistical testing found 

the clusters to be significantly spaced apart, and when analyzed using PCA-SVM model, cross validation 

found 100% success in identifying samples using several different fold sizes (Table A2.3).  

 

3.4 Conclusion 

 Here, we have presented a novel method for the sensitive detection of illicit drugs in aqueous and 

salivary samples. This approach, in contrast to currently applied techniques, requires minimal sample 

preparation, in order to accomplish rapid and accurate detection. Additionally, our sensor offers the 

unique advantage of reusability; that is, the sensing surface can be washed with a simple solution of soap 

and water, and then completely regenerated within a matter of minutes. By applying a PCA-SVM model 

for data analysis, our sensor successfully achieves both the identification and the quantification of 

structurally similar illicit drug samples in aqueous solution. Leave-one-out cross validation testing shows 

that all drug samples can be identified with 100% accuracy, and the cocaine drug samples are quantified 

with 98.3% accuracy. Finally, we apply our sensor for the detection of cocaine in saliva, and demonstrate 

100% accuracy in detecting cocaine at a concentration below the criminally relevant limit. The 
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establishment of this method is an important step towards more portable, accurate, and cost-effective drug 

monitoring in aqueous biological fluids such as saliva and urine, as well as dissolved seized material.  

 

Figure 3.5: a) Schematic of steps involved in sensing cocaine in saliva. Protein precipitation involves 

adding acetonitrile (at a 1:1) ratio, followed by centrifugation at 2000 g for 20 minutes. The supernatant is 

analyzed with SERS spectroscopy. b) SERS spectra for processed cocaine-containing saliva, as well as 

processed saliva. The key peak at 1003 cm-1 (*), is evident in the cocaine sample. c) Plot of first 2 PCs for 

SERS spectra of cocaine-spiked and unspiked saliva. Each cluster consists of 20 spectra, and ellipses 

indicate 95% confidence intervals. 
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Chapter 4 

SERS-from-scratch: an electric field-guided nanoparticle assembly method 

for cleanroom-free and low-cost preparation of surface-enhanced Raman 

scattering substrates 

 

With minor changes to fulfill formatting requirements, this chapter is as it appears in:  

H Dies*, R Nosrati*, J Raveendran, C Escobedo, A Docoslis. Colloids and Surfaces A: Physicochemical 

and Engineering Aspects. 2018, 553(20), 695-702. 

*These authors contributed equally. 

 

Contributions: Joshua Raveendran performed the chemometric analysis in MATLAB, including principal 

component analysis and the support vector machine. Mr. Raveendran also performed the COMSOL 

simulation of the electric field gradient around gold micro-islands. This work was co-authored by 

Professor Reza Nosrati, who contributed as an equal partner to the manuscript preparation, experimental 

work, and editorial work. 

 

Abstract: Ultrasensitive detection of analytes is important in forensic science, environmental monitoring 

and medical diagnostics. Surface-enhanced Raman scattering (SERS) is an analytical detection method 

with single-molecule sensitivity, but nanofabrication of SERS substrates poses a barrier to its application. 

Here, we report on a facile and rapid approach to prepare ultrasensitive SERS substrates in situ by using 

electrokinetics to assemble Ag nanoparticles on a scored conductive surface. We demonstrate the unique 

characteristic of our method to produce highly SERS-active surfaces from a wide range of materials, 

including commercially available glass slides pre-coated with indium tin oxide (ITO). We show that the 

“SERS from scratch” substrates can detect trace quantities of explosives, drugs and pesticides, with 

sensitivities superior to some commercially available products. 
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4.1 Introduction 

 Detection of trace quantities of chemical and biochemical analytes is crucial to forensic science,1–

4 environmental monitoring,5–8 and medical diagnostics.9–11 Particularly, the development of a low-cost 

and portable, yet sensitive and reliable, in situ detection system has great potential for applications in 

homeland security and point-of-care diagnostics. Raman spectroscopy enables label-free detection of 

chemicals by capturing their unique molecular fingerprints.12 Surface-enhanced Raman scattering 

(SERS), a method that enables detection of molecules in contact with plasmonically active 

nanostructures,13–15 offers single-molecule sensitivity by enhancing the unique vibrational fingerprint of 

the target molecule, theoretically up to 14 orders of magnitude.16–19 The ultimate SERS enhancement 

depends on the material (typically Ag or Au) and the geometry of the substrate. SERS requires plasmonic 

nanostructures at the scale of 1 to 100 nm, known as hotspots, the density of which correlates with signal 

enhancement.12,20,21 However, the nanofabrication of highly active SERS substrates (which generally 

requires cleanroom facilities) and the limited shelf-life of these substrates are barriers to widespread 

application of the method. 

 SERS substrates are fabricated through several techniques including electron beam lithography, 

reactive ion etching, nanoimprint lithography, focused ion beam lithography, and self-assembly of 

nanoparticles.22–24 These techniques successfully yield nanostructured substrates with uniform geometries 

and good reproducibility in SERS enhancement. However, several limitations prevent their widespread 

application, including: necessity of expensive and infrastructure-intensive nanofabrication,17,25 lengthy 

and complex processing,26 and most importantly, lack of scalability.27 Alternative methods have been 

developed to produce inexpensive and scalable SERS active substrates with reliable sensitivity, including 

Ag nanowire arrays,28,29 nanoparticle-decorated nanochannels and needles,30–32 and nanoparticle-

impregnated polycarbonate,33 as well as methods using paper34–37 or flexible polymers38 as the substrate. 

These techniques, although more cost- and time-effective, often yield a lower density and random 
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distribution of hotspots, causing SERS performance to suffer.17 In some cases, the methods still rely on 

expensive and infrastructure-intensive nanofabrication.  

 Ag is an attractive material for rapid and ultrasensitive SERS detection, since it provides the 

highest SERS enhancement for visible and near-infrared light. However, Ag nanostructured substrates 

suffer from limited shelf-life due to quick oxidation of Ag in air, which reduces SERS activity.39 

Therefore, a rapid, low-cost, and simple method for in situ fabrication of nanostructured Ag substrates 

would enable sensitive point-of-use SERS detection. 

 Electrokinetics is a versatile and rapid method for accomplishing controlled and directional 

assembly of nanoparticles into nanoscale patterns.40–43 Alternating current (AC) electrokinetics, in 

particular, allows for the application of large particle forces with low voltage requirements, thereby 

reducing the possibility of damaging electrolytic reactions and enabling portability.44,45 AC electrokinetics 

has been used for fast sampling of colloidal particles to accomplish Raman-based detection of cells and 

biochemical compounds.46–50 We recently demonstrated this application for rapid fabrication of dendritic 

nanostructures from Ag nanocolloids in a microfabricated electrode array for ultrasensitive SERS 

detection of analytes.48 However, that approach benefited from the reduced inter-electrode gap size (16 

µm) of the device to generate the electrokinetic forces for nanoparticle deposition – still relying on 

infrastructure-intensive microfabrication in a cleanroom facility.  

 Here, we report a cleanroom-free, low-cost, simple, and rapid method for fabricating 

ultrasensitive SERS substrates from a wide range of materials, including commercially available glass 

slides pre-coated with indium tin oxide (ITO). This method enables improved sensitivity at a reduced cost 

by using AC electrokinetics to form plasmonic Ag nanostructures on a scratched conductive surface. We 

demonstrate the functionality of our “SERS-from-scratch” substrate to detect trace concentrations of 

explosives, drugs, and pesticides. This work establishes a method suitable for broad application at the 

point-of-use, and holds the potential to create SERS substrates from inexpensive and commonplace 

materials, including glass slides coated with a thin electrically conducting layer. The technique is 
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significantly enabling for low resource settings using portable spectrometers, in that it:  (1) removes the 

microfabrication requirements from the electrokinetic deposition technique 48,51; and (2) innovates with a 

simple electrode platform to allow for greater surface area coverage.  

4.2 Materials and Methods  

4.2.1 SERS substrate fabrication and characterization.  

 To prepare gold and silver coated wafers, a 100 nm layer of gold/silver was deposited on a silicon 

wafer with a 500 nm thermally grown SiO2 layer (University Wafer, MA, USA) using an electron-beam 

evaporator. A 5 nm layer of chrome was used to improve the adhesion of the deposited gold layer to the 

substrate. ITO coated glass (50´50 mm; Cat# 2530) were purchased from University Wafer (Boston, 

MA). A glasscutter was used to cut the coated surface to 5 mm ´ 10 mm pieces. The conductive layer was 

scored by a sharp tool (glasscutter and tip of flat head screwdrivers with tip size ranging from 1.4 mm to 

4 mm) to divide it into two equally sized but electrically insulated layers, each serving as one of the 

electrodes for electrokinetic deposition.  

 Silver nanoparticles of 50 nm in diameter (S50: Cytodiagnostics Inc., Ontario, Canada), stabilized 

in 2mM citrate, were concentrated 10-folds through centrifugation of 1500 µL of the stock solution at 

3800g for 20 minutes, followed by removal of 1350 µL of the supernatant to reach a final concentration 

of 2.9 × 1011 particles/mL. To deposit silver nanoparticles, 10 µL of concentrated nanoparticle suspension 

was pipetted along the gap, following by applying an AC electric field at the frequency of f=10 Hz and 

peak-to-peak voltage of Vpp=22.4 V with a DC bias of 500 mV for 12 min. The frequency was kept at 

10 Hz to minimize the influence of electrohydrodynamic flow. 

 Optical microscopy was performed with an Olympus BX-41 metallurgical microscope. An 

environmental scanning electron microscope (environmental SEM; MLA 650 FEG) at a voltage of 5.00 

kV was used to capture SEM images. All captured images were processed in ImageJ. 

4.2.2 Analyte sample preparation 
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 All chemicals were purchased form Sigma-Aldrich (Ontario, Canada) unless otherwise 

mentioned. Rhodamine 6G (R6G, 99%) was dissolved in methanol at a stock concentration of 10-1 M, and 

diluted in water at the mixing ratio of 1:1 to generate solutions of 10-3 M, 10-4 M, 10-5 M, 10-6 M, 10-7 M, 

10-8 M. Cocaine was dissolved in acetonitrile at a stock concentration of 1000 ppm, and diluted in water 

to generate solutions of 1 ppm. Thiram was dissolved in ethanol, at a stock concentration of 1000 ppm, 

and diluted to 1 ppm. DNT was dissolved in water to a concentration of 10 mM. 

4.2.3 Raman measurements 

 For Raman spectra acquisition, 10 µL of the target analyte solution was pipetted along the gap 

and allowed to evaporate prior to detection. SERS spectra were acquired using a Raman spectrometer 

(HORIBA/Jobin-Yvon, LabRAM) attached to an Olympus BX-41 microscope and equipped with a 632.8 

nm He/Ne laser (17 mW) and 1800 1/nm grating. The collection of spectra was performed in the 

backscattered mode using a 10× magnification objective (NA=0.60, HCX PL Fluotar) under the following 

conditions: 500 µm pinhole, 500 µm slit width and 10 s of spectral acquisition time. The laser power was 

reduced 100-fold to 0.17 mW. All Raman spectra were background corrected through polynomial 

subtraction, and noise was reduced with a Savitsky-Golay filter. Principal component analysis was 

performed on normalized spectra using the PCA function in MATLAB. In PCA, the first principal 

component explains the largest variance in the data and the second principal component represents the 

second highest variance in the data under a constraint orthogonal to the first component. All 

measurements were conducted at room temperature. 
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Figure 4.1: Simple fabrication and operation of the SERS-from-scratch substrate. (a) Schematic of the 

development of the SERS active surface and the detection process. An AC electric field was used to 

deposit 50 nm Ag nanoparticles along the scratched gap to prepare the nanostructured surface for SERS 

detection. The gap size ranged from 50 to 250 µm for different tools tested. (b) Plot of the color-coded log 

scale of the enhanced gradient of the squared electric field for a scratched gap with conductive islands 

(top) as compared with an etched gap without conductive islands (bottom). The black lines represent the 

electric field lines. 

 

4.2.4 Numerical Simulations 

 COMSOL Multiphysics (version 5.1) was used to simulate the effect of conductive islands along 

the scratched gap on applied electric field, and subsequently, the assembly process. A rectangular cube 

(height of 120 µm, width of 200 µm, and length of 300 µm) was used as the control volume. The base 

was set as silicon dioxide with a height of 20 µm. Gold electrodes and conductive islands of 100 nm in 

height were extended from the silicon dioxide surface into the water domain. The gap between the two 

electrodes was 100 µm wide, similar to those made experimentally. Simulation was performed both with 

and without including the conductive gold islands in the geometry. The electrostatic module was used to 
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simulate the electric field with a stationary model set at Vpp=22.4 V (electrodes 180o out of phase) and 

frequency of 10Hz.  

4.2.5 Enhancement Factor Calculations  

We used an analytical definition of the SERS enhancement factor 52; that is, we used the equation: 

𝐸𝐹 =
𝐼u%vu/𝐶u%vu
𝐼xv/𝐶xv

 

Where ISERS and INR are the intensities of the 612 cm-1 peak with SERS and normal Raman (SiO2 surface) 

respectively, and CSERS and CNR are the concentrations of the analyte used for SERS and normal Raman 

detection, respectively. Notably, this method of calculating the enhancement factor has a few limitations, 

including a strong dependence on the analyte adsorption parameters and surface coverage of both the 

nanoparticle modified and “blank” silicon surface. Practically however, this analytical enhancement 

factor provides a good estimation of the expected signal enhancement by following the experimental 

protocol described herein.  

 

4.3 Results and Discussion 

 Figure 4.1(a) shows a schematic of the simple fabrication process of the SERS active substrate, 

hereafter referred to as “SERS-from-scratch substrate”. Oxidized silicon wafers coated with either Au or 

Ag as well as readily available ITO coated glass slides were tested. A simple sharp tool, such as the tip of 

a screwdriver or a glasscutter, was used to score an electrically conducting coating (~100 nm thick; Au, 

Ag, or ITO) from a 5×10 mm piece of an insulating substrate (oxidized silicon wafer or glass slide). To 

make a relatively narrow scratch, a ruler was used to guide the tip of the employed tool along a straight 

line. After moving the sharp tool back and forth for 10-15 times, while applying a gentle force, the 

conductive coating was separated into two electrically insulated layers and a proper scratch was achieved. 

To show the simplicity, versatility, and repeatability of the method, a variety of readily available sharp 

tools were used by three individuals to remove the coating from a piece of a substrate. The resulting gap 
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width ranged from 50 µm to 250 µm, depending on the size and sharpness of the employed tool, as listed 

in Table A3.1. All individuals were able to successfully score the coating and achieve a functional 

scratch, indicating the simplicity and wide applicability of the method for every user. The average force 

applied by the participants was measured using a digital scale to be 7.3±1.4 N (n=14), approximately five 

times of the force being applied when writing.  

 The resulting gap from the scratch divided the conductive layer into two electrically insulated 

patches, each serving as one of the electrodes for nanoparticle deposition. To deposit Ag nanoparticles, 10 

µL of a 2.9×1011 particles/mL suspension of 50 nm in diameter Ag nanoparticles was pipetted along the 

gap, and then an AC electric field was applied for 12 min at a frequency of 10 Hz and a peak-to-peak 

voltage of Vpp=22.4 V with a direct current (DC) bias of +500 mV. The DC bias was applied to optimize 

the assembly process and prevent microelectrode damage. Based on the results of our previous work 48, 

we understand it to be responsible for: (1) preventing shorting of the electrodes, (2) encouraging more 

extended growth of the SERS-active nanostructures, and (3) increasing nanoparticle density at a single 

electrode. The applied electric field causes dielectrophoresis (DEP) on the colloidal Ag nanoparticles, due 

to an interaction between the former and the induced nanoparticle dipoles.45 DEP is positively correlated 

with the gradient of the electric field squared,45 and causes the Ag nanoparticles to move towards the 

regions of maximum electric field gradient, namely the edges of the electrode gap. Additionally, 

interactions between the induced dipoles on the particles results in mutual DEP - an attractive force that 

induces nanoparticle chain formation.53,54 Under the combined influence of electrophoresis from DC bias, 

DEP, and attractive chaining forces, Ag nanoparticles migrate towards the electrode with the DC bias to 

form a plasmonic nanostructured network across the gap. The anisotropic geometry of Ag nanoparticles 

with sharp edges encourages the deposition process to produce hotspots. This shape irregularity 

intensifies the electric field near the particle, which in combination with the orientation of the particles 

along the field lines and mutual DEP causes the particles to connect with their tips and vertices. 
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Figure 4.2: Characterization of the SERS-from-scratch substrate. Representative images of the scratched 

gap (a) before and (b) after electrokinetic Ag nanoparticle deposition. The tip of a 1.4 mm screwdriver 

was used to scratch the gold layer. (c) Representative environmental SEM images of the substrate. (d) 

Raman spectra to detect R6G at the concentration of 10-5 M from substrates made of Au and Ag coated 

silicon wafers as well as ITO coated glass slides. Each spectrum is averaged for 5 individual 

measurements. Scale bars represent 25 µm in a and b, 15 µm in c (top), and 3 µm in c (bottom). 

 

 Additionally, as scoring cannot fully remove the conductive layer, small metallic sites (“islands”) 

are usually left behind in the formed microelectrode gap (Figure A2.1). The COMSOL Multiphysics® 

simulations in Figure 4.1(b) demonstrate that the nanoislands locally disrupt and intensify the electric 

field gradient. Based on this simulation, and the differences in SERS substrate morphology from our 

previous work, we understand that the “islands” enable increased surface coverage of the substrate with 

SERS-active nanoparticle structures 48. Disruptive electrohydrodynamic flows (AC electroosmosis and 

AC electrothermal flow) do not considerably influence the nanoparticle organization in our method, as the 

frequency of applied electric field is an order of magnitude lower than the frequency at which the effect of 

electrohydrodynamic flow becomes dominant (f > 100 Hz).44,45,55–57 This simple yet functional method 

enables rapid fabrication of SERS active surfaces from Ag with minimal equipment. Such a simple 

method for real-time and in situ production of SERS-active substrates from Ag is favourable, as silver has 
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high SERS activity and broad range of plasmonic excitation, but a limited lifetime in ambient conditions 

due to fast oxidation. 

 To demonstrate the unique ability of our method to produce SERS-active substrates from a wide 

range of materials, we fabricated SERS-from-scratch substrates using commercially available glass slides 

pre-coated with ITO, and oxidized silicon wafers coated with Au and Ag. Figure 4.2(a),(b) show 

representative images of the scored gold layer from a silicon surface before and after Ag nanoparticle 

deposition. The dense and uniform electrokinetic deposition of Ag nanoparticles over the large area (~5 

mm×100 µm) of the gap resulted in a colour change from light grey to black. Figure 4.2(c) shows the 

corresponding SEM images of the SERS-from-scratch substrate. The images show the formation of 

nanostructures with relatively uniform shape and size, extending over the large area of the gap.  

 Rhodamine 6G (R6G) at 10-5 M was used as the model analyte to evaluate the performance of the 

substrates made from ITO coated glass slides and oxidized silicon wafers coated with Au and Ag (Figure 

4.2(d)). In all experiments, 10 µL of the sample analyte was applied on the surface and allowed to dry 

prior to detection. Raman spectra from all three types of SERS-from-scratch substrates consistently 

indicated the characteristic peaks of R6G at 612, 1179, 1306, 1360, 1505, 1567, 1595, and 1646 cm-1. 

Substrates made of Au coated wafers, Ag coated wafers, and ITO coated glass slides performed similarly 

to detect R6G, resulting in analytical enhancement factors of 2.7×105, 3.0×105, and 1.1×105, respectively. 

The enhancement factor (EF) achieved here is still far from the best SERS substrates reported (with EF in 

the order of 1011)58–60, but an order of magnitude better than commercially available substrates (with EF in 

the order of 104). Fabrication methods reported to produce the best SERS substrates, however, still rely on 

expensive, complex, and infrastructure-intensive nanofabrication. Considering the low-cost and rapid 

method presented here, the EF achieved for the SERS-from-scratch substrate is significant, particularly 

for applications targeting low-resource settings or on-site testing. SERS-from scratch substrates made of 

gold coated silicon wafers were used for all subsequent experiments. 
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 To characterize the performance of the substrate for potential quantitative detection, SERS-from-

scratch substrates were used to detect R6G at concentrations from 10-3 M to 10-8 M (Figure 4.3(a)). Even 

for the lowest concentration tested (10-8 M), the SERS signal clearly showed characteristic peaks of R6G 

with a good signal-to-noise ratio. Figure 4.3(b) shows the calibration curve for R6G detection using the 

intensity of the 612 cm-1 peak. The results indicate a strong linear correlation (R2=0.95) between the 

analyte concentration and the intensity of the peak, with an estimated limit of detection (LOD) of 7.7×10-

10 M. To demonstrate the reproducibility of the substrate with respect to LOD, substrates made in 

different days from different batches were tested. The SERS-from-scratch substrate always achieved a 

LOD above 3.1×10-9 M (Figure A3.2), with a strong correlation between the analyte concentration and 

intensity of a dominant peak in the SERS spectra. The results demonstrate SERS signal reproducibility of 

the substrate from batch-to-batch sufficient for analyte identification or order-of-magnitude level 

quantification. Achieving this relatively low LOD is significant, considering the minimal equipment and 

training requirements, and the ability for in situ production (Table A3.2 and A3.3). 

 The SERS activity of our substrates over a large area was tested by acquiring a series of R6G (10-

5 M) spectra along the scored gap (Figure A3.3). Figure 4.3(c) shows the Raman spectra from random 

points along the ~4 mm length of the gap. All spectra showed the characteristic peaks of R6G, 

demonstrating consistent performance of the device for qualitative detection of analytes. With respect to 

quantitative detection, the relative standard deviation for the intensity of the 1360 cm-1 peak was 

estimated to vary ~20% along the gap and 1 mm away from the edges, enabling quantification with an 

order of magnitude accuracy. This variation is sufficient for screening applications; however, is still 

slightly underperforming compared to, for example, chemically-crosslinked nanoparticles for SERS 

substrates that achieve a 13% deviation. 61  To statistically highlight the robust and reproducible 

performance of our substrates for identification, principal component analysis (PCA) was carried out on 

SERS signals of R6G and blank solvent from 12 random points along the gap (Figure A3.3). While the 

SERS spectra showed variability, PCA revealed 100% accuracy in identification of R6G even near the 
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edges (Figure 4.3(d)). Specifically, principle component (PC) 1 distinguished confidently and strikingly 

between R6G and blank samples. All R6G spectra showed positive PC 1 score values, while all blank 

spectra resulted in negative PC 1 score values. PC 1 explained 56% of the overall variability of the data 

and together with PC 2 accounted for about 72% of the variance. Additionally, compared to blank solvent 

samples, R6G formed a dense cluster (Figure 4.3(d)). With leave-one out cross validation, the PCA model 

correctly identified all samples (100%) as either “blank” or R6G. The results indicate the excellent 

performance of our SERS-from-scratch substrate to generate reliable and reproducible SERS spectra over 

a relatively large area (~5 mm×100 µm) and with a large enhancement factor. 

 

Figure 4.3: Performance characterization of the SERS-from-scratch substrate. (a) Raman spectra and (b) 

calibration curve based on the intensity of the 612 cm-1 peak for R6G at concentrations from 10-3 M to 10-

8 M. The LOD was calculated using the slope of the calibration curve and 3 times the standard deviation 

of the lowest concentration tested. (c) Raman spectra for random points along the ~4 mm length of the 

scratched gap for R6G at 10-5 M. (d) Principal component analysis plot for R6G (blue circles) and blank 

solvent (red circles) spectra from 12 random points along the gap. Each data point in b is the mean of 3 
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measurements with error bars as one standard deviation, and each spectrum is the average of 5 

measurements. 

 The performance of the SERS-from-scratch substrate was tested against commercially available 

Ag and Au nanoparticle SERS substrates (Ocean Optics, Dunedin, FL; item codes RAM-SERS-AG-5 and 

RAM-SERS-AU-5) as well as Ag nanoparticles aggregated on a gold surface using the coffee ring effect. 

The results for the detection of R6G at 10-5 M indicated that our substrate significantly outperforms both 

commercially available products and the randomly formed Ag nanoparticle aggregates (Figure 4.4(a)). 

Specifically, the SERS-from-scratch substrate resulted in an analytical enhancement factor of 2.7×105, an 

order of magnitude more sensitive than commercially available substrates (with EF in the order of 104). 

This improvement in enhancement factor is significant, considering that the cost of SERS-from-scratch 

substrates is two orders of magnitude lower of than commercially available substrates (Table S2 and S3) 

and the possibility of the production of SERS-from-scratch substrates at the point-of-use, which 

eliminates the common concern regarding performance deterioration due to storage of pre-made and 

packaged commercial substrates. 

 To show the broad applications of our method for label-free detection, the SERS-from-scratch 

substrate was applied to detect trace concentrations of dinitrotoluene (DNT), cocaine, and thiram (Figure 

4.4(b)). DNT is a by-product of trinitrotoluene (TNT) and one of the most common constituents of 

explosive materials. Direct detection of DNT is a challenge in homeland security and environmental 

monitoring due to its low vapor pressure.62,63 The SERS spectrum of DNT (10 mM) clearly showed its 

fingerprint peaks at 763, 844, 1066, and 1355 cm-1. The results indicate that our SERS-from-scratch 

substrate offers rapid and direct detection of DNT, and potentially TNT.  

 Cocaine is an illicit and strongly addictive stimulant drug, with about 655 tons of cocaine seized 

globally in 2014.64 Using our substrate, we detected cocaine easily at a concentration of 1 ppm in water, 

with the most prominent peak at 1003-1 cm. Considering the 10 µL volume of the applied sample, 

detection of 10 ng of cocaine was achieved, sufficient for detecting trace amounts of cocaine in drug 

paraphernalia. Thiram is a widely used pesticide, with potential toxic effects on the liver and reproductive 
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systems at residue concentrations above 7 ppm, according to the US Environmental Protection Agency.65 

The SERS-from-scratch substrate was applied for the detection of thiram. As shown in Figure 4.4(b), the 

peaks at 1386 (the dominant peak), 933, and 1148 cm-1 indicate that our substrate enables detection of 1 

ppm of thiram in acetone, below the current residue limit. 

 PCA indicated the unique capability of our SERS-from-scratch substrate to distinguish between 

DNT, cocaine, thiram, and blank solvent samples with 100% accuracy (Figure A3.4). Notably, these 

analytes were dissolved in different and not necessarily relevant media (in case of thiram) to demonstrate 

an efficacy and broad applicability of the SERS-from-scratch platform for simple identification of 

dissolved analytes. PC 2 clearly distinguished analyte from blank samples, and PC 1 distinguished 

between DNT, cocaine, and thiram. PC 1 and PC 2 together explained 61% of the overall variability of 

the data with each analyte forming a separated cluster, indicating their distinguished spectroscopic 

features for identification. Collectively, these results demonstrate that the SERS-from-scratch approach is 

a promising method for ultra-sensitive detection of a wide range of analytes at concentrations relevant to 

their required limit of detections.  

 The simple and cleanroom-free fabrication process of the SERS-from-scratch substrates requires 

minimal resources, with a total fabrication cost of about US$1.00 per substrate (Table A3.2). In particular, 

the cost of substrates made of ITO coated glass (US$0.36 per device) is two orders of magnitude less than 

commercially available SERS substrates (Table A3.2 and A3.3). Notably, the deposited Ag nanoparticles 

on a used substrate can be removed by acetone or a soap solution,48 allowing for the substrate to be reused 

for depositing a fresh SERS active layer and additionally reducing the operating cost. This improvement 

in cost is significant for applications in both high- and low-resource settings. ITO is an accessible material 

which can be easily deposited as a thin film on glass and ITO coated glass are readily available, with 

broad applications in both research and industry. The rapid development of a SERS-active substrate from 

an ITO coated glass provides new opportunities for low-cost SERS detection at the point-of-use. It is 

noteworthy that, since the SERS active layer can be produced at the point-of-use, Ag nanoparticles can be 
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used without concerns about performance deterioration due to storage, which is a common limitation and 

source of irreproducibility among pre-made and packaged SERS substrates. The ability to fabricate the 

substrate within minutes of its intended use allows the user to avoid the oxidation and resulting decrease 

in surface performance that may occur in the time period required for substrate packaging and transport. 

Additionally, the user is able to perform both the substrate fabrication and analyte detection in a low 

resource setting, the only requirements being a portable voltage source 66, portable spectrometer, sharp 

tool, and a conductive surface. While this SERS-from-scratch method produces scalable SERS substrates 

that outperform current commercially available substrates, the sensitivity of the SERS-from-scratch 

substrate is still lower than the best SERS substrates that can be produced in research laboratories.17,48,51,67 

The simple, rapid, and low-cost SERS-from-scratch approach has good potential for applications in 

forensic science, drug monitoring, homeland security, and environmental monitoring. 
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Figure 4.4: Applications of SERS-from-scratch substrates in analyte detection. (a) SERS spectra from the 

SERS-from-scratch substrate as compared with commercially available substrates and Ag nanoparticle 

aggregates. (b) SERS spectra of DNT, cocaine, and thiram at respective concentrations of 10 mM in 

ethanol, 1 ppm in water, and 1 ppm in acetone (the spectra were collected separately and overlaid). The 

Raman spectra were shifted for visualization. 

4.4 Conclusions 

 In this work we have demonstrated the use of AC electrokinetics to assemble colloidal Ag 

nanoparticles into extended SERS-active structures featuring a high surface density of hotspots.  Our 

method enables preparation of ultrasensitive SERS substrates in a cleanroom-free, rapid (~12 min), and 

low-cost (~US$1.00/test) fashion, at the point-of-use with minimal equipment and training. The SERS-

from-scratch substrates thus created are proven to be capable of quantitative and direct detection of trace 

quantities of explosives, drugs and pesticides, with enhanced sensitivity over commercially available 

products and with 100% accuracy. Taken together, this simple yet effective fabrication method enables 
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real-time production of ultrasensitive and reliable SERS active surfaces from Ag, suitable for broad 

application in forensic science, homeland security, and environmental monitoring at the point-of-use. 
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Chapter 5 

Direct detection of toxic contaminants in minimally processed food products 

using dendritic surface-enhanced Raman scattering substrates 

 

With minor changes to fulfil formatting requirements, this chapter is as it appears in: 

H Dies, M Siampani, C Escobedo, and A Docoslis, Sensors, 2018, 18(8), 2726.  

 

Contributions: Maria Siampani contributed to optimizing the protein precipitation method in milk and 

infant formula. 

 

 

Abstract: We present a method for the surface-enhanced Raman scattering (SERS)-based detection of 

toxic contaminants in minimally processed liquid food products, through the use of a dendritic silver 

nanostructure, produced through electrokinetic assembly of nanoparticles from solution. The dendritic 

nanostructure is produced on the surface of a microelectrode chip, connected to an alternating current 

(AC) field with an imposed direct current (DC) bias. We apply this chip for the detection of thiram, a 

toxic fruit pesticide, in apple juice, to a limit of detection of 115 ppb, with no sample preprocessing. We 

also apply the chip for the detection of melamine, a toxic contaminant/food additive, to a limit of 

detection of 1.5 ppm in milk and 105 ppb in infant formula. All the reported limits of detection are below 

the recommended safe limits in food products, rendering this technique useful as a screening method to 

identify liquid food with hazardous amounts of toxic contaminants.  

 

5.1 Introduction 

 The use of chemicals in food preparation has increased tremendously with industrial growth, as 

has knowledge of the health hazards of these chemical additives, resulting in a need to be able to reliably 
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detect them in downstream consumable products.1 Food safety analysis is a challenging task, requiring the 

detection of small molecules frequently at ultralow concentrations, in complex mixtures, and occasionally 

in environments that may be considered harsh for sensitive laboratory equipment. Ideally, it must also be 

rapid, cost-effective, and user-friendly, such that minimally trained users in a variety of environments can 

test for toxic materials in food products.2 Currently, most methods of food safety analysis require the use 

of high performance liquid chromatography (HPLC) for separation combined with ultraviolet or mass 

spectrometry for detection – methods that although robust and reliable, are time-consuming, expensive, 

and require a dedicated lab with trained personnel.3,4 

Surface-enhanced Raman scattering (SERS) has emerged in recent years as a promising method 

for non-destructive, rapid, chemically-specific and ultrasensitive small molecule detection.4 Compared 

with HPLC-MS, it offers the important advantage of portability – SERS can readily be made compatible 

with portable laser detection systems, and does not necessitate the use of harsh solvents or high-power 

sources. SERS can achieve signal enhancement up to 1014 times over spontaneous Raman spectroscopy 

through two mechanisms: (1) a dominant electromagnetic mechanism, whereby surface plasmon 

resonances on nanostructured metallic surfaces locally enhance the electromagnetic field, and (2) a lesser 

charge transfer/chemical enhancement, involving direct bonding between the analyte and the SERS 

surface.5  SERS has been experimentally demonstrated to be chemically specific and sensitive enough for 

single molecule detection;6–8 however, the practical application of SERS faces some technical challenges, 

predominantly associated with the fabrication of reproducible, reliable, and robust SERS-active surfaces. 

SERS is typically realized through either: (1) a solution-based method, whereby colloidal nanoparticles 

associate with the analyte enabling its detection, or (2) a surface-based method, whereby a metallic 

nanostructured surface is prefabricated, and an analyte solution is either dropcast or adsorbed onto the 

surface for sensing. The former method, while convenient, can suffer from a low density/inhomogeneity 

of SERS-active structures in solution, due to uncontrolled aggregation of the nanoparticles 9,10. The latter 

method can further be divided into top-down or bottom-up methods for fabrication of SERS-active 
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nanostructures.9 Top-down techniques involve patterning or etching of metals using techniques including 

electron beam lithography, focused ion beam milling,11 or metal film over nanosphere patterning,12 while 

bottom-up techniques involve the use of nanoparticle or ion-based building blocks to organize SERS-

active nanostructures.9 

 Recently, we have presented the results of a newly developed method for preparing highly 

sensitive SERS-active surfaces, produced through an electric field-guided assembly of nanoparticles from 

a colloidal suspension.13 This method requires only a low power AC voltage source, a planar 

microelectrode array, a small droplet of nanoparticle suspension and can be completed in approximately 

10 minutes. Here, we present a systematic experimental study that thoroughly details a protocol for how 

these sensing devices may be employed in the detection of toxic contaminants in complex food matrices. 

In addition, to overcome some of the challenges inherent in sensing chemicals in complex food matrices, 

we demonstrate: (1) the use of an ionic monolayer for the stabilization of our nanoparticulate SERS 

substrate against mixtures containing high amounts of surface active agents (e.g., milk proteins); and (2) a 

method for the simple and quick (<45 minutes) processing of milk to remove the fat and precipitate the 

proteins for SERS analysis. In apple juice, we achieve the detection of a fruit pesticide, thiram, with no 

sample processing or surface modification. 

 

5.2 Materials and Methods 

5.2.1 Materials  

Silver nanoparticles of 50 nm in diameter, stabilized in 2mM citrate were obtained from 

Cytodiagnostics Inc., Burlington, Canada. Nanoparticles were concentrated by 15x prior to their use via 

centrifugation at 1800 g for 30 minutes, followed by removal of the supernatant to reach a final 

concentration of 2.9 x 1011 particles/mL. Melamine (99%), thiram (Pestanalâ, analytical standard), 

rhodamine 6G, and poly-L-lysine solution (0.1 % w/v in H2O) were obtained from Sigma-Aldrich, 

Oakville, Canada. Acetonitrile (99.9%) was obtained from Fisher Scientific, Canada. Polished silicon 
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wafers of 4’’ in diameter, with a thermally grown 0.5 µm thick SiO2 layer were acquired from University 

Wafer (South Boston, MA, USA). Milliporeâ water (18.2 MW cm) was used throughout the experiments. 

Milk (1%), infant formula, and apple juice were purchased from a local grocery store.  

5.2.2 SERS substrate fabrication and characterization 

The fabrication of microelectrodes was performed at Nanofabrication Kingston (NFK, Innovation 

Park, Kingston, Ontario). Microelectrode patterning was performed via maskless photolithography (IMP 

maskless photolithography) on silicon wafers, and microelectrode deposition was performed by electron 

beam metal film evaporation and liftoff. SU-8 (MicroChem Corp, Westborough, MA), a negative 

photoresist, was used for photolithography. A 5 nm layer of chrome was used to enable the adhesion of 

the deposited 100 nm Au layer to the silicon substrate.  

For SERS substrate preparation, a 10 µL sample of concentrated nanoparticle solution was 

deposited with a micropipette on the center of the microelectrodes. The collection was run for 12 minutes 

at 10 Hz, 2.9 V peak-to-peak, with an imposed 0.5 V DC bias. Following nanoparticle assembly, the chip 

was rinsed with water and dried with a stream of air.  

Scanning electron microscopy was performed at the Queen’s Facility for Isotope Research, on an 

MLA 650 FEG environmental SEM, at a voltage of 5.00 kV. Optical microscopy was performed on an 

Olympus BX-41 microscope.  

5.2.3 Analyte sample preparation 

Melamine was dissolved in Millipore water at a stock solution of 1000 ppm (7.9 mM), and 

serially diluted to make solutions of 100 ppm and 10 ppm. These solutions were used to spike milk at a 

10:1 (milk to spiking solution) ratio. Thiram was dissolved in acetone at a stock solution of 1000 ppm 

(4.2 mM), and serially diluted in acetone to make solutions of 100 ppm, 10 ppm, and 1 ppm. These thiram 

spiking solutions were added directly to apple juice at a ratio of 10:1 (apple juice to spiking solution), and 

no additional sample preparation was performed. For melamine-spiked milk or infant formula solutions, a 

simple sample preparation was carried out to precipitate the proteins and skim off the fat: (1) acetonitrile 
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was added in a 1:1 ratio to the (spiked) milk/infant formula, and the solution was mixed thoroughly with a 

vortex mixer; (2) the solution was centrifuged for 30 minutes at 2000g; and (3) the precipitated protein 

pellet was discarded. The supernatant was extracted for SERS analysis.  

5.2.4 Surface modification for detection in milk and infant formula 

For detection in milk and infant formula, the microelectrode surfaces were modified with poly-L-

lysine prior to nanoparticle assembly to promote dendrite anchoring to the surface and avoid any 

remaining unprecipitated protein acting to destabilize the nanostructures. The microchips were first 

cleaned in vacuum with an oxygen plasma for 3 minutes, followed by soaking in 0.01% aqueous poly-L-

lysine for 30 minutes in a humidity-controlled environment. Excess unbound poly-L-lysine was then 

removed by rinsing with PBS and deionized water. The chip was then dried in a stream of nitrogen.  

5.2.5 Raman measurements 

For the Raman measurements, a HORIBA/Jobin Yvon Raman Spectrometer (Model: LabRAM) 

with a 632.8 nm He/Ne laser (17 mW), 1800 l/mm grating and an Olympus BX-41 microscope system 

were used. Spectral collection was performed in the backscattered mode with: x100 microscope objective, 

500 µm pinhole, 500 µm slit width, and a laser power attenuation filter of 10x (i.e. providing a laser 

power of 1.7 mW). The spectra were collected for a sampling time of 10 seconds with 10 repeats. All 

Raman spectra were processed in Matlab. Background correction was performed through polynomial 

subtraction, and noise was reduced with a Savitsky-Golay filter. Figure A4.1 in Appendix 4 illustrates the 

effects of the signal processing on raw spectra. The background spectra of the dendrites and the PLL-

modified silicon surface with dendrites are shown in Figure A43. Figure A4.4 demonstrates the effects of 

repeated acquisitions on the signal intensity.  
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5.3 Results and Discussion 

Figure 5.1 shows the assembly-to-analysis method applied for detection of trace hazardous 

materials in common liquid food products.  First, the microelectrode chip is connected to a power source 

at electric field conditions of 10 Hz, 2.9 V peak-to-peak, with an imposed DC bias of 0.5 V (Figure 5.1a). 

These conditions have been optimized to create a highly active and sufficiently extensive SERS sensing 

surface with 12 minutes of application.13 Next, a small amount (5 µL) of the prepared analyte solution is 

placed upon the sensing surface, and allowed to evaporate (Figure 5.1(b)). Finally, the solid substrate is 

placed under the Raman laser, and the SERS spectrum is obtained (Figure 5.1(c)).  

 
Figure 5.1: Preparation of the SERS substrate used for detection of food contaminants in liquid food. (a) 

With the nanoparticle solution sitting at the tips of the microelectrodes, the gold microelectrodes are 

connected to the mixed AC/DC voltage supply to form the SERS-active nanostructures. (b) The 

nanoparticle suspension is removed, and the analyte solution is dropcast upon the surface of the 

microelectrodes. (c) The Raman microscope is used to analyze the gap region between the two 

microelectrodes, where both the SERS active structures and the analyte have been deposited. (d) A 

schematic of the bipolar microelectrode tip. The chip consists of a silicon base with 100nm of gold – 

plated to form two connection pads with extending microelectrodes. (e) Between the microelectrode tips, 
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dendritic silver nanostructures grow from the positive biased tip. (f) An SEM image of the dendritic silver 

nanostructures. 

 

Upon application of the nanoparticle suspension, the AC electric field establishes a deterministic 

dielectrophoretic force on the nanoparticles, directing them to the microelectrode tips. At this low 

frequency and low voltage condition, dielectrophoresis dominates over electrohydrodynamic flows in the 

system13. Electrohydrodynamic flow (including electroosmosis and electrothermal flows) can cause bulk 

fluid flow and mixing effects.14 Operating in a frequency range that minimizes these effects enables the 

mass-transfer limited assembly process of nanoparticles into branched, dendritic nanostructures. These 

‘nanodendrites’, shown by the optical microscopy and scanning electron microscopy (SEM) images in 

Figure 5.1 (e) and (f) respectively, have a high density of SERS hotspots, as well as conductive 

connections between these hotspots which enable broadening of the plasmon resonances necessary for 

SERS detection.15  

To characterize the SERS substrates and further understand their potential applicability, we 

performed a longevity analysis on the substrates. The substrates were prepared simultaneously (on the 

same day), and consequently tested (one substrate each week) using rhodamine 6G at a concentration of 

10-5 M as a test analyte. The substrates were stored in room air, in a dark drawer. Over a period of 4 

weeks, the substrates maintained their integrity, as shown in Figure 5.2. The coefficient of variance of the 

intensity of a key peak at 1360 cm-1 (representing in-plane C-H bending16) is 25%, indicating that over a 

significant time period the substrates remain capable of analyte identification, even when stored at 

atmospheric conditions. We acknowledge that this variance is not insignificant; currently we are 

optimizing methods for more homogenous analyte adsorption in order to reduce this variance and enable 

more accurate quantification (discussed further in Section 5.3.2). 

The peak intensity at 1360 cm-1 was also used to calculate an analytical enhancement factor, using 

the equation:  
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𝐸𝐹	 = 	
𝐼u%vu/𝐶u%vu	
𝐼xv/𝐶xv

 

where ISERS and INR are the peak intensities with SERS and normal Raman respectively (i.e. on a 

nonmodified silicon oxide microelectrode chip), and CSERS and CNR are the concentrations of R6G used in 

the SERS and normal Raman experiments. In this way, the SERS substrates were shown to have 

analytical enhancement factors ranging from 4.7-5.9 x 105 across the four week longevity experiment.  

 

 
Figure 5.2: Longevity analysis of the dendritic SERS substrates. Four spectra of R6G were taken every 

week from simultaneously prepared substrates, for a period of 4 weeks. Week 1 corresponds to time zero 

(time of dendrite preparation) + 1 week. (a) The R6G spectrum was distinctly identifiable every week for 

4 weeks. These spectra were taken at a concentration 10-5 M, with 10s acquisition time. (b) The average 

intensity of the key peak at 1360 cm-1 was plotted over 4 weeks. The error bars represent the standard 

deviation of the data.  

 

5.3.1 Thiram detection in fruit juice  

Thiram is a chemical commonly used as a fungicide and animal repellant in industry and 

agriculture.17 Thiram has multiple toxicities – it is a skin and mucous membrane irritant, hepatotoxic, 

neurotoxic, and teratogenic.18 The US Environmental Protection Agency (US EPA) dictates 7 ppm (2.9 x 

10-5 M) as the maximal residue limit for thiram in food products 18. The current preferred method of 
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monitoring pesticide concentrations in fruits and vegetables is HPLC,17,19 with reported limits of detection 

in the low ppb range.17 Recently, a number of groups have demonstrated the applicability of SERS for the 

detection of thiram. Zhang et al. show detection of thiram via SERS on silver nanowires, to a detection 

limit of 10-7 M (24 ppb),20 and Saute et al. use nanoparticles of differing shapes to achieve a thiram limit 

of detection (LOD) of 10-8 M (2.4 ppb) .21 A relevant matrix for the real-life detection of thiram is a fruit 

product, as thiram is frequently used in fruit and soybean farming. Here, we demonstrate a method of 

separation-free detection of SERS in apple juice. The SERS spectra are shown in Figure 5.3a, alongside 

the calibration curve in Figure 5.3(b). The peak at 1384 cm-1 is characteristic of thiram, representing the 

symmetric CH3 deformation mode.22 The peaks at 1150 cm-1 and 1530 cm-1 are also assigned to thiram, 

both representing the CN stretching mode (n(CN)) and the CH3 rocking mode (r(CH3).23 Other key peaks 

in the samples appear to be due to the apple juice, principally the peak at ~ 1340 cm-1. The calibration 

curve demonstrates a LOD of 115 ppb, or 4.8 x 10-7 M. The LOD is calculated as the concentration that 

corresponds to 3x the standard deviation on the experimental calibration curve. This limit is well below 

the recommended safe limit, hence this technique is enabling as a method of rapid, cost-effective 

screening to quickly identify samples with high levels of thiram that may require further quantitative 

testing.  

To demonstrate the relevance and importance of this technique, we present a comparison to the 

sensing achievable with a commercially available SERS chip produced by Ocean Optics (Dunedin, FL; 

item code RAM-SERS-AG-5), which consists of silver nanoparticles supported on a solid substrate. 

Figure 5.3(c) shows the SERS spectra from thiram at a concentration of 1 ppm in pure acetone, on our 

SERS substrate, and the Ocean Optics silver substrate. Our SERS substrate presents not only the benefit 

of point-of-use fabrication and reusability, it also demonstrates increased sensitivity and signal-to-noise 

ratio compared to this commercially available option. The Ocean Optics substrate is produced upon a 

paper-based substrate, which may contaminate the Raman spectrum and has a lower density of SERS-

active nanostructures than our directed-assembly substrate.  
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Figure 5.3: The results for thiram detection in apple juice. (a) SERS spectra of thiram at varying 

concentrations, in unprocessed apple juice. The key peak at 1384 cm-1 is used for identification and 

quantification. (b) A log-log calibration curve of thiram in apple juice. Regression analysis yields y = 

2520x0.5209, with an R2 value of 0.9223. (c) A comparison between the SERS spectra of thiram in apple 

juice on our dendritic SERS surface, and the spectra on Ocean Optics silver SERS substrates. 

 

5.3.2 Detection of Melamine in Milk Products 

Melamine is a nitrogenous industrial chemical used in resin production and fertilizer that, upon 

ingestion and metabolization, precipitates to form nephrotoxic crystals in the kidney, which may lead to 

acute renal failure.24 Chronic exposure may be implicated in bladder cancer and infertility.25 Because of 

its high nitrogen content (66.7% by mass), melamine may be added illegally to dairy products, infant 
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formulations, or pet food, in order to boost the apparent protein content 26. In 2008, this caused the 

hospitalization of ~ 50 000 infants in China, and in 2007, this caused several hundred deaths of domestic 

pets in the United States.24,27 The World Health Organization (WHO) dictates 2.5 ppm (2.0 x 10-5 M) as 

the maximum residue limit for melamine in milk, and 1 ppm (7.9 x 10-6 M) as the maximum residue limit 

in infant formula.28,29 

The task of detecting melamine in food products is complicated by the fact that it most frequently 

exists in complex solutions or emulsions, which are often opaque, limiting optical detection methods. 

Additionally, food products contain several components (e.g. proteins, lipids, and sugars) at much higher 

concentrations than melamine, which can mask a detection signal and may foul a sensing system. 

Therefore, the detection of melamine in food solutions typically involves two essential processes: (1) 

separation/extraction, and (2) detection.  

Presently, the most common academic and industrial methods for the detection of melamine in 

food products include HPLC with ultraviolet (UV) detection,30–32 LC-MS,33,34 infrared spectroscopy,35 

nuclear magnetic resonance, enzyme immunoassays 33,36, capillary electrophoresis37,38 and recently, 

Raman spectroscopy and surface-enhanced Raman spectroscopy (SERS).39–41 Sun et al. provide a recent 

review of these techniques and their associated limits of detection.3 The US-FDA recommended 

analytical methods for melamine detection include HPLC with UV/Vis detection, and LC-MS, as these 

methods can reach limits of detection as low as 50-250 ppb in liquid milk and infant formula,25,42 well 

below the recommended limit. However, these methods are often time-consuming, laborious, and require 

expensive, immovable equipment.  

Here, we present the direct application of our SERS substrates for the detection of melamine in 

liquid food samples. As our protein precipitation method was not comprehensive, we found that the 

remaining protein acted as a surfactant to destabilize and dissolve the SERS-active nanostructure. 

Therefore, as shown in Figure 5.4(a), prior to dendrite growth we coated the silicon dioxide surfaces with 

an adsorbed layer of poly-L-lysine (cationic), to electrostatically anchor the citrate-coated nanoparticles 
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(anionic) to the surface. Importantly, the poly-L-lysine monolayer did not present any significant peaks in 

the range of interest for melamine detection, (see Figure A4.3). As shown in Figure 5.4(b), the milk and 

infant formula sample processing was performed by adding acetonitrile in a 1:1 ratio to the melamine-

spiked milk solutions. The addition of an organic solvent displaces water molecules surrounding the 

proteins in milk, and lowers the dielectric constant of the medium, promoting aggregation via electrostatic 

interactions between proteins.43 Next, the solution was centrifuged, causing the protein components to 

form a pellet on the bottom of the test tube. The supernatant represents a solution of the aqueous 

components of milk with acetonitrile, and melamine; this was extracted and used for SERS analysis. 

The results for melamine in milk and infant formula are shown in Figure 5.5. Figure A4.1 in 

Appendix 4 shows spectra taken in different locations across the substrate surface, as well as unprocessed 

SERS spectra to demonstrate the effects of signal processing in Matlab. The key peak at 686-703 cm-1 is 

used for calibration, which corresponds to the triazine ring breathing mode of vibration.44 Notably, the 

melamine peak appears to shift in different measurements (particularly in the 100 ppm sample of Figure 

5.5(a)). This may be explained by changes in the solution pH - it has been demonstrated that pH 

influences the triazine ring breathing mode, shifting its SERS peak from 686 cm-1 at low pH (i.e. below 

the pKa of melamine = 5, when the melamine is protonated) to 703 cm-1 at high pH.44 We also 

demonstrate this shift in our system through measurements of the melamine peak at differing pH values – 

the data are shown in Figure A4.2. The shift observed in the milk analysis may be a result of pH changes 

in the pre-purchased milk with aging, or from the pre-processing step with acetonitrile. From the 

calibration curve in Figure 5.5(b) for melamine in milk, the theoretical limit of detection is 1.5 ppm (1.2 x 

10-5 M), below the recommended limit of 2.5 ppm (2.0 x 10-5 M). The data do show a significant amount 

of variability, limiting the accuracy in quantitative detection. There are a number of potential sources of 

this variability, including, potentially, differing extraction amounts in the separation process, an inability 

to completely/effectively extract the protein and lipid components, the inhomogeneity of the SERS 

surface, and differing distribution of the dropcast analyte across the SERS surface. Rather than a method 
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for rigorous quantitative analysis, we present these results to demonstrate a versatile method for 

screening-type detection in complex media. We are currently working on methods to improve the 

sensitivity of the technique via improved separation efficiency and directed analyte deposition. Increasing 

the of spectra analyzed should also decrease the variability and enable more effective quantification.  

 
Figure 5.4: Preparation of the sensing chip and the analyte solutions for detection in milk and infant 

formula. (a) The procedure for silicon surface modification with poly-L-lysine, to anchor the dendrites. (i) 

The starting silicon dioxide surface is plasma cleaned for 3 minutes, (ii) leaving negatively charged 

hydroxyl groups at the surface. (iii) The chip is then soaked in poly-L-lysine. (iv) The nanoparticles, 

coated with a layer of citrate for stabilization in solution, adhere to the poly-L-lysine coated surface. (b) 

The sample processing method applied for milk and infant formula; (i) Spiked solutions of milk/infant 

formula were thoroughly mixed with a vortex mixer. (ii) Acetonitrile was added to the spiked milk, 

followed by vortex mixing and centrifugation. (iii) The supernatant (aqueous layer) was removed for 

analysis, and the protein pellet was discarded. 

 

Melamine detection in infant formula is perhaps even more societally relevant, as infant formula 

is synthetic food product with a significant history of hazardous contamination.28,45 We applied an 

identical protein precipitation and surface modification method with melamine in infant formula (as 

shown in Figure 5.4(b)); that is, we precipitated the proteins with acetonitrile and coated the silicon 
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surface with poly-L-lysine to prevent the dendrites from dissolving. Notably, this process appeared more 

effective in infant formula. As shown in Figure 5.5(d), the melamine peaks are stronger, and visually, the 

supernatant appeared less cloudy. In this way, we successfully detected melamine in infant formula across 

four orders of magnitude, achieving a theoretical limit of detection of 105 ppb (8.3 x 10-7 M). This figure 

is well below the WHO recommended limit in infant formula of 1 ppm (7.9 x 10-6 M).42 

 

Figure 5.5: SERS detection of melamine in milk and infant formula. (a) The SERS spectra of melamine 

in milk. The key peak at 686-703 cm-1 was used for identification and quantification. (b) Log-log plot for 

calibration of melamine concentration in milk. Points represent an average of n=5 spectra. Linear 

regression yields y = 106.41x0.4656, with an R² value of 0.9828. (c) The SERS spectra of melamine in 

infant formula. The key peak at 686-703 cm-1 was used for identification and quantification. (d) Log-log 

plot for calibration of melamine concentration in infant formula. Linear regression yields y = 

1555.8x0.1544, with an R² value of 0.8883. 
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5.4 Conclusions 

 We have demonstrated a method for the detection of toxic contaminants in complex food 

matrices, with limited sample processing requirements, using a versatile SERS platform produced through 

electrokinetic deposition of silver nanoparticles. The presented technique achieves detection of thiram in 

apple juice and melamine in milk and infant formula at levels below limits recommended by the US-EPA 

and WHO respectively, and is therefore sufficient for screening applications to quickly identify samples 

that exceed these limits. We anticipate that these limits of detection may be further improved by emerging 

methods including surface modification of nanoparticles with selective molecules,46 coatings to promote 

hydrophobic analyte concentration upon the detection site,47 chemometrics for better spectral analysis,48 

and coupled microextraction methods for better analyte enrichment.  
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Chapter 6 

Frequency-dependent electrokinetic assembly of gold nanoparticles into 

functionalizable surface-enhanced Raman scattering-based sensors 

 

This chapter has been prepared as a draft manuscript and has not yet been submitted for publication. 

 

Contributions: Dr. Adam Bottomley and Professor Kevin Stamplecoskie contributed significant expertise, 

and came up with the design of the experiments for the conductivity analysis. Dr. Adam Bottomley was 

an equal partner in performing the conductivity experiments. Danielle Lilly Nicholls assisted in the 

experimental work for the biological assay.  

 

Abstract: Surface-enhanced Raman scattering (SERS) can enable sensitive detection of (bio)chemical 

analytes in fluid samples, however its application requires nanostructured gold/silver substrates which 

presents a significant technical challenge. Here, we present a method for producing gold nanostructures 

for SERS application via the alternating current electrokinetic assembly of gold nanoparticles into two 

frequency-dependent structures: (1) nanowires, and (2) branched “nanotrees”, that create extended 

sensing surfaces. We demonstrate the sensing capabilities of these gold nanostructures via: (1) the 

chemical detection of rhodamine 6G, a Raman dye, and thiram, a toxic pesticide; and (2) a specific 

biological assay to detect streptavidin on biotin-modified gold nanostructures. Finally, we demonstrate 

how these SERS-active nanostructures can also be used as a concentration amplification device that can 

electrokinetically attract and capture an analyte (here, streptavidin) onto the detection site.  
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6.1 Introduction  

There is a global need for more effective sensors to detect (bio)chemical molecules in fluid systems. 

Raman spectroscopy has numerous applications in this regard: it is molecularly specific, it is transparent 

to water, and it can be made portable through the use of portable Raman spectrometers.1 However, Raman 

scattering is inherently very weak. For Raman to be useful in the analysis of dilute solutions, Raman 

signals require enhancement. One option is Surface-enhanced Raman scattering (SERS), a method that 

through coherent oscillations of surface electrons on nanostructured surfaces (localized surface 

plasmons), and charge transfer or chemical enhancement, results in significant amplification of Raman 

signals.2,3 

A principal challenge in implementing SERS is in the fabrication of the nanostructured gold/silver 

surfaces required for the SERS activity. Often, patterning these surfaces requires expensive and laborious 

techniques such as electron-beam lithography, or focused ion beam milling.4 Recently, we have published 

work involving a method for fabricating nanostructured silver surfaces via the electric field-driven 

assembly of silver nanoparticles from colloidal suspension.5 These surfaces were applied for the sensitive 

detection of relevant chemical analytes.6,7 

Silver is a very SERS-active metal; it has high energy surface plasmon oscillations that can enable 

strongly enhancing substrates. However, it oxidizes quickly, which greatly reduces the SERS 

enhancement, limiting the long-term applicability of substrates.8 Gold, as an alternative, has a lower 

enhancement but is less reactive, enabling more temporally-stable SERS surfaces. It also has well-known 

surface chemistry, allowing for functionalization of surfaces with biological molecules to permit specific 

bio-sensing.9 Previous groups have investigated the assembly of gold nanoparticles from micro- or 

nanoscale electrodes, for the purposes of forming nanowires for nanoscale electronic devices.10–14 Other 

groups have used gold nanoparticles deposited onto solid substrates,15,16 or in colloidal suspension 

directly,17 for SERS detection. 
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 In this work, we provide a method to engineer SERS-active gold nanostructures from a 

suspension of gold nanoparticles. We establish a range of conditions (electric field frequency, voltage, 

and medium conductivity) that enable the growth of extended SERS-active structures. We use these 

nanostructures for sensitive chemical detection, as well as in a biological assay for the specific detection 

of protein. Notably, we build these nanostructures as local extensions of a microelectrodes, such that the 

electrodes can be re-activated for the directed concentration of analyte directly to the sensing region.  

 

6.2 Materials and Methods 

6.2.1 Materials 

Trichloro(1H,1H,2H,2H-perfluorooctyl)silane, rhodamine 6G (R6G, 99%), thiram (Pestanal®, 

analytical standard), Cy3-Streptavidin, cysteamine, sodium citrate tribasic dihydrate, sodium sulfate, gold 

(III) chloride trihydrate, and biotin-NHS (water-soluble) were purchased from Sigma Aldrich (Oakville, 

ON). Polished silicon wafers (4’’ in diameter) with a thermally grown SiO2 layer (0.5 µm) were 

purchased from University Water (South Boston, MA, USA). Millipore® water (18.2 MW cm) was used 

throughout the experiments. Reactant-free gold nanoparticles (50 nm, 1OD, stabilized in 0.1 mM 

phosphate-buffered saline) were obtained from Cytodiagnostics, Inc. (Burlington, ON).  

6.2.2 Gold Nanoparticle Preparation 

Gold nanoparticles were prepared in the Stamplecoskie lab, by Dr. Adam Bottomley, through the 

Turkevich method as described in.18 Specifically, 250 mL of 1 mM gold (III) chloride trihydrate was 

brought to a boil under continuous stirring. Then 25 mL of 38.8 mM sodium citrate was added all at once. 

The solution immediately went from yellow to clear, then to dark blue/purple, then to a deep red and was 

heated for 10 more minutes. After that it was allowed to stir for ~15 min without heat and finally 

quenched in an ice bath. No post synthesis washing or purification was performed.  

6.2.3 Conductivity Experiments 



106 

 

Sodium sulfate was added to the Cytodiagnostics AuNPs and in-house prepared AuNPs to adjust 

the medium conductivity. The conductivity was measured with a Zetasizer Nano ZS (Malvern, Inc.) with 

the applied potential adjusted to 0.5 V.  

6.2.4 Microchip fabrication 

Microfabrication of electrodes was carried out at Nanofabrication Kingston (NFK, Innovation 

Park, Kingston, ON) via photolithography on silicon wafers. The microelectrode platform used has gold 

contact pads extending to circular tips with an adjacent tip-to-tip minimum gap of 40 µm. The Neutronix 

Quintel (NxQ4006) mask aligner was used to transfer the microelectrode pattern to the negative 

photoresist SU-8. Metals were deposited via electron beam evaporation: a 5 nm layer of chrome was used 

to improve the adhesion of the deposited Au layer (100 nm thickness, for the microelectrodes) to the 

silicon wafer.  

6.2.5 Chip modification and nanoparticle deposition 

The microelectrode surfaces were modified via surface silanization for better hydrophobicity (this 

improved droplet retention and promoted more extensive nanostructure assembly). The silanization 

procedure involved 3 minutes of oxygen plasma cleaning, followed by surface modification in a vacuum 

dessicator with 30 µL of trichloro(1H,1H,2H,2H-perfluorooctyl)silane for 8 hours.  

For nanoparticle deposition, a 5 µL sample of AuNP suspension was placed over the 

microelectrode gap, and the microelectrodes were activated at an AC frequency of 1kHz-1MHz, and a 

voltage of 3-7V (amplitude). The nanoparticle assembly was run for 12 minutes. Following the assembly, 

the chips were rinsed with water and dried in a stream of air. Following SERS measurements, the surface 

was cleaned by gentle brushing with a cotton swab and a solution of dish soap and water. This 

regenerated the clean microelectrodes for future SERS substrate preparation. 
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6.2.6 Surface characterization 

Scanning electron microscopy (SEM) was performed at the Queen’s Facility for Isotope 

Research, on a MLA 650 FEG environmental SEM, at a voltage of 5.00 kV. For the tilted SEM images, 

the platform was tilted by 10 degrees from the horizontal. Fluorescent microscopy was performed on a 

fluorescent Olympus (BX51) microscope with a Cy3 filter.  

6.2.7 Biotin-streptavidin assay  

For the biotin-streptavidin-CY3 functionalization, after nanostructure assembly, the substrates 

were plasma-cleaned for 3 minutes. The substrates were then incubated in a 5.18 mM cysteamine solution 

in water for 72 hours. The substrates were then rinsed with water for 30s and dried in a stream of air. The 

substrates were then placed in a 24.56 mM biotin-NHS (water-soluble) solution in water for 1 hour to 

allow biotin functionalization. The biotin-modified nanostructures were rinsed with water for 30 s and 

dried in a stream of air. The substrates were then submerged in a 250 ppm solution of streptavidin-Cy3 in 

water and incubated for 1 hour. Finally, the functionalized substrates were rinsed with water for 30s and 

dried in a stream of air. Control experiments were performed by repeating the above procedure without 

the introduction of the biotin-NHS. Raman measurements were taken after cysteamine functionalization, 

and after streptavidin-Cy3 absorption for both the control and test chips. 

6.2.8 Chemical detection: dropcasting  

Rhodamine 6G and thiram were dissolved in methanol and acetone, respectively. For their 

detection, 10 µL of analyte was dropcast upon the nanostructures and the solvent was allowed to 

evaporate prior to SERS signal acquisition. 

6.2.9 Active capture of streptavidin 

Active capture of streptavidin-Cy3 was performed by reapplying the electric field in the presence 

of the 250 ppm streptavidin-Cy3 solution in order to concentrate the protein to the detection surface. The 

electric field was applied at a frequency of 10 kHz and a peak-to-peak voltage of 15 V. An 8𝜇L droplet of 
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the streptavidin-Cy3 solution dissolved in water was micropipetted onto the center of the chip, and the 

field was applied for 15 minutes. The chips were then rinsed with water for 30s and dried in a stream of 

air. 

6.2.10 Raman measurements and spectral processing 

A HORIBA Jobin Yvon Raman Spectrometer (Model: LabRAM) with a 632.8 nm He/Ne laser 

(17 mW), 1800 l/nm grating and an Olympus BX-41 microscope system were used. The collection of 

spectra was performed in the backscattered mode under the following conditions: x100 microscope 

objective, 500 µm pinhole, 500 µm slit width, laser filter 10x, for a sampling time of 20 seconds, with 3 

repeats. All Raman spectra were processed in Matlab (R2018b), through: (1) polynomial subtraction for 

background correction 19; and (2) noise reduction via a Savitsky-Golay filter. Principal component 

analysis was performed using the built in Matlab function ‘pca’. 

  

6.3 Results and Discussion 

We have developed and applied a method for the assembly of gold nanoparticles from suspension 

into a variety of frequency-dependent nanostructures, with demonstrated applications in SERS sensing. 

The application of an alternating current (AC) electric field to the nanoparticle suspension via a reusable 

microelectrode platform results in a suite of electrokinetic effects, including direct forces on constituent 

nanoparticles, and bulk electrohydrodynamic flows.  

A primary force involved in nanoparticle assembly is dielectrophoresis, a force which acts 

directly on induced dipoles in a non-uniform electric field.20 The dielectrophoretic force, FDEP, is given by 

Equation 1: 

�⃗�$%& = 2𝜋𝑟-Reo𝐾2(𝜔r∇|𝐸|::::⃗ ; (1) 

where r is the radius of the (spherical) nanoparticle, 𝐾2 is the complex-valued, frequency-dependent 

Clausius-Mossotti factor, 𝜔 is the frequency, and 𝐸:⃗ is the electric field.20 For metallic nanoparticles, the 
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Clausius-Mossotti factor is 1 at practically all experimentally relevant frequencies, therefore the 

dielectrophoretic force is positive and in the direction of the electric field gradient. Notably, it is also 

strongest at regions of high electric field gradient. In our microelectrode system, this corresponds to the 

microelectrode edges.5 Additional contributors to the nanoparticle dynamics include electrohydrodynamic 

flows, including AC electroosmosis and AC electrothermal flow.21 AC electroosmosis results from the 

action of a tangential electric field on the polarized electrical double layer. It is a frequency-dependent 

flow, that peaks between 1-100 kHz, and results in bulk flow towards the microelectrode gap and across 

the surface of the microelectrodes. AC electrothermal flow is a bulk fluid flow that occurs as a result of 

Joule heating-induced gradients in the permittivity and conductivity of the medium. This flow dominates 

at high frequencies (>100 kHz) and high voltages.22 

Figure 6.1 shows the gold nanostructures formed through the application of an AC electric field 

to a suspension of colloidal gold nanoparticles. We used a quadrupolar microelectrode platform, 

activating only two adjacent microelectrode tips at a time (with 180° of phase separation in the AC 

electric field between adjacent electrodes), as described in.5 Notably, the allowable voltage that can be 

applied increases with frequency, as both damaging electrolytic reactions and replacement of the chrome 

adhesion layer occur more readily at lower frequencies. Any damage to the microelectrodes induced in 

the nanostructure assembly process limits the reusability of the platforms. Below 10 kHz, the electrodes 

were significantly damaged, and there was no nanostructure growth observed; therefore, we used 10 kHz 

as the lowest experimental frequency. As shown in Figure 6.1, we included experimental redundancy in 

the voltage and frequency (i.e. each frequency studied has a voltage that overlaps with a higher and a 

lower frequency setting) to isolate the individual effects of voltage and frequency on the nanostructure 

geometry. In Figure 6.1, the right column (Figure 6.1(b) (d) and (f)) represent the maximum allowable 

non-damaging voltages at each frequency. We observed the growth of nanostructures into two main, 

frequency-dependent structure types. At low frequencies (<100 kHz), the nanoparticles form branched 

nanostructures. When the frequency is increased (>100 kHz), the nanoparticles form structures as shown 
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in Figure 6.1(c),(d),(e) and (f). These structures form as nanowires, that grow from both electrodes 

towards each other, following electric field lines. No structures were observed to grow at frequencies 

below 1 kHz, or above 1 MHz. 

 

Figure 6.1: Gold nanostructures assembled at various electric field conditions. In all images, the top and 

right electrodes were activated with an AC potential. The scale bar represents 40 µm. (a) 10 kHz, 3 V 

amplitude: At this low voltage condition, very little growth was observed. (b) 10 kHz, 4.5 V amplitude: 

This condition resulted in the most extensively branched structures. (c) 100 kHz, 4.5 V amplitude: Here, 

multiple gold nanowires grew along electric field lines. (d) 100 kHz, 6 V amplitude: A single thick 

nanowire grew along the electric field lines. (e) 1 MHz, 6 V amplitude: A single thin nanowire grew 

along electric field lines. (f) 1 MHz, 7.5 V amplitude: A single thin nanowire grew along electric field 

lines. 
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The tilted SEM image shown in Figure 6.2(a) adds more information about the geometry of the 

nanostructures, and this information provides insight into the growth mechanism of the nanostructures. 

Notably, as shown in Figure 6.2(a), the structures formed at 10 kHz have a significant growth away from 

the plane of the electrodes. We postulate that this out-of-plane growth occurs due to repulsive forces from 

the interacting nanostructures. Our group has work in preparation that suggests that metallic 

nanostructures have a positive free energy of interaction, that is, they spontaneously repel each other. 23 

Therefore, to avoid closely associating, the growing nanostructures buckle upwards away from the silicon 

substrate.   

 

Figure 6.2: (a) A tilted SEM image of the gold nanostructures grown at 10 kHz, 4.5 V amplitude. (b) The 

direction of AC electroosmotic flow in a microelectrode system. The flow directs fluid from the bulk 

towards the microelectrode surface, and then across the surface away from the microelectrode gap. (c) 

The magnitude of the maximum AC electroosmotic velocity in our microelectrode system. Each point 
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represents the maximum value from an independent simulation. (d) The effects of medium conductivity 

on nanostructure growth. 

 

We also observe that the most substantial nanostructures grow in a regime where AC 

electroosmotic flow contributes significantly. The flow, as shown in Figure 6.2(b), moves in a direction 

from the fluid bulk towards the surface of the microelectrodes, with the fluid circulation acting to supply 

material to the growing nanostructures. Above 1 MHz, this effect is reduced in two ways: (1) AC 

electroosmosis decreases significantly, as shown in Figure 6.2(c); and (2) AC electrothermal flow starts to 

become a dominant flow, acting in the opposite direction of AC electroosmosis and counteracting the 

associated nanomaterial supply 24. We performed a COMSOL simulation to characterize the AC 

electroosmotic frequency in our microelectrode system. The simulation design is described in Dies et al.5 

The conditions of the simulation for this work are as follows: medium conductivity of 96 mS/m (the 

measured value for the in-house prepared AuNPs), microelectrode gap of 40 µm. We performed 

independent simulations of the maximum AC electroosmotic velocity at 7 different frequencies. 

Importantly, we notice that for our experimental conditions, the AC electroosmotic velocity peaks 

between 10-100kHz, in the region where we see the most significant nanostructure growth.  

Finally, we observe that suspension conductivity has a significant effect on nanostructure growth. 

This effect was observed because when we attempted to assemble the nanostructures with “Reactant-

Free” gold nanoparticles from Cytodiagnostics, Inc. we did not observe any nanostructure growth. 

Notably, these nanoparticles are washed and extensively purified to be 99% free of residual ions from the 

nanoparticle preparation process. To assess the role of suspension conductivity, we added small amounts 

of a spectator ion, sodium sulfate, to the reactant-free nanoparticles. By increasing their conductivity 

above a threshold value, as shown in Figure 6.2(d), we impart the ability to grow nanostructures (with an 

applied AC electric field at 10kHz, 4.5 V amplitude). To confirm the effects of conductivity, and to assure 

that these results were not due to other differences in the media between these two nanoparticle types, we 

performed the same experiment with the in-house prepared AuNPs. We diluted these AuNPs 3.33 times 
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such that they had a similar optical density and medium conductivity to the Cytodiagnostics AuNPs. At 

this conductivity, no nanostructure growth was observed. Next. we added small amounts of sodium 

sulfate, and again we observed that at a certain threshold conductivity, we were able to “rescue” the 

AuNP solutions; that is, they recovered the ability to grow nanostructures. Increased conductivity 

influences multiple factors in nanoparticle assembly, including but not limited to: (1) shielding 

electrostatic interactions between nanoparticles, (2) influencing the geometry and shielding ability of the 

electrical double layer, (3) shifting the magnitude and optimal frequency of AC electroosmosis flow, and 

(4) increasing AC electrothermal flow. Our experimental observations encourage future study into these 

individual effects.  

 

SERS Detection of Chemical Analytes 

Both types of gold nanostructures were observed to cause SERS enhancement. For the remainder 

of the results shown, we focused on the ‘nanotrees’ (10kHz, 4.5 V amplitude) due to their increased 

surface area for analyte association. Figure 6.3(a) shows the results from SERS measurements of R6G, a 

Raman dye commonly used to characterize SERS substrates. By comparing these spectra with that of 

plain gold film, we obtain an analytical SERS enhancement factor of 1.5 x 103. This value, while lower 

than the enhancement factor enabled by silver nanostructures 5, is comparable to commercially available 

SERS substrates and is sufficient to enable analysis of dilute suspensions. Figure 6.3(b) shows the results 

of SERS detection of thiram, a pesticide used in fruit and soybean farming, that is hepatotoxic upon 

metabolization. We dropcast thiram on the surface of the gold nanostructures at 7 ppm (2.5 x 10-5M), the 

United States Environmental Protection Agency maximum residue limit,25 and were able to clearly 

identify the key peak at 1385 cm-1.  
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Figure 6.3: Chemical detection upon the assembled gold nanostructures. (a) Rhodamine 6G Raman 

spectra on a gold nanostructure (red) and a gold film (blue). These spectra are used to determine the 

analytical SERS enhancement factor of 1.5x103. (b) Chemical detection of the pesticide thiram on the 

gold nanostructures, at a concentration of 7 ppm. The key peak at 1385 cm-1 is identified with an asterisk.  

 

Functionalization for specific biosensing 

A major advantage of using gold as a substrate for sensing is its ability to be functionalized, 

enabling attachment of biological molecules and the potential for specific biosensing. We performed a 

biotin-streptavidin assay on these nanostructures to assess this potential. The gold was functionalized with 

cysteamine via its thiol group, followed by oriented attachment of biotin-NHS to the cysteamine (as 

described in 26,27). Our objective was to functionalize the gold nanostructures; however, one would expect 

the gold microelectrodes to be functionalized as well. This platform was used for an assay of 

fluorescently-labeled (Cy3) streptavidin. For visualization of this experiment, we performed this assay on 

plain gold films, as well as on the gold nanostructures. 

The fluorescence images for visualization of streptavidin-Cy3 capture are shown in Figure 6.4. 

Notably, the biotinylated gold films bound significant streptavidin upon an adsorption assay followed by 

rinsing, as evidenced by the significant fluorescent intensity in Figure 6.4(b). Conversely, the adsorption 

assay on the non-biotinylated (i.e. only cysteamine-coated) gold films resulted in very limited retention of 
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streptavidin (Figure 6.4(a)). This result verifies the capacity of the method to functionalize gold, and 

specifically bind a biological agent post-functionalization. However, unfortunately, as shown in Figure 

6.4(d), biotinylated gold nanostructures do not show a strong enough fluorescence signal to distinguish 

them from the non-functionalized structures. This is likely due to: (1) differences in the reflective 

properties of the gold film vs. the scattering properties of a non-flat structure, and (2) the fact that the 

adsorption assay produces a monolayer of specifically-bound fluorescent streptavidin, an amount that is 

insufficient to visualize with fluorescence microscopy. To improve the analyte concentration on the 

surface, and the efficiency of the assay, we performed the assay using an “active capture” method. That 

is, we re-activated the microelectrodes during analyte collection in order to employ AC electrokinetics 

forces (predominantly AC electroosmosis and dielectrophoresis) to direct the analyte to the SERS 

detection site, as described in Dies et al. 5. With the “active capture” method, we did observe significant 

fluorescence on the biotinylated gold nanostructures, and not on the non-biotinylated structures. 

Therefore, we have demonstrated for the first time active electrokinetic capture onto SERS substrates 

combined with a biological surface modification imparting specificity. 
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Figure 6.4: Fluorescence results from the biotin-streptavidin Cy3 assay. White dashed lines indicate the 

microelectrodes that were used to assemble the nanostructures, as well as, for active capture, the 

microelectrodes that were activated for analyte collection. (a) Streptavidin-Cy3 adsorption on a non-

biotinylated gold film. (b) Streptavidin-Cy3 adsorption on a biotinylated gold film. (c) Streptavidin-Cy3 

adsorption on non-biotinylated gold nanostructure. (d)  Streptavidin-Cy3 adsorption on a biotinylated 

gold nanostructure. (e) Active capture (at 10kHz, 15 V peak-to-peak, for 15 minutes) of streptavidin-Cy3 

on a non-biotinylated gold nanostructure. (f) Active capture (at 10kHz, 15 V peak-to-peak, for 15 

minutes) of streptavidin-Cy3 on a biotinylated gold nanostructure. 

 

The SERS spectral results from this biological assay are shown in Figure 6.5. Notably, the spectra 

shown in Figure 6.5(a) (the passive adsorption assay) show a much higher intensity for the biotinylated 

nanostructures. These SERS peaks are non-ideal, which is typical of highly fluorescent analytes and 



117 

 

complex biological molecules. However, one can foresee extending this technique to, for example, a 

specific binding agent for a more SERS-active molecule, e.g. anti-cocaine antibody for specific cocaine 

detection. The PCA results shown in Figure 6.5(b) verify that although the SERS spectra are non-ideal, 

they are sufficient for streptavidin-Cy3 detection when coupled with PCA. Conversely, the results shown 

in Figure 6.5(d) for the active capture of streptavidin-Cy3 are non-conclusive, that is, one cannot 

distinguish with PCA between the nanostructures that have previously been biotin-functionalized (i.e. 

those that should have bound streptavidin-Cy3) and those that have not (i.e. the nanostructures that should 

not have bound streptavidin-Cy3). This may be due to the fact that an adsorption immunoassay inherently 

creates a monolayer of protein on the surface; this close association with the surface and comprehensive 

homogenous distribution is ideal for SERS, (SERS intensity decreases exponentially with analyte-surface 

separation28). In contrast, active capture pulls proteins down, with dielectrophoresis acting most strongly 

on any aggregates present in solution. This gross accumulation of proteins is visualized well with 

fluorescence but is not ideal for SERS.  

We foresee several methods to improve the efficacy of active capture for SERS detection. This 

may be done by optimizing the electric field conditions such that DEP is weaker, but AC electrokinetic 

flows are still effective for convective analyte concentration. This would be an automatic effect of 

working with smaller analytes (e.g. in the case of cocaine detection via anti-cocaine functionalization, as 

mentioned previously). The strength of DEP increases with the radius, r, (DEP~r3) therefore the ratio of 

DEP to bulk electrokinetic flows decreases with smaller analytes. As well, it will be important in the 

future to make sure that analytes are well dissolved (with no aggregates present in solution) such that the 

SERS substrate is not fouled with aggregates, which experience stronger DEP than analytes in solution.  
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Figure 6.5: SERS spectral results from the biotin-streptavidin Cy3 assay. (a) Average SERS spectral 

results from the passive adsorption assay. (b) PCA results from the adsorption assay. Ellipses indicate 

95% confidence intervals for spectral classification. (c) Average SERS spectral results for the active 

capture assay. (d) PCA results from the active capture assay.  

 

6.4 Conclusion 

We have developed a method for the AC electrokinetic assembly of gold nanoparticles into SERS-

active nanostructures with applications in biological and chemical sensing. The nanostructure growth 

displays a strong dependency on the AC frequency, AC potential, and medium conductivity, with each of 

these parameters displaying threshold values for assembly. These nanostructures are applied for sensitive 
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chemical detection of rhodamine 6G and thiram, and in a biological assay for the specific detection of 

streptavidin-Cy3 on biotin-functionalized gold nanostructures. We have incorporated an active 

electrokinetic capture method into this assay, and demonstrated for the first time “active capture” 

combined with a specific biological assay. This work provides a platform for extending this nanostructure 

functionalization technique to more SERS-active analyte-antibody pairs such as cocaine detection with 

anti-cocaine functionalization. 
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Chapter 7 

Conclusions and Future Work 

 

7.1 Conclusions 

 In this work, we have demonstrated that AC electrokinetics can be used as an effective technique 

to assemble metal nanoparticles into nanostructures, with applications in SERS-based sensing. Through 

the use of microscale electrodes, one can apply large electric fields to nanoparticles, enabling their 

direction to specific high field regions and the growth of nanostructures in these regions at specific 

frequency and voltage conditions. Notably, these nanoparticles are removable, enabling repeated use of 

microelectrode platforms and in effect, reconfigurable SERS substrates.  

In this PhD thesis, we have demonstrated the utility of these microelectrode-grown nanoparticle 

assemblies for the sensitive SERS-based detection of Raman dyes,1,2 pesticides,2,3 explosives,1 illicit 

drugs,4 and toxic food additives.3 Through multivariate statistical analysis of SERS spectra obtained from 

these substrates, we have demonstrated that these substrates can be used for the specific identification of 

structurally similar and societally relevant illicit drug analytes 4. Furthermore, we have developed a 

platform to build effective substrates without the use of microfabrication, extending this technique to non-

specialized users.1 We anticipate that further developments in this area of electrokinetically-grown SERS 

substrates will achieve sensors with greater sensitivity, reproducibility, cost-effectiveness, specificity, and 

portability.  

 

7.2 Future Work  

 There are several promising avenues of future development from the work presented in this 

thesis.  Notably, this technique and resulting developments are in the process of commercial development 
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by Spectra Plasmonics, Inc. which continues to stimulate work into the reproducibility, cost-effectiveness, 

and sensitivity of these devices. It would be helpful in the future to perform a longevity analysis with 

calibration curves at each time point (rather than simply peak height, as was done in Figure 5.2), to assess 

how the ability to perform quantification and identification changes over time. The PCA and support 

vector machine identification algorithm developed in Chapter 3 should be tested with unknown samples, 

as well as varying concentrations of the independent analytes, to determine the accuracy of identification 

regardless of analyte concentration. Current work in our laboratory is investigating the ability to make 

these sensing substrates on a larger scale, which will enable compatibility with handheld Raman 

spectrometers, and improve reproducibility by averaging across nanostructure variability. Other methods 

to decrease spectral variability should also be explored, including improved analyte sampling via 

adsorption or electrokinetic/electrophoretic capture.  

 The technique presented in Chapter 6, involving assembly of gold nanoparticles, encourages 

further work in the area of biological modification of these sensing substrates with specific binding agents 

to enable their use as platforms for bioassays. Future work should focus on substrate modification with 

analyte-antibody pairs that have demonstrated SERS applications, e.g. anti-cocaine antibodies as specific 

binding agents for cocaine. It remains here, to determine what the effect of functionalization will have on 

the SERS signal; we anticipate that multivariate statistics will be needed to separate the SERS signal of 

the antibody from the analyte, and that the additional spacing imparted between the analyte and the SERS 

surface will decrease the SERS signal substantially. Due to these considerations, a key factor in selecting 

antibodies should be the size of the protein (with short proteins being preferred).  

 This work, and particularly the work presented in Chapter 6 encourages further study into the 

mechanism of nanoparticle assembly, particularly the effects of ions; it remains to parse out the specific 

effects of spectator ions (i.e. conductivity), and oxidizing/reducing ions on nanoparticle assembly.  

 Additionally, it remains to optimize the conditions of the “active capture” method; that is, the AC 

electrokinetic concentration of analytes to the detection site. The active capture method should be 
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optimized such that DEP is decreased relative to electrokinetic flows, enabling analyte collection without 

gross aggregation, as discussed in Chapter 6. Theoretically, the electric field conditions should be 

optimized for each potential analyte, with the option to specifically target/separate particular analytes 

from solution via nDEP/pDEP trapping.  

Finally, it would be interesting to see how changing the nanoparticle size, and shape, would 

change the geometry of the nanostructures, and their resulting SERS activity. We anticipate that changing 

the size and aspect ratio of the nanoparticles will influence their interaction with AC fields and their 

resulting concentration through DEP and AC electrokinetic flows. Including nanoparticles with high 

aspect ratio (e.g nanorods, nanocubes, nanostars) is anticipated to increase the SERS intensity and the 

location of the LSPR absorption peak.5 In this respect, it will also be important to characterize the 

plasmonic profile of the nanostructures, and study how this changes with the properties of the constituent 

nanoparticles. It may be possible to design SERS substrates optimal performance at a particular laser 

wavelength (e.g. 532 nm, or 785 nm). 

 

7.3 Outlook on the field of SERS 

 In the last 30 years, SERS has become a powerful analytical tool for the detection, identification 

and quantification of relevant chemical analytes in dilute suspensions. The increasing widespread 

application of SERS motivates further developments in: (1) fabrication of nanoscale noble metal 

substrates, (2) Raman spectrometers, and (3) sampling and data analysis techniques for effective analyte 

identification and/or quantification. This PhD has primarily focused on one method for improving (1), 

with some developments in (3). It is expected that further developments in (3) will be particularly 

enabling, for example, the “Digital SERS” method developed by de Albuquerque et al.6, whereby the 

authors correlate event counts from single molecule detection by raster scanning a surface with the 

analyte concentration (rather than correlating simply the peak height/integral with a concentration). 

Techniques like the aforementioned, which address the stochastisity inherent in low concentration or 



125 

 

single molecule SERS will be particularly enabling as improvements in SERS substrates and Raman 

microscopes permit detection in this regime.  
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Appendix 1 

Supplementary Material to Chapter 2 

 

With minor changes to fulfill formatting requirements, this Appendix is substantially as it appears as 

Supplemental Information in: 

H Dies, J Raveendran, C Escobedo, and A Docoslis. Nanoscale, 2017, 9, 7847-7857. 

 

The properties of water and silver nanoparticles used for numerical simulations are summarized in Table 

A1.1. The conductivity of the aqueous citrate buffer was measured using a Malvern Zetasizer ZS system 

(Malvern Instruments Ltd.) 

 

Table A1.1: Various properties of water and silver nanoparticles used for simulations.  

Property Water Silver nanoparticle 

Viscosity (mPa*s) 0.891 N/A 

Relative permittivity, er 801 / 

Relative permittivity, e’ / -9.96132 

Relative permittivity, e’’ / 0.913772 

Conductivity (mS/m) 59.3 / 

 

 

Numerical Simulations 

A cylindrical quadrant was used to perform the simulations. For simulations involving fluid flow, a larger 

control volume was used to ensure edges effects were minimized. The dimensions of both control 

volumes are summarized in Table A1.2 and are displayed in Figure A1.1. 
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Table A1.2: Dimensions of the simulated control volumes. 

 

Dimension Nanoparticle Present Model Fluid Flow Model 

Radius (µm) 190 250 

Fluid height (µm) 20 100 

Electrode thickness (µm) 0.1 0.1 

 

 

Figure A1.1: Control volumes which were used to perform simulations. Model on the left was used when 

nanoparticle was present while model on the right was used to calculate fluid flow. 

 

 

Electrical Domain 

To account for the presence of the electrical double layer (EDL) and the shielding it provides, the 

coefficient form of the partial differential equation was used to solve for the electric field. The EDL was 

assumed to be in a quasi-equilibrium and was treated as a boundary layer with respect to the fluid in the 

bulk. The EDL was modelled as a capacitor whereas the bulk fluid acted as a resistor.3 The potential in 

the bulk of the fluid can be described using Gauss’s law.  

∇ ∙ (𝜀+∇V) = 𝜌% (S1) 
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Assuming in the bulk of the fluid there is no net body charge density (𝜌%=0) and the fluid has a constant 

dielectric constant (∇ ∙ 𝜀+=0), Gauss’ law can be simplified to the Laplace equation: 

∇;𝑉 = 0 (S2) 

The charging of the EDL and boundary between the EDL and fluid in the bulk can be described using the 

charge balance (equation S3) if lateral currents along the EDL are negligible compared to normal currents 

and there is a small voltage drop in the diffuse layer (∆𝜙� <
��j
`
= 0.025𝑉). 

n ∙ ∇V =
𝑖𝜔𝐶$�
𝜎+

(𝑉 − 𝑉�==) 
(S3) 

where n is a unit normal vector, 𝜎+ is the conductivity of the fluid, 𝐶$� is the capacitance per unit area for 

the EDL, 𝑉�== is the voltage applied to the electrodes, and 𝜔 is the angular frequency of the applied 

voltage.3 The 𝐶$� can be approximated using a ratio of the fluid’s dielectric constant and the Debye 

length (𝐶$� ≈
��
��
) with the Debye length calculated using equation S4.3 

𝜆$ = �
𝜀+𝑘O𝑇

2𝑧;𝑞;𝑐@𝑁�
 

(S4) 

where 𝑘O is the Boltzmann constant, T is the temperature, z is the valency of ions, q is the elemental 

charge, 𝑐@ is the concentration of ions in the bulk, and 𝑁� is Avogadro’s number. The silicon dioxide 

substrate and outer fluid walls were described as an insulating surface (n ∙ ∇V = 0). The electrodes were 

set to be 180° out of phase with one another, with one electrode receiving an applied voltage of 1.5 V and 

the other -1.5 V to simulate 3 V peak-to-peak. Simulations which incorporated a nanoparticle has the 

nanoparticle act as an extension of the electrode (attached to the electrode with the same applied voltage 

but different material) with equation A3 also applied to the nanoparticle surface. 

 

Fluid Domain 
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The fluid domain was simulated after solving for the electrical domain. The fluid flow in the control 

volume was calculated by solving both the continuity equation and a simplified Navier-Stokes equation 

(inertial term neglected). The fluid was assumed to be incompressible.  

∇ ∙ 𝒗 = 0 (S5) 

𝜂∇;𝒗 = ∇p (S6) 

where 𝒗 is the fluid velocity, 𝜂 is the fluid viscosity, and p is the pressure. The electrode surface had a 

tangential slip velocity applied to it to incorporate alternating current electroosmosis based on a modified 

Helmholtz-Smoluchowski equation.3 

𝒗𝒔𝒍𝒊𝒑 =
1
2
𝜀+⋀
𝜂

𝑅𝑒{o𝑉 − 𝑉�==r𝑬𝒕∗}	 
(S7) 

where ⋀ is a correction factor equal to the ratio of the capacitance of the Stern layer relative to the 

capacitance of the complete EDL, V is the potential outside the EDL, and 𝑬𝒕∗ is the complex conjugate of 

the tangential component of the electric field along the surface of the EDL. A no slip condition (𝒗 = 0) 

was applied at the silicon surface. The outer fluid walls had a zero normal velocity (𝜂 ∙ 𝒗 = 0). 

Schematic diagrams shown below (Figures A1.2 and A1.3) summarize the domain and boundary 

conditions used to simulate the electrical and fluid domain.  

Figure A1.2: Schematic diagram of governing equations and boundary conditions used to solve electrical 

domain to determine electrical potential and field within control volume.  
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Figure A1.3: Schematic diagram of governing equations and boundary conditions used to solve fluid 

domain to determine fluid flow within control volume.  

 

Spectra Collected 

Spectra presented in the manuscript were filtered and baseline corrected. A series of comparison figures 

are shown below, showing both the corrected spectra and the raw spectra collected for several different 

analytes.  
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Figure A1.4: (a) Comparison of 10-5 M R6G SERS spectra on three different substrates after being 

baseline corrected. Spectra are shifted along vertical axis for visualization. (b) Raw spectrum of R6G 

collected on Ag dendrites. (c) Raw spectrum of R6G on Ocean Optics Au SERS substrates. (d) Raw 

spectrum of R6G on Ag substrate deposited using passive evaporation.  
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Figure A1.5: (a) SERS spectra of melamine in 2 different mediums and SERS spectrum from infant 

formula after being baseline corrected and filtered. (b) Raw spectrum of melamine in water (100ppm). (c) 

Raw spectrum of melamine in infant formula after purification and isolation (1ppm). (d) Raw spectrum of 

infant formula that has not been spiked melamine but has gone through same purification process. 
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Figure A1.6: (a) SERS spectra of thiram both as a powder and in apple juice along with spectrum of 

apple juice after being baseline corrected and filtered. (b) Raw spectrum of thiram as a powder. (c) Initial 

spectrum of apple juice which has been spiked with thiram (1ppm). (d) Raw spectrum of non-

contaminated apple juice.  
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Figure A1.7: (a) SERS spectra of cocaine in water at 100 ppm and 100 ppb. (b) Raw spectrum of cocaine 

at 100 ppm. (c) Raw spectrum of cocaine at 100 ppb.  
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Appendix 2 

Supplementary Material to Chapter 3 

 

With minor changes to fulfill formatting requirements, this Appendix is as it appears in the supplementary 

material to: 

H Dies, J Raveendran, C Escobedo, A Docoslis. Sensors and Actuators B: Chemical, 2018, 382-388 

 

Support Vector Machine Algorithm  

One of the main advantages of SVM is the ‘kernel trick’, which allows for non-linear mapping of 

the original input space to a higher order space where separation using a hyperplane is both possible and 

ideal. Typically, SVM is used to separate binary classes using a one vs one (OvO) procedure but with 

multiple classes the computational requirements can increase dramatically (for k number of classes, k(k-

1)/2 classifiers are required). The other option is using a one vs all (OvA) procedure where a single 

classifier is used to separate a class from all other classes. In the OvA procedure, for k number of classes, 

k classifiers are required, significantly decreasing the computational requirements. In this work, both an 

OvO and an OvA linear SVM was used to generate a model for classification. 

Table A2.1 shows the PCA-SVM results for OvO and OvA classification of different drug 

samples. Table A2.2 shows the PCA-SVM results for OvO and OvA quantification of cocaine. Finally, 

Table A2.3 shows the OvO (only applicable method for 2 groups) results for identification of cocaine in 

saliva.  

 

Table A2.1: Summary of cross-validation results performed on different drug samples using 

PCA-SVM algorithm 

 3 folds 5 folds 10 folds 20 folds LOOCV 

One vs One 100% 100% 100% 100% 100% 

One vs all 99% 99% 99% 99% 99% 
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Table A2.2: Summary of cross-validation results performed on cocaine at different 

concentrations using PCA-SVM algorithm 

 3 folds 5 folds 10 folds 20 folds LOOCV 

One vs One 98.3% 98.3% 98.3% 98.3% 98.3% 

One vs all 91.7% 96.7% 96.7% 96.7% 96.7% 

 

 

Table A2.3: Summary of cross-validation results performed on cocaine in saliva using PCA-

SVM algorithm 

Sample Type 3 fold 5 fold 10 fold 20 fold LOOCV 

One vs One 100% 100% 100% 100% 100% 

 

References 

 

[1] Furey, T.S., Cristianini, N., Duffy, N., Bednarski, D.W., Schummer, M., and Haussler, D. 
Support vector machine classification and validation of cancer tissue samples using microarray 
expression data. Bioinformatics, 2000, 16, 906–914, 

[2] Z. S. Ballard, D. Shir, A. Bhardwaj, S. Bazargan, S. Sathianathan, and A. Ozcan, Computational 
Sensing Using Low-Cost and Mobile Plasmonic Readers Designed by Machine Learning. ACS 
Nano, 2017, 11, 2266–2274, 

[3] Chih-Wei Hsu and Chih-Jen Lin, A comparison of methods for multiclass support vector 
machines. IEEE Trans. Neural Networks, 2002, 13, 415–425. 

 

 

 

 

 

 

 



137 

 

Appendix 3 

Supplementary Material to Chapter 4 

 

 

With minor changes to fulfill formatting requirements, this Appendix is substantially as it appears as 

Supplementary Material to:  

H Dies*, R Nosrati*, J Raveendran, C Escobedo, A Docoslis. Colloids and Surfaces A: Physicochemical 

and Engineering Aspects, 2018, 553, 695-702. 

*These authors contributed equally. 

 

Step-by-step protocol 

The step-by-step protocol to fabricate a SERS-from-scratch substrate and apply it for SERS detection is 

as follow (Figure A3.5): 

1. Cut the coated substrate to 5 × 10 mm pieces using a glass cutter or scissors (depending on the 

substrate material), and use one of the pieces to prepare the SERS-from-scratch substrate (Figure 

A3.5(a)). 

2. By using a sharp tool and applying a gentle force (~7N, almost five times of the force being 

applied when writing), score the conductive layer to divide it into two disconnected layers (Figure 

A3.5(b)). Use a ruler to move the tip of the sharp tool along a straight line when scoring, and go 

back and forth for about 10-15 times.  

3. Use a multimeter to ensure that the two sides of the scratched gap are electrically insulated 

(Figure A3.5(c)). 

4. Pipette 10 µL of concentrated nanoparticle solution (2.9 × 1011 particles/mL) along the gap 

(Figure A3.5(d)). 
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5. To deposit silver nanoparticles, apply an AC electric field at a frequency of f=10 Hz and peak-to-

peak voltage of Vpp=22.4 V with a DC bias of 500 mV for 12 min (Figure S5e). 

6. Pipette 10 µL of the target analyte solution along the gap and allow to evaporate (Figure A3.5(f)). 

7. Use a Raman spectrometer to acquire SERS spectra (Figure S5g). Sample settings for 

HORIBA/Jobin-Yvon equipped with 632.8 nm He/Ne laser (17 mW), 1800 1/nm grating and an 

Olympus BX-41 microscope with a 10× magnification objective (NA=0.60, HCX PL Fluotar) 

include: 500 µm pinhole, 500 µm slit width, and acquisition time of 10 s. 

 

Tables 

Table A3.1. Width of the scored gap based on the type and size of the used tool. Values are reported as 

mean of 4 measurements ± one standard deviation. 

 
Tool Tip size (mm) Gap width (µm) 

Flat head screwdriver 1.4 91 ± 1 

Flat head screwdriver 2 115 ± 4 

Flat head screwdriver 3 159 ± 2 

Flat head screwdriver 4 243 ± 7 

Glasscutter NA 83 ± 7 

Teasing needle NA 99 ± 3 

Tweezers (medium point) NA 100 ± 5 

 

Table A3.2. Estimated fabrication cost for SERS-from-scratch substrates. 

Equipment/Reagents 
Cost (USD) 

Gold coated 
silicon wafer 

Silver coated 
silicon wafer 

ITO coated 
glass slide 

Gold coated silicon 
wafer (4 in) 145* NA NA 
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Silver coated silicon 
wafer (4 in) NA 133* NA 

ITO coated glass slide 
(50 × 50 mm) NA NA 10* 

Ag nanoparticle 24 24 8 
Total 169 157 18 
Number of devices 150 150 50 
Total per device 1.13 1.04 0.36 

* as quoted by suppliers (Substrata Thin Film Solutions (Windsor, Canada) for gold 

and silver coated wafers and University Wafer (Boston, MA) for ITO coated glass). 

 
Table A3.3. Costs of commercially available SERS substrates. 

Substrate Supplier Cost (USD) Unit cost 
(USD) 

Silver Substrate1 Ocean 
Optics 120 for 5 24 

Gold Substrate1 Ocean 
Optics 126 for 5 25.2 

Hydrophobic2 Nanova 120 for 2 60 
Silver “Randa”3 AtoID 174 for 3 58 

1) https://oceanoptics.com/product/sers/ (accessed Apr 4, 2017). 

2) http://www.q-sers.com/order.html (accessed Apr 7, 2017). 

3) http://atoid.com/shop/ (accessed Apr 7, 2017). 

 
 
Figures 
 

 
Figure A3.1. The remaining islands of the conductive coating on the scratched surface. A 1.4 mm 

screwdriver was used to scratch off gold from a silicon wafer.  
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Figure A3.2. Performance characterization of a SERS-from-scratch substrate made form a different batch 

than the one reported in Figure 3. (a) Raman spectra and (b) calibration curve based on the intensity of the 

612 cm-1 peak for R6G. The LOD was calculated using 3 times the standard deviation of the lowest 

concentration tested. Each data point is the mean of 3 measurements with error bars as one standard 

deviation, and each spectrum is the average of 5 measurements. 

 

 
Figure A3.3: Randomly selected points along the scored gap where SERS spectra were acquired.  

 
 



141 

 

 
Figure A3.4: Principal component analysis (PCA) plot indicating discrimination between DNT, cocaine, 

thiram, and blank solvent samples.  

 
Figure A3.5: Step-by-step protocol to fabricate and apply a SERS-from-scratch substrate: (a) cut the 

coated substrate, (b) score the conductive layer, (c) ensure the two sides of the gap are electrically 

insulated, (d) apply the nanoparticle solution, (e) apply an AC electric field, (f) apply the target analyte 

and allow to evaporate, and (g) acquire SERS spectra.		
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Appendix 4 

Supplementary Material for Chapter 5 

 

 
Figure A4.1: Spectra for 1000 ppm melamine in milk. (a) The individual spectra with signal processing 

performed (polynomial background subtraction + Savitsky-Golay filter), all at 1000 ppm, on different 

locations across the dendritic surface of the SERS substrate. (b) The pre-processed (raw) spectra from (a).  

 

 
Figure A4.2: The normal Raman spectrum of R6G at 10 mM on a silicon chip. The dominant peak at 

1360 cm-1 was used for calculation of the enhancement factor.  
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Figure A4.3: Shifting of the melamine peak with pH. Both spectra are taken at 100 ppm in water, with 

HCl and NaOH used to adjust the pH of the sample. The melamine peak shifts from ~686 cm-1 to 703 cm-1 

with an increase in pH from 3-10 (the pKa of melamine is 5.0) 

 

 
 

Figure A4.4: The SERS background of the sensing surface, with dendrites (silver nanostructures with a 

citrate capping, shown in blue), and a pre-assembled PLL monolayer beneath the dendrites (shown in 

red). The spectra were taken with 10s acquisition time.  
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Figure A4.5: Demonstration of signal changes with repeated spectral acquisitions, for thiram detection in 

acetone. (a) Spectra of thiram at 10 ppm in acetone, with 10s of acquisition time each. The spectra are 

indexed 1-10, indicating the sequence of acquisition. (b) Notably, there is some signal decrease (measured 

by the intensity of the 1384 cm-1) peak, as the acquisition continues, likely attributed to photobleaching of 

the analyte.  
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