
Methods for the Detection of Biological Analytes on Dendritic Surface-Enhanced Raman 

Scattering (SERS) Substrates 

 

 

 

By 

Shamim Azimi 

 

 

A thesis submitted to the Department of Chemical Engineering 

 

in conformity with the requirements for the degree of Doctor of Philosophy 

 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

 

 

Novermber 2024 

 

 

 

 

Copyright © Shamim Azimi, 2024 



ii  

     Abstract 

The demand for point-of-use sensors is rising due to health risks from biochemical hazards, illicit drugs, 

and environmental toxicants. These sensors must be portable, affordable, and easy to use. Surface-

enhanced Raman scattering (SERS) is a promising method for detecting chemical compounds in various 

media. However, traditional SERS struggles with direct detection due to weak signals and inconsistent 

results, stemming from low analyte concentration at SERS-active sites and irregular formation of 

“hotspots,” essential for signal enhancement. 

This doctoral research aims to develop a direct, sensitive SERS-based approach for detecting biological 

targets, such as proteins and viruses. The study uses electrochemically deposited silver dendritic 

nanostructures on planar microelectrode arrays. With features spanning micrometer and nanometer 

scales, these structures generate a dense hotspot array, enabling sensitive molecular detection. By 

integrating dendritic layers with microelectrodes, the research examines how electric fields can improve 

analyte transport and concentration on the SERS-active surface, enhancing sensitivity. 

Key factors in this study include how alternating current (AC) electric field parameters—frequency, 

voltage, and collection time—impact biomolecule capture. Additionally, the study introduces a technique 

that sandwiches analytes between two metallic layers: the silver dendritic substrate below and silver 

nanoparticles above, boosting hotspot density and plasmonic effects for stronger SERS signals. This 

method, named "LESS" (Label-free, Electric field-assisted, Sandwich-based, Surface-enhanced Raman 

scattering), demonstrates effectiveness in detecting kidney disease markers like creatinine and albumin, 

and the M13 virus at concentrations as low as 1.7 × 10² pfu/ml. 

LESS holds promise as a point-of-need diagnostic tool. Combining SERS with microelectrodes and 

electrokinetic techniques offers a viable approach for field applications. Furthermore, the research 

investigates Ag/Au bimetallic nanostructures functionalized with antibodies for improved selectivity, 
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ensuring precise biomolecule detection. This proof-of-concept study highlights the potential of advanced 

SERS-based systems for chemical and biological sensing, with implications for diagnostics and 

environmental monitoring. 
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Chapter 1 Introduction 

 
The increasing global demand for rapid, accurate, and affordable analysis of chemical and 

biological agents highlights the urgent need for advanced diagnostic technologies. The global 

biosensors market was valued at US$ 24.5 billion in 2022 and is projected to grow 9.5% from 2023 

to 2033. Medical biosensors are anticipated to be the largest revenue segment, exceeding 10.5% 

during the same period [1]. Accurate disease diagnosis is crucial in clinical practice for effective 

management, identifying appropriate treatments, and enabling personalized therapy [2,3]. 

However, traditional detection methods such as cell culturing, polymerase chain reaction (PCR), 

gene sequencing, and mass spectrometry are often costly, time-consuming, and require specialized 

expertise, limiting their use for point-of-care (POC) testing [4–8]. 

Recent advancements in nanotechnology and sensor development have introduced more cost- 

effective and user-friendly options for POC diagnostics. Spectroscopic techniques, especially 

Raman spectroscopy, have emerged as promising tools in medical diagnostics due to their 

specificity and non-invasive nature [3]. Raman spectroscopy detects target analytes through 

inelastic light scattering, identifying them based on their vibrational modes, and offers a non- 

destructive, reagent-free, and rapid detection method [3,9]. Surface-enhanced Raman scattering 

(SERS) further amplifies the weak Raman signal, significantly enhancing the Raman cross-section 

of molecules closely associated with SERS-active substrates [11,12]. SERS substrates, typically 

made of gold or silver with nanoscale features, result in high signal enhancement, allowing for the 

detection of low analyte concentrations. The incident light energy is effectively coupled into the 

metal nanoparticles at the substrate's surface, leading to a stronger local electromagnetic field, 

which is key to the improvement in SERS. SERS can use a broad range of excitation wavelengths, 

from UV to near-infrared, offering high spatial resolution [13–15]. 
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Despite these advantages, SERS still faces challenges in biomolecule detection: 

 

1. Limitations  in Sensitivity and Precision: SERS generally has lower sensitivity compared 

to other spectroscopic methods, such as IR and fluorescence spectroscopy, making it 

difficult to accurately detect and differentiate target analytes [2]. 

2. Reproducibility  and Adsorption Variability : Biomolecule adsorption onto SERS-active 

substrates can result in variable orientations and conformational changes, often causing 

denaturation and inconsistent results. The heterogeneity of these substrates makes 

achieving reproducible SERS spectra challenging. 

3. Complexities in Label-Free Detection: Direct detection of large analytes, such as viruses, 

bacteria, and protein markers, is often complex. It usually requires labeling for clear peak 

identification, involving multiple procedural steps, which limits SERS’s efficiency in 

immediate, on-site diagnostic applications. 

From these challenges, it is evident that while SERS is a powerful technique, there are still 

several challenges in the way of making SERS a ubiquitous, sensitive, fast, and affordable 

point-of-need method for the detection of molecules and biological analytes. 

1.1. Research Objectives 

 

The goal of this Ph.D. research is to develop a direct and sensitive SERS-based detection 

method for biomolecules on a microelectrode platform. To achieve this goal, the study focused 

on techniques that enhance the sensitivity of our current SERS method while increasing the 

analyte concentration on the SERS-active substrate. The nanostructures function as standard 

SERS substrates or extensions of the electrodes, utilizing electrokinetic phenomena to improve 
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analyte capture. The following key objectives were defined to test the central hypothesis of 

this research: 

1. Enhance molecule positioning and sensitivity: Develop techniques that amplify the 

concentration of analytes on the surface of the SERS substrate. This approach enhances 

analyte concentration, leading to stronger, reproducible SERS spectra, thereby enhancing 

overall detection sensitivity. 

2. Optimize electrokinetic capture dynamics: Study the influence of electric field 

parameters—such as frequency, voltage, and collection time—to improve the efficiency 

and effectiveness of analyte capture, ensuring more concentrated and uniform sample 

analysis. 

3. Plasmonic sandwich structures: Design and implement an experimental methodology 

that results in a "sandwich" structure, where the analyte is enclosed between two metallic 

layers, thereby increasing the density of plasmonic hotspots. This assay enhances SERS 

signals, leading to improved detection accuracy and sensitivity. 

4. Develop antibody-functionalized bimetallic nanostructures: Synthesize Ag/Au core- 

shell nanostructures and functionalize them with specific antibodies for selective analyte 

binding. These structures were tested for their ability to detect green fluorescent protein 

(GFP), focusing on achieving high selectivity and consistent SERS signals. This objective 

aims to advance precise chemical and biological sensing. 

 

1.2. Scope of the Thesis 

 

This thesis focuses on developing improved SERS-based detection methods that enhance 

sensitivity, selectivity, and reproducibility for biomolecule detection. The work covers both the 
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fundamental principles of SERS and its practical applications using engineered nanostructures. 

The scope of the research is outlined as follows: 

• Chapter 1 introduces the background, discusses the challenges in current diagnostic 

methods, and presents the motivations and objectives of this study. It also provides a 

roadmap for the thesis structure. 

• Chapter 2 provides a literature review on microelectrodes, Electrokinetics, and SERS 

technology, focusing on the challenges and recent advancements in biomolecule detection. 

This chapter builds the foundation for the techniques developed in this research. 

• Chapter 3 explains the development of a new SERS assay (LESS), combining 

electrokinetic forces with silver dendritic nanostructures for sensitive, label-free protein 

detection. Experimental results and numerical simulations show how this approach 

improves the consistency and reliability of SERS signals. 

• Chapter 4 explores how the LESS method is applied for virus detection, emphasizing the 

optimization of silver dendritic nanostructures as SERS-active substrates. This chapter 

includes experimental findings and numerical simulations (COMSOL and FDTD) that 

highlight the benefits of combining electrokinetic effects for more effective viral particle 

detection. 

• Chapter 5 covers the synthesis and functionalization of bimetallic Ag/Au nanostructures 

with antibodies to enhance selective analyte detection. The chapter discusses their 

performance in detecting Green fluorescent protein (GFP) and highlights their potential for 

precise chemical and biological sensing. 

• Chapter 6 summarizes the main findings, discusses broader implications for SERS 

technology, and suggests future research directions. 
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• Appendix C presents a detailed review of the latest advancements in SERS-based sensing, 

with a particular focus on the detection of illicit drugs. A significant portion of the 

manuscript discusses the detection of illicit drugs in biological fluids, which are considered 

biological analytes. 
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 Chapter 2 Literature Review 

 
2.1. Microelectrodes and electronics 

 
Advancements in semiconductor and computer manufacturing have significantly contributed to 

the development of micro-electro-mechanical systems (MEMS) and nano-electro-mechanical 

systems (NEMS) [15,16]. These systems encompass microelectrodes and microcantilevers, which 

are widely used in sensing applications. Sensors typically consist of a transducer, processor, and 

display, working together to convert input measurements into a usable output signal. 

Microelectrodes, as key transducers, enhance sensor performance by improving analyte transport. 

Traditional methods for chemical and biological testing can be labor-intensive and expensive, 

requiring specialized facilities and trained technicians for techniques like mass spectrometry and 

gas chromatography [17,18]. The centralized nature of these methods further extends timelines 

due to the need for sample transport, limiting their feasibility for point-of-care detection. 

Using microelectrodes for diagnostic testing opens up opportunities for more portable and cost- 

effective solutions. Additionally, this approach typically requires only small sample volumes, 

making it ideal for lab-on-a-chip applications, particularly when integrated with techniques like 

droplet-based or microfluidic systems [19]. The electric field is defined as the negative gradient of 

the electric potential and for infinite plates estimated as: 

 

 

𝐸 =  −∇𝜑 ≈ − 
∇V

 
d 

(2.1) 

 

where E is the electric field, φ is the electric potential, ΔV the potential difference between the two 
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Re[Ke]=Re[ P m ] (2.3) 

plates, and d is the displacement vector from the positive plate to the negative plate. As indicated 

 

in Equation 2.1, it becomes clear that when the distance between electrodes is reduced to the micro- 

or nanoscale, significant electric fields are generated (≥10⁶ V/m) can be generated using relatively 

small voltages. For microelectrodes, especially when using a direct current (DC) or low frequency 

alternating current (AC) signal, small potential differences must be applied to avoid damaging the 

electrodes. 

These strong electric fields can lead to significant electrokinetic effects such as dielectrophoresis 

(DEP), electrophoresis, alternating current electro-osmosis (ACEO), and alternating current 

electrothermal (ACET) flow. DEP refers to the motion of a particle influenced by the interaction 

between its induced dipole moment and a non-uniform electric field. This interaction either attracts 

or repels the particle from regions with significant electric field gradients. The time-averaged force 

experienced by an isolated spherical particle due to DEP is expressed by: 

 

𝐹𝐷𝐸𝑃 =  𝜋εm𝑟3𝑅𝑒[𝐾𝑒]∇|𝐸|2 (2.2) 

ε∗ −ε∗ 

ε∗ +2ε∗ 
P m 

 
where εₘ is the medium’s permittivity, r is the particle radius, Re[K(ω)] is the real part of the 

Clausius-Mossotti factor, and ∇|E|² is the gradient of the squared magnitude of the electric field. 

The Clausius-Mossotti factor accounts for the polarizability of the particle and medium as well as 

the frequency of the electric field. If a particle is more polarizable than the medium (Re[K(ω)] > 

0), it experiences positive DEP and is attracted to areas with high electric field gradients (e.g., the 

edges of microelectrodes). If the particle is less polarizable than the medium (Re[K(ω)] < 0), it 

experiences negative DEP and is repelled from regions with high electric field gradients (Figure 

2.1). 
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Figure 2. 1. Schematic representation of a particle undergoing dielectrophoresis. On the left, is an example of a 

particle experiencing positive DEP and on the right is an example of a particle experiencing negative DEP [9]. 

 

 

DEP occurs in both AC and DC electric fields and can be applied to particles regardless of whether 

they have a positive, negative, or neutral charge. The key requirement for DEP is the presence of 

a spatially non-uniform electric field. In the absence of such a field, the forces acting on the two 

poles of the induced dipole cancel each other out, resulting in a net zero force. Because DEP is 

proportional to the volume of the particle, it becomes ineffective for particles smaller than proteins, 

such as small molecules and ions, which experience negligible DEP forces. However, when 

integrated with a sensing mechanism, DEP can be used to concentrate and separate target analytes 

from other molecules or particles within the bulk fluid [20–22]. Additionally, induced dipoles can 

cause particle chaining, aiding in the formation of highly adaptable structures using micro- and 

nanoparticles. 

Electrophoresis refers to the movement of charged particles in response to an electric field. 

Positively charged particles migrate in the direction of the electric field, while negatively charged 

particles move in the opposite direction, as shown in Figure 2.2. If the particle moves at a constant 

velocity, the electrophoretic velocity (v) is expressed by: 

𝜈𝐸0 = 𝜇𝐸0𝐸 (2.4) 

where μE0 represents electrophoretic mobility. Electrophoresis is effective under direct current 
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(DC) and low alternating current (AC) frequencies. However, at higher frequencies, the net 

displacement due to electrophoresis diminishes as the displacement approaches zero. 

In contrast to DEP, which is more effective for larger particles, electrophoresis is primarily used 

to control the movement of smaller particles like ions and small molecules. When ions are 

separated by their charge, charge and concentration gradients form, leading to diffusion that 

counteracts the electrophoretic motion. This process helps to maintain electro-neutrality and 

reduces the energy state of the system. To better control ion migration, supporting electrolytes can 

be introduced. These electrolytes increase the solution's conductivity and prevent gradient 

formation at sufficiently high concentrations. 

 

Figure 2 .2. Schematic representation of ions undergoing electrophoretic force and motion ions 

experience between two oppositely charged electrodes [25]. 

 

 

ACEO involves the movement of bulk fluid, transporting particles through convection. This flow 

is generated by the motion of ions in the electrical double layer (EDL) on the electrodes. The ions 

move due to the tangential component of the electric field and nonzero charge density in the EDL. 

This ion movement imparts momentum to the fluid bulk, creating a vortex-like pattern. The fluid 



11  

t 

 

flows down in the gap between microelectrodes, then over the electrode surface before curving 

upward, completing the vortex, as depicted in Figure 2.3. 

ACEO is typically generated with an AC frequency between 102-105 Hz, with a peak around 104 

Hz [23,24]. Frequencies below 100 Hz result in a periodic and discontinuous flow because the 

time scale for EDL formation doesn't match the fluid's inertial time scale. Frequencies above 106 

Hz prevent the EDL from fully forming as the ions fail to move at a speed matching the oscillation 

of the AC field, causing the ACEO velocity to decrease. The time averaged fluid velocity due to 

AC electroosmosis is presented in equation 2.5. 

<u> = 1 R [  σE
∗

] (2.5) 
2 ηk 

 

 
ACEO is a function of the surface charge density (σ), fluid viscosity (η), the Debye length (κ-1) 

and the tangential component of the electric field (Et). By carefully adjusting these parameters, 

along with microelectrode design, ACEO and other electrokinetic forces can be used together to 

effectively concentrate and assemble particles. 

 

 
Figure 2. 3. Schematic representation of the electric field generated between two planar electrodes as well as the 

tangential component of the electric field acting on the ions in the electric double layer, generating a force on the ions 

in the EDL and the resulting fluid flow. Adapted from Roy et al [11]. 
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AC Electrothermal flow arises by uneven Joule heating of the fluid, which gives rise to 

nonuniformities in conductivity and permittivity. These non-uniformities are affected by the 

electric field which in turn generates flow, often in circulating patterns [26]. The time averaged 

body force on the medium responsible for the generation of Electrothermal fluid flow for a constant 

phase electric field is presented in Equation 2.6 [27]. 

⟨𝑓𝑒⃗⃗⃗⃗ ⟩=
1

2

𝜀𝑚(𝛼−𝛽)

𝜎𝑚
2+(𝜔𝜏)2

(𝛻𝑇⋅𝐸 )𝐸 −
1

4
𝜀𝑚𝛼|𝐸 |

2
𝛻       (2.6) 

 

 

 

where ε and σ are the conductivity and permittivity of the fluid, and for small temperature rises, α 

and β are given by α= (∂ε/∂T)/ε and β= (∂σ/∂T)/σ, respectively; and ηCR, the charge relaxation 

time of the medium defined as the ratio of a medium’s permittivity (𝜀𝑚) to its conductivity (𝜎𝑚) 

[28]. The electric field acts on these gradients to give a body force on the fluid, and consequently, 

cause a flow. In this case, the velocity of the flow is proportional to the temperature rise in the 

fluid, which is in turn proportional to the conductivity of the electrolyte and the magnitude of the 

electric field. As a result, we expect this type of fluid flow to occur mainly at high electrolyte 

conductivities [15–16]. It has been shown that AC electroosmosis is significant only at lower 

frequencies (< 100 kHz), whereas at higher frequencies, the origin of the fluid flow is 

predominantly electrothermal. The characteristic frequency at which the maximum fluid velocity 

occurs increases with rising electrolyte conductivity. 

Figure 2.4.A shows an experimental image of electrothermal fluid flow above a two-electrode 

array, produced by superimposing successive video frames. As we see, electrothermal flow is 

produced in the bulk fluid in the region near the electrodes and has noticeable conductivity 

dependence. The change in the velocity of the fluid as a function of the two parameters, frequency 

of the applied field and conductivity of the electrolyte, is summarized in Figure s2.4.B and 2.4.C. 

[32]. It shows that ratio of AC electroosmotic flow to electrothermal flow is much less at a higher 
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voltage. 

 
 

 

 

 

 

Figure 2. 4. A) An image of experimental electrothermally driven fluid flow streamlines. B) and C) Schematic 

frequency/conductivity maps of the two types of electric field driven fluid flow: AC electroosmosis and electrothermal 

at 1 volt and 20 volts, respectively [32]. 

 

 

 

2.2. Surface-Enhanced Raman Scattering 

 

Raman spectroscopy is a non-destructive vibrational technique that identifies molecules based on 

changes in their polarizability when interacting with absorbed photons [33]. When a molecule 

absorbs a photon, it briefly excites to a virtual energy state before emitting a photon as it returns 

to a lower energy state. While most photons experience Rayleigh scattering with no energy change, 

a small fraction undergo inelastic scattering, known as Raman scattering. This scattering results in 

either Stokes or anti-Stokes shifts, where the photon's energy decreases or increases, respectively. 
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Figure 2.5 illustrates the molecular energy changes involved in Rayleigh and Raman scattering. 

The energy shifts of Raman-scattered photons cause changes in frequency, wavelength, and 

wavenumber, forming distinct Raman bands that provide a "molecular fingerprint" for identifying 

and quantifying analytes. Raman spectroscopy is particularly advantageous for aqueous sample 

analysis due to its minimal water interference, unlike infrared spectroscopy, making it a highly 

effective analytical method. 

 

Figure 2. 5. Energy-level diagram showing the states involved in Raman spectra 

 

 

 

 

The measured Raman signal, denoted as 𝑃Raman, is defined as: 

 

𝑃Raman =   𝐾𝑁𝜎k𝐼 (2.7) 
 

where K is a correction factor, considering instrumental parameters and the fraction of photons 

detected by the CCD detector, N is the number of molecules illuminated by the laser, 𝜎k is the 

Raman cross section for the k-th mode, and I is the laser intensity. 
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A significant limitation of Raman spectroscopy is its weak signal; only about one in a million 

scattered photons undergo Raman scattering, with most experiencing Rayleigh scattering. Raman 

signals can be up to 15 orders of magnitude weaker than fluorescence signals, which has driven 

ongoing research into enhancing Raman signal strength. 

A breakthrough in addressing the low sensitivity of Raman scattering came when Fleischman et 

al. discovered that pyridine adsorbed onto a silver electrode produced a significantly amplified 

Raman signal [34]. This phenomenon, known as Surface-Enhanced Raman Scattering (SERS), 

involves a substantial increase in the Raman cross-section of molecules adsorbed on roughened 

noble metal surfaces such as silver, gold, and copper. SERS has since become a highly sensitive, 

non-destructive, and rapid sensing technique, suitable for field applications. In SERS, a molecule 

adsorbed onto a SERS-active substrate undergoes amplified Raman scattering due to enhanced 

local electromagnetic fields generated by localized surface plasmon resonance (LSPR) in 

plasmonic nanoparticles (PNPs) made of metals like Ag, Au, and Cu. Effective coupling of 

incident light energy into the metal nanoparticles is crucial for dramatic signal enhancement in 

SERS. For point-of-care diagnostics, integrating portable Raman systems with compact 

microdevices is essential. 

The amplification of the electromagnetic field through localized surface plasmons enables SERS 

to detect analytes with high sensitivity, even at low concentrations. This enhancement bridges the 

gap between the traditionally weaker Raman signal and the stronger fluorescence signal observed 

in other spectroscopic techniques[34,35]. Beyond electromagnetic enhancement, chemical 

enhancement (CM) also contributes when a molecule is physically or chemically adsorbed onto 

the metal surface. This adsorption modifies the molecule’s polarizability, resulting in an increased 

Raman cross-section and higher signal intensity under incident radiation. Maximum signal 
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enhancement is achieved when the plasmonic oscillation aligns with the incident laser wavelength, 

producing a strong localized surface plasmon resonance (LSPR) that significantly amplifies the 

Raman signal [36]. 

Nanoplasmonics enables precise manipulation and confinement of electromagnetic waves around 

metallic nanostructures, allowing for optical control at the nanoscale. When two nanoparticles are 

brought close together, the narrow gap formed—referred to as a "hotspot"—generates significant 

electric field enhancement, leading to a much stronger SERS signal [37,38]. Notably, in SERS 

measurements, the signal is typically dominated by contributions from these specific hotspots 

rather than being evenly distributed across the sensing area. This localized enhancement is a key 

characteristic that sets SERS apart. 

Figure 2.6 visually explains the core principles behind SERS. In Figure 2.6(a), normal Raman 

scattering is depicted, while Figure 2.6(b) shows how localized surface plasmon resonance (LSPR) 

within metal nanoparticles amplifies the electromagnetic field, a key factor in the SERS effect. 

Figure 2.6(c) details the SERS process through a two-step enhancement mechanism: 

 

1. Plasmonic Nanostructures as Optical Antennas: In the first step, plasmonic 

nanostructures (PNPs) concentrate the local electric field at the excitation wavelength (λex). 

This enhancement is described by Eloc(λex) = G1E0, where Eloc is the local electric field, G1 

is the enhancement factor of the incident electric field strength at λex, and E0 is the incident 

electric field strength with λex. 

2.  Signal Transmission: The second step involves the PNPs transmitting the Raman signal 

from the near-field to the far-field, further enhancing it at the Raman emission wavelength 

(λem). This is expresses as Eloc(λem)=G2E0 [14]. 
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The overall SERS enhancement is governed by the combined contributions at both excitation and 

emission wavelengths: 

 

GSERS ∝ [Eloc(λex)/E0]
2[Eloc(λem)/E0]

2 = 𝐺1
2𝐺2
2                     (2.8) 

 
 
 

 

Figure 2. 6. Schematics of (a) conventional (“normal”) Raman, (b) localized surface plasmon resonance 

(LSPR), and (c) electromagnetic enhancement mechanism in SERS, including the two-step enhancements 

 

 

 

The local electric field's strength depends on the distance (r) between the molecule and the metal 

surface, as depicted by the relationship E(r) ∝ (1 + r/a)⁻³, where 'a' represents the radius of the 

nanoparticles. According to this formula, the intensity of the SERS signal drops significantly as 

the distance increases. Therefore, for strong enhancement, molecules must either be in direct 

contact with the substrate or remain within a separation of less than 5 nm [39,40]. 
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2.3. SERS-based biosensors used in viral diagnostics and protein detection 

 

Recent advancements in SERS technology have significantly broadened its applications, including 

chemical reaction analysis, biomarker detection, disease diagnosis, pollutant monitoring, and food 

safety[41–45]. SERS-based microdevices, in particular, have gained prominence for their ability 

to provide molecular fingerprint information, which is crucial for understanding the complex 

composition of biological systems. 

The global challenge posed by viral outbreaks highlights the urgent need for reliable and rapid 

diagnostics. Viruses, which attach to host cells using specific receptors, compromise the immune 

system, and cause severe health impacts, are difficult to study and detect using conventional 

methods due to their structural variability and frequent mutations [46–50]. SERS holds 

considerable promise in delivering rapid and accurate detection of viruses. 

Proteins, which are fundamental to nearly all biological processes, also play a crucial role in 

understanding complex diseases. Profiling multiple protein targets is essential for deeper insights 

into these conditions, as proteins serve as biomarkers that reflect the health status of an organism. 

Traditional detection methods often fall short in sensitivity and specificity, but SERS offers a 

powerful alternative with its enhanced detection capabilities for proteins [51–54]. 

This section reviews recent developments in SERS-based microdevices designed specifically for 

virus and protein detection. The integration of SERS technology in these systems facilitates highly 

precise measurements in small sample volumes and at low analyte concentrations, making them 

adaptable for various sample types and diagnostic needs. 
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2.4. Design of SERS systems for biomolecule detection 

 

Achieving reliable SERS analysis for qualitative and quantitative detection depends on well- 

designed experimental strategies that enhance both sensitivity and reproducibility. Key design 

considerations include improving interactions between nanoparticles and biological systems. 

Sensors typically consist of a transducer, processor, and display that convert input measurements 

into usable output signals. In this context, microelectrodes serve as effective transducers, 

enhancing sensor performance by optimizing analyte transport. Microelectrodes are commonly 

used in sensing applications to detect a wide range of chemical and biological analytes, including 

toxic metal ions, chemicals, proteins, and bacteria [55–57]. Integrating SERS with microelectrodes 

presents significant opportunities for improving bioparticle detection. 

The effectiveness of microelectrodes as sensing platforms lies in their compact size and the close 

spacing between electrodes. These features allow precise control over the sensing area and 

promote strong interactions with analytes. The tightly arranged electrodes provide localized and 

efficient detection, making microelectrodes highly versatile for sensitive applications. 

Microelectrodes offer advantages such as smaller capacitive charging currents and reduced ohmic 

(iR) drop compared to conventional solid electrodes [58,59]. Their compact size promotes efficient 

mass transport, achieving high current density with a small applied current [60,61]. Using 

microelectrodes allows for cost-effective and portable testing, often requiring small sample 

volumes, making them suitable for lab-on-a-chip applications through droplet-based or 

microfluidic testing. Given these advantages, integrating microelectrodes with SERS presents a 

promising approach for direct bioanalytical applications. 
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2.5. Direct bioanalytical SERS detection 

 

The label-free SERS approach offers distinct advantages by enabling the identification and 

detection of molecular fingerprint information without the need for labeled molecules (Figure 2.7). 

In this method, the analyte is directly detected using Raman spectroscopy, with the SERS spectra 

reflecting the intrinsic molecular characteristics of the analyte. These characteristics include 

functional groups, molecular weight, charge, and interactions with the SERS substrate [62]. 

However, direct sensing in biofluids can produce complex spectra that are challenging to interpret 

due to the variable enhancement of different components [63]. This issue becomes particularly 

pronounced when detecting large analytes, such as viruses, bacteria, and protein biomarkers, which 

present diverse surface proteins. In label-free detection, the resulting SERS spectra can be intricate, 

making it difficult to accurately associate peaks with their specific vibrational modes [64–66]. 

 

 
Figure 2. 7. Scheme of the direct SERS detection, in which the SERS signal is from the biomolecules located on the 

SERS substrate with a high enhancement [14]. 
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Direct detection of proteins 

 

Building on the challenges of direct SERS detection, identifying proteins is particularly difficult 

due to their low Raman scattering cross-sections [67,68]. Some proteins, such as those containing 

chromophores—like hemoglobin, cytochrome c, and myoglobin—can still be effectively detected 

and characterized by SERS, even at the single-molecule level. This is because chromophores 

typically exhibit large Raman scattering cross-sections under resonance conditions [69–71]. 

However, most proteins, like Bovine Serum Albumin (BSA) and Avidin, lack chromophores, 

making their SERS signals, which are generated by amino acid residues, harder to detect. Various 

strategies have been developed to improve the sensitivity and reliability of label-free protein 

detection through SERS. 

For example, Xu et al. introduced the iodide-modified AgNPs (Ag IMNPs) method to prevent 

protein denaturation and ensure uniform adsorption orientations, leading to reproducible and 

reliable SERS spectra of proteins [72]. The iodide layer acts as a protective barrier, preventing 

direct contact between proteins and the metal surface, thereby preserving the native structures of 

proteins [45]. 

Building on this concept, Matteini et al. utilized individual Ag nanocubes for the direct SERS 

detection of proteins [75]. The Polyvinylpyrrolidone (PVP) coating on the nanocubes prevents 

direct contact between proteins and the metal faces, promoting interaction with the corners of the 

nanocubes, which serve as hotspots. This design reduces signal variability caused by inconsistent 

adsorption configurations across different particle areas or within nanoparticle aggregates [76]. In 

a related development, Dong et al. engineered an Au-coated TiO2 microporous inverse opal (MIO) 

structure featuring a unique "slow light effect." This structure enables the capture and analysis of 

exosomes from the plasma of cancer patients without the need for any labeling processes [77]. 



22  

Introducing selectivity to the SERS substrate through chemical surface functionalization has also 

proven effective in enhancing detection. This approach involves incorporating molecules or 

chemical groups that specifically bind to target moieties like viruses, proteins, or antibodies. Such 

functionalization improves the selective detection of target analytes, even in complex samples 

where interferents might obscure or overlap with the desired signals [78]. 

In the study conducted by Muhammad et al., they employed an array of nanoparticles that were 

functionalized with an aptamer containing the interleukin-6 (IL-6) recognition sequence. This 

innovative approach facilitated label-free detection of IL-6, a significant cytokine associated with 

inflammation and cancer progression, in serum samples [79]. In the research conducted by Ma et 

al., they developed iminodiacetic acid (IDA)-functionalized silver substrates designed for 

capturing His-tagged proteins through nickel−imidazole coordination. These specialized 

substrates, featuring IDA functionalization, facilitated controlled protein immobilization. 

Importantly, this setup enabled label-free investigation of protein function using Surface- 

Enhanced Raman Spectroscopy (SERS) [80]. 

Direct detection of viruses 

 

Direct virus detection using SERS, particularly for enveloped viruses, relies on selecting the 

appropriate laser wavelength and substrate to reveal distinct peaks in the spectra. These peaks 

correspond to vibrational modes specific to components of the viral envelope. Structurally, viruses 

consist of nucleic acids (either DNA or RNA) encased within a protective protein coat. Viruses 

can infect a broad range of hosts, from bacteria to humans, causing a variety of diseases. Figure 

2.8 provides a schematic overview of a typical virus structure. 
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Figure 2. 8. A schematic of virus particle structure. 

 

 

 

Despite certain limitations, direct SERS biosensing has demonstrated its value in the noninvasive 

detection of serum samples from virus-infected patients compared to healthy individuals [59]. The 

observed Raman bands in the measured SERS spectra highlight differences in serum composition, 

which can be attributed to structural and compositional changes induced by the presence of the 

virus. 

Building on these principles, Yeh et al. introduced a carbon nanotube (CNT)-based paper SERS 

platform designed for the rapid enrichment and label-free detection of viruses directly from clinical 

samples [81]. This approach captures viruses based on size, using CNT herringbone patterns 

decorated with gold nanoparticles. Similarly, Kim et al. introduced a SERS sensor chip by 

incorporating gold nanoparticles onto vertically grown ZnO nanorod arrays on cellulose paper 

[82]. This substrate has proven to be highly effective as a sensitive platform for detecting a wide 

range of viruses and bacteria. 

In another study, Negri et al. employed nucleic acid aptamers as the primary recognition elements 

in label-free techniques [83,84]. They developed substrates decorated with silver nanorods 
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immobilized with polyvalent aptamers that bind to the envelope protein of the influenza virus, 

enabling the identification of various influenza virus strains. 

2.6. Indirect detection with SERS 

 

To address the challenges of label-free SERS detection, labeled nanoparticles have been 

introduced to enhance sensitivity and selectivity. These nanoparticles are functionalized with 

SERS tags, particularly useful when direct bioanalytical SERS results are challenging to interpret. 

Equipped with targeting ligands, these tags generate SERS signals upon binding to specific 

analytes [62]. Enhancing specificity, molecular recognition elements such as aptamers or 

antibodies are incorporated on the nanoparticle surfaces to selectively capture target analytes, 

bringing them closer to SERS-active hotspots. Analysis of the Raman spectra or spectral shifts of 

these tags reliably detects the presence of target molecules (Figure 2.9). 

A common strategy in SERS biosensing involves creating a "sandwich" structure where the target 

analyte is captured between the sensing platform and the SERS signal unit. This design facilitates 

target identification through monitoring Raman signals from labeled molecules [14]. 

Indirect SERS detection offers several advantages: (1) It provides a stable signal without the risk 

of photobleaching. (2) It allows multiplex detection using a single wavelength due to the narrow 

spectral width of the tags. (3) It supports excitation with near-infrared (NIR) lasers, reducing 

autofluorescence interference. Despite these benefits, the main challenge in indirect detection lies 

in designing multifunctional SERS tags that balance high sensitivity, specificity, and selectivity 

[85–87]. 
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Figure 2. 9. Schematic illustrating indirect SERS detection. (a) The PNPs are first labeled with reporters to form 

SERS reporters, which are then modified with targeting ligand to specifically bind with the target. The appearance of 

the SERS signal of the reporters indicates the presence of the target. If the target can form multivalent interaction 

with the targeting ligand with either another plasmonic nanoparticle or a plasmonic metal substrate, it will lead to the 

formation of a hot spot to give a strong SERS signal [14]. 

 

 

Indirect  protein detection 

 

In the context of protein detection, indirect SERS strategies have been extensively employed to 

address the challenges associated with low Raman cross-sections. For instance, Craig et al. 

developed a SERS detection method that capitalizes on the interaction between the lectin protein 

ConA and lactose-functionalized nanoparticles. This approach leverages multiple binding 

interactions, leading to nanoparticle aggregation and an increase in overall SERS intensity [88]. 

Similarly, Li et al. introduced a multiplexed SERS method using gold-silver alloy nanoboxes 

conjugated with nanoyeast single-chain variable fragments for detecting soluble cancer protein 

biomarkers. This technique facilitates early cancer screening and real-time patient monitoring [89]. 

Ouhibi et al. advanced the field with a SERS substrate made from vertically aligned silicon 

nanowires (SiNWs) decorated with silver nanoparticles (AgNPs) and functionalized with aptamers 

as Raman reporters for prostate-specific antigen (PSA) detection [90]. In another study, Xing et 
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al. proposed a dual molecularly imprinted polymer (MIP)-based plasmonic immune-sandwich 

assay, which combines a plasmonic substrate with Raman-responsive nanotags to enhance 

specificity and sensitivity in protein biomarker detection[91]. This method employed a plasmonic 

substrate consisting of a C-terminal epitope-imprinted self-assembled monolayer of gold 

nanoparticles (AuNPs) on a glass slide, paired with N-terminal epitope-imprinted Raman- 

responsive Ag@SiO₂ nanoparticles for specific protein labeling. 

Continuing this trend, Hu et al. developed an aptamer-based biosensor featuring a magnetic capture 

substrate (Ag-coated Fe₃O₄-Au NPs) and a SERS tag composed of reporter-labeled gold nanogap 

particles for detecting protein biomarkers [92]. Meanwhile, Liu et al. expanded on this with a 

biosensor incorporating core-shell SERS nanotags as labels and photonic crystal beads (PCBs) as 

carriers, achieving ultrasensitive protein detection across a wide linear dynamic range [93]. 

Shin et al. enhanced protein biomarker detection by using peptide-based SERS probes specific to 

the C-reactive protein (CRP) biomarker. These peptide-conjugated AuNP SERS probes were 

individually tailored for high selectivity toward their respective peptides [94]. Han et al. took a 

layer-by-layer assembly approach to create a protein-mediated sandwich structure for protein 

detection, utilizing AuNP self-assembly on a PDDA-coated glass slide as the initial layer, followed 

by a second metal layer formed through protein interactions, resulting in reproducible SERS 

spectra [95]. Medetalibeyoglu et al. further innovated with a SERS-based sandwich immunosensor 

using 4-mercaptobenzoic acid-labeled MoS₂ nanoflowers@Au nanoparticles as tags and 

Fe₃O₄@Au nanoparticles functionalized with delaminated Ti₃C₂Tx MXene as a magnetic SERS 

substrate for detecting cancer protein biomarkers [96]. 
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Building on these advancements in indirect SERS detection for proteins, similar principles have 

been successfully applied to virus detection. The integration of SERS technology in this context 

offers powerful tools for identifying viral pathogens with high sensitivity and specificity, which 

will be explored in the subsequent section. 

Indirect  virus detection 

 

Building on the advancements in indirect protein detection, similar strategies are employed for 

virus detection using SERS. These methods aim to enhance sensitivity and accuracy for viral 

diagnostics. Chen et al. developed a three-dimensional (3D) nano-popcorn plasmonic substrate by 

utilizing the surface energy differences between a perfluorodecanethiol (PFDT) spacer and an Au 

layer. This design facilitated the self-assembly of Au nanoparticles, creating multiple hotspots on 

the substrate. They used this setup to quantify the influenza A/H1N1 virus by measuring the 

decrease in Raman peak intensity caused by the release of Cy3-labeled aptamer DNAs from the 

substrate upon interaction with the virus [97]. 

Similarly, Hoang et al. introduced a multilayered gold SERS substrate for detecting adenovirus 

and coxsackievirus at concentrations of 106 pfu/mL. Their approach combined a magnetic capture- 

based SERS assay with Au-coated paramagnetic nanoparticles, which acted both as SERS 

substrates and tools for purifying viral genomes from complex samples [98]. 

The Ganbold group focused on gene mismatches in the H1N1 influenza virus using colloidal gold 

nanoparticles and antisense oligonucleotides (ASO) labeled with a fluorescent dye. Their method 

distinguished between highly pathogenic and seasonal influenza strains by comparing signals from 

mismatched and complementary duplexes [99]. 

In another study, Camacho et al. developed an immune-specific assay with SERS nanoprobes. 

They used gold shell-isolated nanoparticles (Au-SHINs) with a silica shell and functionalized them 
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with antibodies. This system achieved a detection limit of 10 ng/mL for the Zika virus by analyzing 

the SERS signal from Nile Blue dye encapsulated in the nanoparticles [100]. 

Karn et al. demonstrated the detection of influenza A virus using SERS-enhanced two-dimensional 

gold@silver core-shell nanoparticle arrays. Their method combined antibody-antigen interactions 

with specific recognition, allowing selective detection of the virus through SERS signals from a 

TBBT (4,4’-thiobisbenzenethiol) label [101]. 

Pramanik et al. developed a rapid colorimetric assay for detecting the COVID-19 viral antigen or 

SARS-CoV-2 using antibody-attached gold nanoparticles. This assay, anchored with 4- 

aminothiophenol and anti-spike antibodies, enabled visual detection of the viral antigen at low 

concentrations within 5 minutes, demonstrating potential for on-the-spot diagnostics [102]. 

While both direct and indirect SERS detection approaches offer significant benefits, combining 

SERS with complementary technologies such as microfluidics, lateral flow assays, and machine 

learning could further improve performance and expand their practical applications. 

2.7. Integration of SERS with other methods 

 

The integration of SERS with other techniques has become increasingly important in addressing 

the growing demand for reliable and versatile detection methods. The evolution of SERS-based 

approaches now includes combining traditional methods with advanced automated platforms such 

as microfluidic chips and test strips. This integration aims to leverage the unique strengths of both 

SERS and complementary technologies, thereby enhancing the overall effectiveness, scalability, 

and ease of use of diagnostic systems. 
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Microfluidics  

 

Integrating microfluidics with SERS detection systems enhances both automation and throughput, 

resulting in more reliable and sensitive analyses. Microfluidic systems offer precise control over 

fluid dynamics, which optimizes aggregation times, mixing efficiencies, and analyte isolation 

within small sample volumes. This integration not only improves reproducibility but also supports 

high-throughput analysis, making it a valuable complement to SERS-based diagnostics [103,104]. 

Dai et al. developed an innovative in situ optical tweezers-coupled Raman spectroscopy method 

that visualizes and manipulates hotspots between two AgNPs-coated silica beads, achieving single-

molecule sensitivity within a microfluidic flow chamber [105]. This setup fine-tunes the flow rate 

of protein solutions, minimizing unwanted interactions while preserving the native state of 

proteins. 

Kamińska et al. demonstrated a sandwich structure using a SERS-active Au–Ag-coated GaN 

substrate for detecting Hepatitis B virus antigen in human blood plasma [106]. Additionally, a 

paper-based microfluidic system integrated with SERS used silica gel thin-layer chromatography 

(TLC) plates for reproducible protein detection, mimicking the microfluidic channels found in 

traditional lab-on-a-chip devices [107]. 

In response to the urgent need for reliable COVID-19 detection, the Jadhav group designed a 

SERS-integrated microfluidic device featuring vertically aligned silver-coated carbon nanotubes 

within microchannels. This device is capable of trapping viruses from saliva and tear samples for 

accurate identification based on their Raman signatures [108]. 

Lateral  Flow Assay 

 

Lateral flow assays (LFAs) are well-established diagnostic tools known for their simplicity, 

scalability, and ease of use in point-of-care (POC) applications. Combining SERS with LFAs 
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creates a highly sensitive and rapid platform for real-time diagnostics that retains the user- 

friendliness and scalability of traditional LFA strips [109,110]. 

For instance, Wang et al. developed a SERS-based LFA that utilized 5,5′-dithiobis-2-nitrobenzoic 

acid (DTNB)-labeled gold nanoparticles (AuNPs) to detect the stroke biomarker S100-β. Their 

approach achieved an impressive detection limit of 0.14 pg/m [111]. Similarly, Rong et al. 

synthesized Raman reporter-embedded gold-core silver-shell nanoparticles conjugated with a CRP 

detection antibody, resulting in a detection limit of 0.01 ng/m [112]. 

Another innovative development in SERS-LFA integration involves the detection of HIV-1 DNA 

biomarkers using malachite green isothiocyanate-functionalized AuNPs as SERS nanotags. This 

system demonstrated a linear correlation between Raman intensity and DNA concentration, 

reaching a detection limit of 0.24 pg/mL [113]. Similarly, Xiao et al. created a SERS-based LFA 

for detecting avian influenza virus (AIV H7N9) using AuAg@4-ATP core-shell nanoparticles as 

Raman probes, capable of detecting the virus at a limit as low as 0.0018 hemagglutinating units 

(HAU) [114]. 

The accumulation of the antibody-virus-antibody-Raman probe complex at the test line was easily 

visualized with the naked eye, allowing for the estimation of the virus with a notable limit of 

detection of 0.0018 HAU (hemagglutinating unit). 

Additionally, dual-pathogen detection capabilities have been demonstrated with a magnetic SERS- 

LFA strip, capable of detecting both influenza A H1N1 virus and human adenovirus (HAdV). By 

employing Fe3O4@Ag nanoparticles as magnetic SERS nanotags, the assay achieved detection 

limits of 50 pfu/mL for H1N1 and 10 pfu/mL for HAdV without the need for sample pretreatment 

[115]. 
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Maneeprakorn et al. introduced a highly sensitive SERS-based LFIA utilizing multi-branched gold 

nanostars (AuNSs) coated with 4-aminothiophenol (ATP) as a signal reporter conjugated to a 

specific antibody. This approach exhibited a remarkable limit of detection of 6.7 ng/mL for 

influenza virus detection [116]. 

Machine learning 

 

As the complexity of SERS data increases, especially with multiplexed detection, advanced 

analytical techniques are crucial for extracting meaningful insights. Machine learning has proven 

to be an invaluable tool in enhancing SERS diagnostic capabilities. It assists in identifying a range 

of diseases, including cancers, viral infections, and bacterial infections. By utilizing algorithms 

such as principal component analysis (PCA), support vector machines (SVM), partial least squares 

(PLS), and hierarchical cluster analysis (HCA), machine learning can effectively interpret complex 

Raman spectra [117–119]. 

In a study by Banaei et al., a SERS-based platform integrated with a microfluidic chip and coupled 

with K-nearest neighbor and classification tree algorithms significantly improved the 

reproducibility and specificity of cancer biomarker detection from serum samples. These 

algorithms played a critical role in predicting disease types and identifying key biomarkers from 

complex datasets [108]. Another study focused on breast cancer diagnosis used PCA-LDA to 

differentiate between healthy and cancerous samples with 100% classification accuracy after 

leave-one-subject-out cross-validation (LOSOCV), highlighting the efficacy of such approaches 

in clinical settings [120]. 

In a more extensive study involving liver cancer and nasopharyngeal carcinoma (NPC) patients, 

PLS combined with SVM demonstrated robust classification accuracy, with 95.1% for training 

datasets and 90.7% for unknown testing datasets [121]. 
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The ability to use statistical methods to distinguish between viral strains also stands out as a key 

advancement. For instance, researchers have employed silver nanorods for the SERS-based 

detection of HIV, adenovirus, and rhinovirus, utilizing PCA and HCA to differentiate among 

strains [122]. Additionally, it is possible to differentiate between different strains of the respiratory 

syncytial virus [123], influenza A virus [124], and rotavirus [125]. 

Negri et al. introduced a label-free optical method for detecting viral nucleoprotein binding to a 

polyvalent anti-influenza aptamer by monitoring the SERS spectra of the aptamer-nucleoprotein 

complex [84]. The application of multivariate statistical techniques, including PCA, PLS, and 

HCA, confirmed the significant distinction between the spectra of the aptamer-nucleoprotein 

complex and the unbound aptamer. Yeh et al. developed a portable microfluidic platform 

incorporating carbon nanotube arrays with varied filtration porosity for the rapid enrichment and 

optical identification of viruses [81]. By employing a PCA approach, different emerging strains 

could be enriched and identified. 

The COVID-19 pandemic highlighted the urgent need for rapid and accurate viral detection. In 

response, Zhang et al. developed a SERS platform using silver nanorods functionalized with ACE2 

receptors to detect SARS-CoV-2 in water samples. Integrating PCA with this platform achieved a 

remarkable accuracy of 93.33% in distinguishing between positive and negative samples [126]. 

his demonstrates the efficiency of combining SERS with advanced analytical techniques for 

precise viral diagnostics. 
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While SERS technology has made significant progress in sensitive biomolecule detection, several 

challenges remain, particularly regarding reproducibility, specificity, and practical application in 

point-of-care settings. 

In the following chapters, I will describe the experimental methods developed in this thesis to 

address these challenges. The focus will be on improving SERS sensitivity and reliability for 

detecting biomolecules through techniques such as accelerated analyte capture and enhanced 

surface functionalization. The next section will outline the experimental processes and strategies 

employed to advance SERS for practical use. 

2.8. Experimental Methods 

2.8.1. Microelectrode Fabrication and modification 

 

Electrodeposition is one of the most common methods for fabricating metallic nanostructures. In 

this work, electrodeposition was employed to form silver dendritic nanostructures between the 

electrodes on the insulating substrate. The fabrication of the SERS-active silver dendritic scaffold 

followed the method described by Raveendran et al [127]. Briefly, a droplet containing a solution 

of 2 mM Na3C6H5O7 and 0.5 mM AgNO3 was placed on the microelectrode chip. All of the 

assembly processes were performed on a custom-made chip holder to support the microelectrode 

chips and electrically connect them to the function generator. A BK Precision 4040B Sweep 

function generator (Cole-Parmer Canada Inc.) was used to apply the electrical signal while a 

Tektronix 1002B oscilloscope was used to monitor the electrical signal. A voltage of 2.5 Vpp 

(peak-to-peak value) and the frequency of 10 Hz was applied for 10 min in all experiments. At the 

cathode electrode, silver ions are reduced, while at the anode citrate ions are oxidized, resulting in 

the formation of dendritic nanostructures. The reduction of silver ions and oxidation of citrate ions 

allows for a current to pass through the droplet and are described be eq 2.9 and 2.10: 
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These silver structures originate from the edges of the gold microelectrodes and grow along the 

insulating substrate over time. 

𝐴𝑔(𝑎𝑞)  
+ + 𝑒−→𝐴𝑔(𝑠)                          (2.9) 

𝐶6 𝐻5𝑂7
3−
(𝑎𝑞)→

𝐶𝑂2(𝑎𝑞) + 𝐻(𝑎𝑞)
+  +𝐶5 𝐻4𝑂5

2−
(𝑎𝑞)

+ 2𝑒−       (2.10) 

 
 
 

The standard reduction potentials for Ag+/Ag and C5 H4O5
2−/C5 H4O5

3− are 0.80 V and -0.18 V, 

respectively, referenced to the standard hydrogen electrode (SHE). This implies that the reduction 

of silver ions and oxidation of citrate ions can occur spontaneously. However, experimental testing 

revealed that attempting the deposition without an electrical signal present resulted in no visible 

formation of nanostructures [128]. 

Following the formation of the nanostructures and removal of the reagent solution, the substrates 

were rinsed with Millipore water and Ethanol to remove the remaining citrate. 

2.8.2. Nanostructure functionalization 

 

Creating gold shell, silver core nanostructures involved leveraging the distinct reduction potentials 

of gold (1.52 V vs SHE) and silver (0.80 V vs SHE) in a galvanic reaction outlined by equation 

2.11. 

3𝐴𝑔(𝑠)+ 𝐴𝑢(𝑎𝑞)
3+  → 3𝐴𝑔(𝑎𝑞)+

+  𝐴𝑢(𝑠)                                   (2.11) 

 

The reaction took place using microliter droplets, where gold ions were reduced onto the silver 

nanostructures, leading to silver oxidation and the release of silver ions into the solution. Different 

concentrations of gold were tested to assess their impact on the morphology and SERS (Surface- 

Enhanced Raman Spectroscopy) performance of the resulting nanostructures. 
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Given the higher chemical stability of gold compared to silver, we examined whether the gold 

shell acted as a "protective coating" for the nanostructures in highly ionic solutions. For SERS 

substrates that need to undergo surface functionalization, it is crucial for these substrates to be 

chemically inert, ensuring consistent and reliable measurements. Chapter 5 contains more details 

on the testing of the bimetallic nanostructures. 

2.8.3. Analyte deposition and sandwich assay formation 

 

LESS was performed using a spatially non-uniform AC electric field. Approximately 10 μL of 

analyte solution were placed over the microelectrode center using a micropipette. The collection 

was run for 10 min at 100 kHz and a voltage of 15 Vpp in Millipore water, whereas for 

physiologically relevant (high conductivity) media it was run for 10 min at 2 MHz and a voltage 

of 8 Vpp. Following analyte capture, the surface was gently dried in a stream of nitrogen. Using 

AC electric field effects, the sandwich assay was formed by the accelerated sampling of 10 μL Ag 

nanoparticles onto the captured analytes. Before use, Ag nanoparticles (0.02 mg.ml-1) underwent 

two rounds of centrifugation (6000 rpm, 30 min) to remove the supernatant. The nanoparticle pellet 

was resuspended in Millipore® water to a final concentration of 0.2 mg.ml-1. The Ag nanoparticle 

capture was run for 10 min at an AC frequency of 10 kHz and voltage of 18 Vpp. 
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Chapter 3 LESS is More: An Electric Field-Assisted 

SERS Sandwich Assay for Sensitive Detection of 

Biomolecules 

 
Abstract 

 
We present a novel and effective biochemical sensing method that combines surface-enhanced 

Raman scattering (SERS) with electric fields for achieving sensitive and label-free detection of 

biological analytes. Using as an example the detection and quantification of human serum albumin 

(HSA) and creatinine in artificial urine, we demonstrate how properly combined electric fields 

effects such as dielectrophoresis (DEP), electrothermal fluid flow (ETFF), and alternating current 

electroosmosis (ACEO), can help overcome detection performance limitations in surface-based 

sensors. By combining experimental evidence and numerical simulations we show how the electric 

field action facilitates accelerated transport and deterministic capture of proteins and silver 

nanoparticles on(to)the SERS-active substrate. This approach results in a sandwich assay that 

amplifies protein concentration and higher surface density of hotspots on the SERS-active 

substrates. We call our method “LESS” for brevity, an acronym that captures its key attributes: 

Label-free, Electric field-assisted, Sandwich-based, and Surface-enhanced Raman scattering. 

LESS was compared with a standard SERS assay and was shown to produce a 10-fold signal 

enhancement under not-yet-optimized conditions. Reproducible SERS signals and detection 

thresholds well below the physiological levels of these proteins in urine were achieved. 

Furthermore, when combined with chemometric analysis, LESS allows us to extract diagnostic 

information by classifying SERS spectra acquired from solutions of the individual proteins or their 

mixtures. LESS is a promising platform for rapid, reliable, and sensitive in situ monitoring of 
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biomolecules in media such as blood, urine, and saliva within a practical range of fluid 

conductivity. 

 

 

Keywords: Protein detection, Dielectrophoresis, Electroosmosis, Electric field effects, Sandwich 

assay, SERS 

 

 

3.1. Introduction 

 
Chronic kidney disease (CKD) affects around 10% of the global population and is associated with 

increased risk of mortality and morbidity, decreased quality of life, and high healthcare costs 

[129,130]. In 2020, an estimated 697.5 million people worldwide suffered from CKD[131]. CKD 

increases the risk factor for diabetes mellitus, hypertension, and cardiovascular disease, and can 

lead to other adverse health outcomes including end-stage renal disease [132–135]. 

Creatinine, a protein formed as a byproduct of muscle metabolism, and human serum albumin 

(HSA), a plasma protein, are major biomarkers for monitoring CKD. Under normal conditions, 

creatinine concentration in urine ranges from 7–12 mg.L-1 for men and 5–10 mg.L-1 for women 

[136,137]. HSA helps maintain oncotic pressure, acts as an antioxidant and toxin scavenger, 

modulates immune responses, and maintains acid-based balance[138]. Microalbuminuria, defined 

as urinary HSA excretion in the range of 30–300 mg.L-1, is used as an index to assess the 

progression of kidney problems. Repeatedly exceeding the concentration of HSA is a critical sign 

of cardiovascular disease as well [139,140]. The presence of HSA and creatinine in urine above 

their normal ranges are associated with the risk of kidney disorder. Early detection and 

quantification of urinary creatinine and HSA are crucial for monitoring the progression of CKD 

and allowing for timely medical interventions for at-risk individuals. 
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Various analytical methods are being used to detect urinary creatinine and HSA in biological 

samples. These include high-performance liquid chromatography[141], gas chromatography/mass 

spectrometry[142,143], radioimmunoassay[144,145], enzyme-linked immunosorbent 

assays[146], immunoassays[147,148], and electrochemical sensors [147,148]. Although these 

techniques can have low detection thresholds, they are carried out in laboratories, requiring 

biorecognition elements, time-consuming sample preparation procedures, expensive equipment, 

and trained personnel, thus severely limiting their application in point-of-need testing. 

The need for simpler, but also fast and sensitive tools for detecting and quantifying urinary HSA 

and creatinine led to the search for alternative analytical methods [149–152]. Such methods include 

dipstick tests [153,154], colorimetric assay [155,156], and smartphone-based detection [157,158]. 

Surface-enhanced Raman scattering (SERS) has emerged as a facile detection approach that allows 

fast detection of analytes at clinically relevant concentrations and the potential to reach single- 

molecule sensitivity[159,160]. SERS can provide signal intensities up to 10–11 orders of 

magnitude greater than conventional Raman spectroscopy[161]. The chemical specificity of SERS 

also enables multicomponent detection with high-resolution vibrational information, making it a 

suitable method for in situ detection in complex biological environments [162,163]. 

To date, there are only a handful of reports in the literature on SERS-based detection of creatinine 

and HSA. Stosch et al. employed isotopically tagged creatinine along with multivariate analysis 

for the quantitative detection of creatinine in human serum. However, the clinical application of 

the method was limited by low accessibility to the analyte’s isotopic analog [164]. Li et al. used 

stamping SERS to detect creatinine in urine. In that technique, a PDMS thin film containing the 

target served as the ink pad and a nanopore Au discs substrate served as the stamp. Although no 

sample pretreatment was necessary, the detection sensitivity in a biological matrix was reported to 
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be four orders of magnitude lower than in pure water [165]. Tadele et al. introduced 

Fe3O4/Ag@ZnO composites for magnetic separation and quantitative detection of creatinine in 

urine using SERS. The results, however, were not comparable to standard creatinine detection 

methods [166]. 

The successful performance of SERS, as well as all other surface-based detection methods, 

strongly relies on effective interactions between the target analyte and the detection surface. 

Proteins are particularly challenging analytes for surface-based biosensing due to their small size, 

slow diffusion rates, and dynamic structures [167,168]. To improve protein association with the 

detection surface, the incorporation of recognition elements, such as antibodies, is often necessary. 

However, integrating these elements usually involves time-consuming and expensive preparation 

and immobilization processes. Moreover, use of antibodies cannot(can’t) provide a solution to the 

slow transport of analyte to the surface. The latter problem, which is exacerbated at low protein 

concentrations, can severely compromise the performance of many surface-based detection 

methods. 

Using the detection of HSA and creatinine in artificial urine as our case study, we demonstrate 

here a label-free, SERS-based detection approach that can offer a solution to some performance 

limitations that are associated with surface-based detection. Specifically, we combine SERS with 

electric field effects, in order to accomplish the following three objectives: (a) accelerate the 

transport of creatinine and HSA from the bulk of the sample to the detection surface, thereby 

overcoming mass transfer limitations; (b) amplify the concentration of the protein on the SERS- 

active substrate, thus overcoming concentration-dependent phenomena (e.g., adsorption); (c) 

increase the SERS hot-spot density, thus improving the SERS signal by actively superimposing 

silver nanoparticles (AgNPs) on the sites of protein capture. The electric field effects employed in 
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the present application are dielectrophoresis (DEP), electrothermal fluid flow (ETFF), and 

alternating current electroosmosis (ACEO), all of which are described and investigated in detail 

below. We take advantage of these electric field effects by connecting our (electrically conducting) 

SERS substrate to an external alternating current (AC) power source. Our Label-free, electric field- 

assisted, sandwich-based, Surface-enhanced Raman scattering assay (LESS, for brevity), is 

compared with a standard SERS assay in terms of its ability to enhance protein detection. We also 

use chemometrics (e.g., principal component analysis, support vector machine) to extract 

diagnostic information by classifying SERS spectra acquired from solutions of these individual 

proteins, or their mixtures, in artificial urine. 

 

3.2. Materials and methods 

3.2.1. Chemicals and reagents 

 
Silver nitrate (AgNO3), trisodium citrate (Na3C6H5O7), trichloro(1H,1H,2H,2H-perfluorooctyl) 

silane, potassium iodide (ACS reagent, >99%), creatinine (99%), human serum albumin (>98%), 

and artificial urine were all purchased from Sigma Aldrich (Oakville, ON, Canada). Standard silver 

nanoparticles (50 nm), with polydispersity index of (SD)=0.18±0.02 were purchased from 

Cytodiagnostics (Burlington, ON, Canada). The procured chemicals were used without further 

processing. Polished silicon wafers (4″ diameter) with a thermally grown SiO2 layer (0.5 μm) were 

purchased from University Wafer (South Boston, MA, US). Millipore® water (18.2 MΩ .cm) was 

used to prepare all aqueous solutions. A transparency-based photolithography mask was designed 

using AUTOCAD (2018) and printed by Advance Reproductions Corp. (North Andover, MA, US). 
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3.2.2. Microchip Fabrication and Modification 

 
The microelectrodes used were fabricated through maskless photolithography on silicon wafers, 

followed by electron beam metal film evaporation and lift-off. The negative photoresist SU-8 

(MicroChem Corp, Westborough, MA) was used with an IMP maskless photolithography system 

to transfer the microelectrode patterns to the silicon substrate. The metal deposition was performed 

using physical vapor deposition with 5 nm of chromium deposited as an adhesive layer before a 

further 100 nm of gold was deposited on top. The remaining photoresist was removed using a 

heated bath of AZ 400T Resist Stripper (MicroChem Corp, Westborough, MA) at 45 °C. 

The chips were exposed to an oxygen plasma atmosphere for 5 minutes for surface cleaning. 

Subsequently, the microelectrode chips were treated with trichloro(1H,1H,2H,2H-perfluorooctyl) 

silane to be rendered hydrophobic. A 20 μL droplet of the silane solution was placed on each chip 

and left to react overnight inside a low vacuum chamber. Finally, the chips were washed with 

acetone, ethanol, and water before being air-dried and stored. 

3.2.3. Assembly of Metallic Nanofeatures 

 
The fabrication of the SERS-active silver dendritic scaffold followed the method described by 

Raveendran et al [169]. Briefly, a droplet containing a solution of 2 mM Na3C6H5O7 and 0.5 mM 

AgNO3 was placed on the microelectrode chip. All of the assembly processes were performed on 

a custom-made chip holder to support the microelectrode chips and electrically connect them to 

the function generator. A BK Precision 4040B Sweep function generator (Cole-Parmer Canada 

Inc.) was used to apply the electrical signal while a Tektronix 1002B oscilloscope was used to 

monitor the electrical signal. A voltage of 2.5 Vpp (peak-to-peak value) and the frequency of 10 

Hz was applied for 10 min in all experiments. At the cathode electrode, silver ions are reduced, 
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while at the anode citrate ions are oxidized, resulting in the formation of dendritic nanostructures. 

These silver structures originate from the edges of the gold microelectrodes and grow along the 

insulating substrate over time. Following the formation of the nanostructures and removal of the 

reagent solution, the substrates were rinsed with Millipore water and 2 mM aqueous potassium 

iodide to remove the remaining citrate. 

3.2.4. Analyte Deposition and Sandwich Assay Formation 

 
LESS was performed using a spatially non-uniform AC electric field. Approximately 10 µL of 

analyte solution was placed over the microelectrode center using a micropipette. The collection 

was run for 10 minutes at 10 kHz and a voltage of 15 Vpp in Millipore water, whereas for 

physiologically relevant (high conductivity) media it was run for 10 minutes at 2 MHz and a 

voltage of 8 Vpp. Following analyte capture, the surface was gently dried in a stream of nitrogen. 

Using AC electric field effects, the sandwich assay was formed by the accelerated sampling of 10 

µL Ag nanoparticles onto the captured analytes. Before use, Ag nanoparticles (0.02 mg.ml-1) 

underwent two rounds of centrifugation (6000 rpm, 30 minutes) to remove the supernatant. The 

nanoparticle pellet was resuspended in Millipore® water to a final concentration of 0.2 mg.ml-1. 

The Ag nanoparticle capture was run for 10 minutes at an AC frequency of 10 kHz and voltage of 

18 Vpp. 

3.2.5. Numerical simulation of analyte capture 

 
COMSOL Multiphysics® simulation software v6.0 (Burlington, MA, USA) was used to 

investigate the effect of electric field forces on proteins in physiologically relevant media. A three- 

dimensional (3D) model was used to yield the spatial profiles of fluid velocity, temperature, and 
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electric field intensity inside the protein solution. Modeling details can be found in Supporting 

Information. 

3.2.6. Surface Characterization 

 
Field emission scanning electron microscopy (FESEM) was performed using a ThermoFisher 

Quanta 650 FEG ESEM to visualize the nanostructures at different steps of assay formation. 

Fluorescence microscopy was carried out on Nikon Eclipse Ti2-LAPP inverted microscope. 

3.2.7. Raman Measurements and Data Processing 

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

(17 mW), 1800 l.mm−1 grating, and an Olympus BX-41 microscope system was used. The 

collection of spectra was performed in the backscattered mode using a ×50 microscope objective 

and under the following conditions: 500 μm pinhole, 500 μm slit width, 8 s sampling time. All 

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

reduced with a Savitsky–Golay filter. MATLAB (2021b) was used to perform spectral processing 

and multivariate analysis. OriginPro (2022) software (OriginLab, MA, USA) was used to perform 

data illustration and generate PCA plots. 

3.3. Results and Discussion 

3.3.1. The LESS assay 

Typically, analytes are driven to the SERS substrate by means of adsorption from solution or drop- 

casting (solvent drying). Neither case is very effective. Adsorption has poor reproducibility and 

typically results in the association of little material with the plasmonically active surface, especially 

in the case of dilute samples. Similarly, drop-casting can result in poor and uneven deposition of 

target molecules due to “coffee ring” effects on flat substrates, or capillary wicking in porous 
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substrates. LESS eliminates these limitations by concentrating target molecules specifically on 

areas with high surface density of SERS hot spots. 

Our working hypothesis behind the LESS assay is that proper application of an AC electric field on 

the SERS substrate can bring about electric field effects capable of transporting the analyte from 

solution to the surface and selectively capturing it into SERS-active locations. Figure 1 summarizes 

the individual steps involved in LESS. The assay employs a SERS-active substrate made of 

electrochemically grown Ag nanostructures. Details on substrate preparation can be found in 

previous publications by our research group[170]. Briefly, the SERS-active substrate is created in 

the gaps between gold planar microelectrodes via the reduction of silver ions from the solution (step 

“a”). The novelties introduced with LESS, however, are described in steps “b” and “c” of Figure 

2.1. During step “b”, the sinusoidal electric signal applied to the microelectrodes creates an electric 

field around the dendritic structures. This electric field interacts with the medium and solutes and 

generates a host of electric field effects that act synergistically, i.e., AC electroosmosis and AC 

electrothermal fluid flow act as conveyor belts that transport the proteins from the bulk of the 

sample to the detection surface, where dielectrophoresis acts as the force that attracts and retains 

the proteins on the surface of the dendrites. At the end of this step, the protein solution is removed 

and replaced with an AgNP suspension in water. During step “c”, the same active sampling process 

is repeated, resulting in the capture and accumulation of AgNP on the dendrites. The sandwich 

structure that is created by superimposing AgNP on the captured proteins leads to a higher density 

of electromagnetic hotspots, thus resulting in SERS signal enhancement in step (d). 
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Figure 3. 1. Description of LESS. (a) Formation of the dendritic nanostructures on the tips and edges of opposite 

gold electrodes. (b) Accelerated transport and active capture of proteins on the substrate. (c) Formation of a 

sandwich structure by superimposing actively captured AgNPs on the proteins (d) SERS data acquisition. 

 

 

3.3.2 Hypothesis validation 

 
Experimental validation of our hypothesis was sought by combining imaging and SERS 

measurements. To visualize the effect of active protein capture on the dendritic nanostructures by 

means of an electric field, solutions of streptavidin-FITC, a fluorescently labeled protein with a 

molecular weight close to that of creatinine, were used. Figure 3.2 compares the results of active 

protein capture on the SERS substrate vs. protein collection by diffusion/adsorption. As can be 

seen, passive diffusion of protein results in a weak fluorescent signal; however, when an electric 

field is applied, a strong fluorescence signal is obtained, signifying intense protein accumulation. 

Consistent with our expectations, the protein appears to accumulate more strongly in the narrowest 

gap between microelectrodes, i.e., the area of the highest electric field intensity (see also 
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simulations below). The dendritic nanostructures, acting as electrically conducting extensions of 

the gold microelectrodes, narrow the microelectrode gap further, thus creating a significantly 

higher electric field intensity (E=V/d) when powered by an electric signal. 

 

Figure 3. 2. Deposition of streptavidin-FITC on nanostructures (a) without and (b) with an AC 

electric field. 

 

 

LESS was also performed by using solutions of creatinine in artificial urine. Figure 3 shows a 

series of FESEM images collected at different steps of the assay. Figure 3a shows a detail of the 

microelectrode structure before the start of the experiment. Figure 3b was obtained following 

creatinine capture by an electric field. Figure 3c shows the surface of the dendrites after the 

deposition of Ag nanoparticles on the protein. Figures 3b and c show that the dendrites are dotted 

with white aggregates as a result of active capture. The position and surface density of the bright 

spot clusters is consistent with the collection patterns observed in Fig. 2b. Although protein and 

nanoparticle clusters are indistinguishable, the significant increase in the surface density of these 

bright spots with every step of the assay is noticeable. One would, thus, expect that the overlap of 
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proteins and nanoparticles on the dendritic nanostructures would create a multiplication of SERS 

hotspots, hence a much stronger SERS signal. 

 

Figure 3. 3. FESEM images of (a) dendritic structures, (b) Creatinine captured on the dendritic structures, and (c) Creatinine-AgNPs. 

 

 

Our hypothesis was examined further by comparing the SERS spectra obtained with and without 

active sampling. Specifically, the SERS spectra of creatinine (50 mg. L-1) collected on the substrate 

via diffusion, active protein sampling, or the use of LESS are shown for comparison in Figure 4. 

The contact time between the surface and the protein solution was kept constant in all experiments. 

As can be seen, protein sampling by means of diffusion alone produces poor SERS spectra that do 

not permit protein detection. Measurements using solutions at higher concentrations (200 mg. L-1) 

also did not permit detection of proteins. These results show the limitation that adsorption poses on 

the surface-based detection of large molecules, such as proteins. On the other hand, active protein 

sampling by means of an electric field leads to the acquisition of SERS spectra that contain some 

of the protein peaks. However, dramatic changes in the spectra intensity and resolution are seen 

when the detection assay is performed with LESS, i.e., by also using the same electric field to super- 

impose AgNPs on the dendrite-captured protein layer. 
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Figure 3 .4. Comparison of SERS spectra of creatinine (50 mg. L-1) collected 

on the substrate by diffusion, active capture, and sandwich assay. 

 

 

 

The SERS spectra enhancement that can be accomplished with LESS, as compared to a typical 

sampling scenario based on analyte diffusion to the detection surface, was evaluated using a series 

of rhodamine solutions of various concentrations. The enhancement factor and limit of detection 

for the sandwich assay were estimated to be 4.48×107 and 1.95×10-13 M, respectively, showing 10-

fold signal enhancement of the analyte (see Supporting Information). These tests illustrate the 

significant SERS signal enhancement that LESS can offer. Moreover, LESS enables the detection 

of proteins even when dropcasting or adsorption alone do not permit it. 

3.3.3. Qualitative and quantitative detection of creatinine and albumin 

 
Figure 5 shows the characteristic Raman spectra of creatinine (Figure 5a) and HSA (Figure 5c) 

captured from artificial urine (σ ≈ 1 S m-1) at different analyte concentrations. The strong Raman 

peaks observed at 685 cm-1, 887 cm-1, 1174 cm-1, and 1407 cm-1 in the spectra for creatinine can 

be attributed to the lactam ring inner vibration mode, C=O stretching mode, in-plane vibration of 
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the C–H ring, and anisometric deformation of the CH3 ring, respectively [171–173]. The 

characteristic spectral fingerprint of creatinine molecules was clearly observed at concentrations 

down to 2 mg.L-1 threshold required for diagnostic applications. The SERS intensity of creatinine 

increased with increasing concentration in the 2–320 mg.L-1 range (Figure 5b). A linear fit 

(R2=0.9739) was consistent with the relationship observed between the logarithm of concentration 

and peak intensity at 1174 cm-1. The relative standard deviations of the corresponding SERS 

signals were 6.2%, 4.3%, 3.7%, 3.1%, and 2.85%, respectively, with an average value of 4.03%. 

For the HSA spectra (Figure 5c), the Raman signals at 998 cm-1, 1026 cm-1, 1178 cm-1 and 1362 

cm-1 are attributable to phenyl, tryptophan, C–H vibrations, and aromatic C–C vibrations, 

respectively [174–177]. The signal intensity again increased linearly with the increase in HSA 

concentration in the range of 5–300 mg.L-1. Moreover, a linear increase of the Raman signal at 

998 cm-1 with the logarithm of the concentration (R2=0.9589) was observed. The relative standard 

deviations of the SERS signals from 5–300 mg.L-1 were 2.3%, 5.3%, 3.7%, 4.2%, and 5.1%, 

respectively, with an average value of 4.2% (Figure 5d). The low relative standard deviation and 

high R2 value for both protein analytes demonstrate measurement reproducibility and the sandwich 

assay’s potential for analyte quantification. 

Using the “signal-to-noise- ratio of 3” principle, the limits of detection (LOD) for creatinine and 

albumin in artificial urine were calculated from: 

 

LOD =  
3.3σ 

S 
(1) 

 

where σ is the standard deviation of the regression and S is the slope of the linear fit. The LODs 

for creatinine and albumin in artificial urine were calculated to be 0.11 mg.L-1 and 0.15 mg.L-1, 

respectively. It must be emphasized that these values are smaller than the concentration levels in 
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urine that are considered to be normal [178,179]. Detailed experimental results are shown in the 

Supporting Information. 

 

 
Figure 3. 5. SERS identification and quantification of (a-b) creatinine and (c-d) HSA in artificial urine. Normalized 

SERS signal intensity variation of (b) creatinine and (d) albumin solution in artificial urine corresponding to their 

characteristic Raman signals at 1174 cm-1 and 998 cm-1, respectively. 

 

 

 

Multiplex  detection 

 

The ability of LESS to detect the simultaneous presence of both analytes from a single sample was 

tested by acquiring SERS spectra of creatinine and albumin mixtures (10 mg.L-1 and 100 mg.L-1, 

respectively) in artificial urine. The concentrations for each protein have been selected so as to 

represent threshold values in urine that signal the onset of disease in humans. Figure 6a shows the 

SERS signals of HSA, creatinine, and their binary sample in artificial urine. The SERS spectra of 
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the binary mixtures contain the characteristic Raman shifts of both analytes. Specifically, the peaks 

at 685 cm-1 and 887 cm-1 are assigned to creatinine while peaks at 908 cm-1 and 1026 cm-1 are 

assigned to HSA. PCA analysis was performed on the SERS signal of each analyte in artificial 

urine as well as the binary mixture (within the wavenumber range of 600-1600 cm-1). Figure 6b 

shows the PCA score plots of creatinine, albumin, and their binary mixtures. With the two principal 

components of 71% and 23%, the PCA result showed 94% of the total variance of variables. With 

a reasonable separation, the SERS spectra of distinct samples could be discerned. Figure 6b shows 

an ellipse with a 95% confidence interval. As a result, the designed SERS platform, in conjunction 

with the data analysis and clustering method, can be used to identify and distinguish analytes in a 

non-supervised manner. 

 

Figure 3. 6. (a) SERS spectra of creatinine, HSA, and multiplex sample in artificial urine. Creatinine and HSA were 

added to the urine to reach the final concentration of 10 mg.L-1 and 100 mg.L-1, respectively. (b) 2D PCA score plot 

of the creatinine, HSA, and the binary mixture. 
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3.3.4. Numerical investigation of the active capture mechanism 

 

Numerical simulations were employed to provide some fundamental understanding of the electric 

field effects that facilitate enhanced SERS detection during LESS. A computer model based on the 

microelectrode geometry and applied experimental conditions was used for simulating the flow 

patterns, force on the protein, and temperature rise that take place during active capture [180–182]. 

The model did not include the dendritic structures for the sake of simplicity. The simulations were 

performed using COMSOL MultiphysicsTM. Simulation details are provided in the Supporting 

Information section. 

The first set of simulations involved the capture of proteins inside a physiologically relevant 

medium (artificial urine; electrical conductivity of 1.0 S.m-1). The simulations were performed for 

the conditions of the experiments, namely, an AC signal of 8 Vpp at 2 MHz. The effects of ETFF 

and ACEO on protein transport were examined. ETFF, which is driven by the interaction between 

the electric field and the gradients of conductivity and permittivity that develop due to the ohmic 

heating of the medium, was the dominant effect under these conditions. The effect of ACEO was 

almost negligible. The velocities of fluid flows resulting from ACEO alone were more than 100- 

fold smaller than those of the electrothermal flow. This finding can be explained by the fact that, 

ACEO, which originates from the interaction between an electric field and an electrical double 

layer, becomes insignificant when electrode polarization effects are minimized, i.e., at medium 

conductivities above 0.1 S.m-1 [183]. The accelerated transport of proteins to the detection surface 

is, therefore, facilitated by the Stokes d(drag) force exerted by the fluid on the proteins due to 

electrothermal fluid flow effects. ETFF has been shown to be an effective way of guiding 

bioparticles inside biological fluids toward predetermined locations at planar electrode surfaces 

for improving sensor performance [184,185]. 
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The results of the simulations can be seen in shown in Fig. 7. Except for Fig. 7b, simulation results 

are shown for a plane normal to the substrate, drawn along the line of minimum separation between 

adjacent microelectrodes. Figure 7a shows the electric field intensity (color plot) and electric field 

lines. The highest field intensity regions are at the microelectrode edges. The temperature profile 

caused by ohmic heating in the microelectrode vicinity is seen in Fig. 7b. The maximum 

temperature rise is less than 2 ºC and is located midway between the electrode tips. In spite of the 

small temperature rise, the resulting temperature gradients are strong enough to create significant 

ETFF vortices (shown by the arrows) that extend into the bulk of the solution (Figure 7c). This 

fluid motion brings protein molecules from the bulk to the sensor surface at speeds as high as (10 

μm.s-1) . 

In addition to ETFF, the simulation results show that DEP of proteins also plays a role. DEP results 

from the interaction between the electric field gradient and a polarizable physical object. DEP can 

be either positive (pDEP) or negative (nDEP), depending on the sign of the ℛℯ[𝑓𝐶𝑀(𝜔)] factor, 

meaning that particles are either attracted to or repelled from, respectively, the high electric field 

regions (see Fig. S3). Protein molecules have permanent dipoles and have been reported to undergo 

positive DEP (pDEP) up to the MHz range [180–182]. The dielectrophoretic force on the proteins 

depends on the root-mean-square of the electric field strength (see Supporting Information). Figure 

7d is a plot of the norm of ∇|𝐸𝑟𝑚𝑠|2. The highest values of ∇|𝐸𝑟𝑚𝑠|2 are found at the edges of the 

microelectrodes. It can also be seen that the gradient drops sharply as we move away from the 

microelectrode edge. The magnitude of the corresponding dielectrophoretic force on the proteins 

is displayed in Fig. 7e. As expected, the DEP force is the strongest in this area. As can be seen, 

DEP is highly localized, contrary to ETFF, which extends at much greater distances. A comparison 

between these two effects on protein transport is shown in Fig. 7f, which is the ratio of the norms 
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of FDEP vs. the Stokes force (ETFF). The ratio plot shows that the DEP force is stronger (ratio > 

1.0) only in the immediate vicinity of the microelectrode gap (within ~42 μm). Protein transport 

from distant locations, as well as stable trapping at the electrode surface, is therefore accomplished 

by combining these two mechanisms. Work by other groups has also confirmed that DEP can 

function as a short-range trapping force for polarizable particles.47 
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Figure 3 .7 a) Cross-sectional view of the gradient of electric field intensity (V/m) inside the sample droplet. The highest 

electric field gradient occurs at the microelectrode edges (indicated by arrows); b) Top-down view of the temperature profile 

(K) in the vicinity of the microelectrodes (inset). c) Cross-sectional view of the fluid velocity (m/s). The arrows (not drawn 

to scale) indicate the direction of fluid motion. d) Cross-sectional view of the gradient of electric field squared inside the 

droplet. e) The cross-sectional profile of the dielectrophoretic force. Scale bar in log(). f) Plot of log10(F DEP /F drag) 

comparing the forces exerted on a protein molecule (dielectrophoretic vs. viscous drag force). The dielectrophoretic force 

appears stronger only very close to the electrodes, whereas viscous drag forces dominate outside this range. 

 

 

 

Numerical simulations were also performed for the case of the AgNP suspension. As stated in the 

experimental section, different experimental conditions (18Vpp and 10kHz) were used for the 

active capture of the nanoparticles. The change in AC frequency was found necessary since the 

value of 2 MHz used in protein capture resulted in poor nanoparticle collection on the dendrites. 

As shown by the simulations, the low electrical conductivity of the AgNP suspension (use of 

Millipore water as suspension medium) resulted in a very weak ETFF effect. Similarly, ACEO 

flows were found to be negligible in the MHz frequency range. On the other hand, the application 

of a 10 kHz signal produced a sizeable ACEO fluid flow, capable of effectively transporting AgNP 

to the dendritic surface. Additionally, the DEP force was found to be strong and unaffected by the 

AC frequency used. Combining numerical simulation results and experimental observations we 

can conclude that effective particle capture requires the synergy between fluid flow and 

dielectrophoresis. 

Using the conclusions drawn from the numerical simulations above we can provide an explanation 

of the SERS enhancement that was observed when using LESS. The existence of the dendritic, 

SERS-active, Ag nanostructured layer in the gap between the electrodes is expected to have a 

beneficial effect on protein capture. Acting as a physical extension of the microelectrodes, the 

dendrites reduce the interelectrode gap, thus locally creating a stronger electric field. At the same 

time, the multiple sharp features of the dendrites serve as a location where high electric field 

gradients can develop. This can lead to strong dielectrophoretic forces on the proteins over the 
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whole dendritic area, which in turn, will increase the number of captured molecules. Sharp features 

of metallic nanostructures, such as gaps between the electrodes [186,187] and tips [188,189], have 

been shown to effectively trap bioparticles. Figure 8 shows a schematic depicting the mechanism 

causing protein and nanoparticle accumulation when using LESS. This schematic (not drawn to 

scale) approximates the cross-section of the nanostructures, highlighting their sharp tips, where 

the electric field gradient is high. The two main effects that cause analyte and nanoparticle motion 

are shown to act synergistically. Specifically, ETFF, acting over long distances, functions as a 

conveyor belt that brings objects close to the dendritic surface. At the close vicinity of the dendritic 

tips, DEP takes over and stably captures protein molecules and nanoparticles. Since both protein 

molecules and nanoparticles experience the same strong DEP force that drives them preferentially 

to the tips of the dendrites, protein-Ag nanoparticle clusters (hence, new SERS hot spots) are likely 

to form at the tips. 

 

 

Figure 3. 8. Schematic describing the stepwise process of forming a sandwich-type assay using an AC electric field. The 

proteins are transported close to the substrate by means of electrothermal fluid flow (ETFF) and then captured on the dendrites 

by dielectrophoresis (DEP). In a subsequent step, DEP attracts silver nanoparticles brought over the dendrites due to AC 

electroosmosis (ACEO). The formation of AgNPs-protein clusters on the dendrites results in an increase of SERS hotspot 
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The current simulations were performed without taking into account the effect of dendrites, in 

order to avoid unnecessary complexities. Although semi-quantitative, the simulation results paint 

a clear picture of how properly combined electric field effects can help overcome detection 

limitations in surface-based sensors, especially when the target analyte exists at low 

concentrations. Current work in our group aims to explore how LESS can be improved further, 

especially in terms of specificity by, for example, incorporating SERS substrate-immobilized 

antibodies. A similar, Raman-based detection approach was demonstrated by Docoslis et al for 

detecting viral particles in a medium of physiological ionic strength[190]. 

Conclusion 

 

Here we demonstrated a straightforward experimental methodology that can substantially improve 

the sensitivity of SERS-based detection methods. The methodology, termed LESS, has been 

demonstrated for the case of creatinine and HSA detection in artificial urine; however, the 

applicability of LESS can be extended to other proteins. LESS makes use of electric field effects 

to accelerate the transport of proteins from the bulk of the sample and, subsequently, capture these 

proteins on the SERS-active substrate. When this active capture strategy is applied to the protein 

and Ag nanoparticles results in both a concentration amplification effect and the creation of a 

higher density of SERS hotspots. The working hypothesis behind this accelerated 

capture/concentration amplification mechanism was proven by combining experiments and 

numerical simulations. LESS was shown to increase the SERS signal intensity of proteins by 10- 

fold. Solutions of creatinine and HSA in artificial urine were directly analyzed without 

pretreatment. The limit of detection for urinary creatinine and HSA was estimated to be 0.11 mg.L- 

1 and 0.15 mg.L-1, respectively. The intensity of characteristic peaks showed linear variation with 

concentration, making quantification possible. LESS can be easily integrated with existing SERS 
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protocols. Owing to the increased sensitivity it can offer (10-fold in the present case), LESS can 

also lead to reduced sample processing times, reduced sample volumes, and use of SERS as a 

point-of-need diagnostic method. 
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Chapter 4 Fast and Sensitive Virus Detection using a 

Plasmonic Sensor that Integrates Electrokinetically 

Assisted Sampling and Surface-enhanced Raman 

Scattering 

 
We present a novel plasmonic biosensing method for on-chip detection on viral particles featuring 

a microelectrode platform that integrates accelerated sampling of virus with surface-enhanced 

Raman scattering (SERS). We show experimentally that our approach can produce spectacular 

results owing to the unique incorporation of two key features: (1) Concentration amplification of 

virus on the SERS-active substrate; (2) Local plasmonic activity enhancement due to the targeted 

superimposition of silver nanoparticles on the captured virus sites. When tested for the detection 

of the M13 bacteriophage our “sandwich” assay yielded excellent reproducibility (signal variation 

<6%) and a very low limit of detection (1.13x102 pfu/ml). Compared with the performance of our 

standard SERS substrates, SERS signals stronger by at least one order of magnitude are typically 

achieved. In addition to experimental results, our work also includes finite element (COMSOL 

Multiphysics) and finite-difference time-domain (FDTD) simulations that provide insights into the 

mechanisms of concentration amplification and plasmonic activity enhancement, respectively. 

Keywords: surface-enhanced Raman scattering (SERS), dielectrophoresis, silver nanoparticle, 

label-free virus detection 
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4.1. Introduction 

epidemics (e.g., Ebola virus disease, Zika virus), pandemics (e.g., SARS-CoV-2, H1N1), and the 

higher costs associated with their containment and treatment emphasize our urgent need for 

methods that offer early and efficient detection of viral infections [191,192]. Safeguarding public 

health and safety through early diagnoses requires the implementation of efficient and cost- 

effective (bio)chemical diagnostic methods, preferably at the point of need. Accurate testing for 

viruses, however, typically requires time-consuming and laborious procedures performed in 

properly equipped, centralized facilities [193]. This translates into delayed diagnoses, higher 

health care costs, loss of work productivity and, occasionally, preventable fatalities. On the other 

hand, quick diagnostic methods (e.g., rapid COVID tests) usually return positive results only when 

the patient is already at, or past, the acute phase of a viral disease [4], magnetic separation [194], 

chemical modification [195], and microbubbles [196]. One approach that holds great promise for 

overcoming the sampling problem, thus allowing plasmonic sensors to reach their full potential 

relies on the use of electric fields [197–199]. Trapping and manipulation of nanoscopic objects 

with electric fields is challenging, however, and requires properly designed and operated 

microelectrodes. The spatially non-uniform AC (alternating current) electric fields generated by 

these microelectrodes interact with particles and fluid and bring about forces that are collectively 

termed AC electrokinetic effects. Although the integration of one or more of these effects into 

microfluidic systems led to fast and sensitive detection of cells and bacteria, studies on the 

electrokinetic manipulation of viruses are scarce [200–206]. 

The combination of electrokinetic effects with SERS has already resulted in successful and highly 

effective applications for detecting proteins and low molecular weight analytes [207–209]. To 

reduce trapping voltage, researchers have tried to increase the effective surface area of the 
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electrodes by using metallic nanostructures like nanorods, nanostars, nanopillars, and gold 

nanoshells [210–213]. Although effective, these scaffolds are typically fabricated using relatively 

costly and time-consuming fabrication methods, which limit their accessibility. For instance, 

previous studies included the fabrication of 3D Ag nanorods through nanoimprint lithography for 

SERS detection [214], hollow silver antennas prepared via ion-beam milling on a polymeric 

substrate to enhance plasmonic properties [215], and silver nanostar arrays fabricated using 

electron beam lithography (EBL) on a single layer of graphene for detection purposes [216]. 

Using the M13 virus as an illustrative example, we demonstrate an efficient experimental approach 

for achieving accelerated virus sampling and sensitive detection through the integration of electric 

field effects and SERS on a single microelectrode platform. Virus sampling, Ag nanoparticle 

capture, and SERS measurements are performed sequentially during an experimental procedure 

that we term LESS (an abbreviation for Label-free, Electric field-assisted, Sandwich-based, 

Surface-enhanced Raman scattering). The two key features of LESS are: (a) the use of AC electric 

field effects to overcome mass transfer limitations and amplify the concentration of the virus on 

the SERS-active substrate; (b) the use of a subsequent AC electric field for attracting and 

superimposing silver nanoparticles on the sites of captured virus, hence creating plasmonically 

active clusters of higher intensity and surface density. In addition to experimental observations, 

we also employ COMSOL Multiphysics™ simulations to explore the role of the electric field 

effects in the transport and capture of M13 and to gain insights on the forces, flow patterns, and 

heating effects that take place during M13 sampling. Moreover, we perform preliminary finite- 

difference time-domain (FDTD) simulations to get an understanding of the SERS signal 

enhancement that is observed when Ag nanoparticles are superimposed on the captured M13 virus. 
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4.2. Materials and methods 

4.2.1. Materials 

Silver nitrate (AgNO3), trisodium citrate (Na3C6H5O7), trichloro(1H,1H,2H,2H perfluorooctyl) 

silane, and tris buffered saline (TBS) were all purchased from Sigma Aldrich (Oakville, ON, 

Canada). Standard silver nanoparticles (50 nm) with a polydispersity index of 0.18 ± 0.02 were 

purchased from Cytodiagnostics (Burlington, ON, Canada). M13 bacteriophage was purchased 

from Cedarlane (Burlington, ON, Canada). Polished silicon wafers (4″ diameter) with a thermally 

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

Millipore® water (18.2 MΩ cm) was used to prepare all aqueous solutions. A transparency-based 

photolithography mask was designed using AUTOCAD (2018) and printed by Advance 

Reproductions Corp. (North Andover, MA, US). 

4.2.2. Microchip Fabrication and Modification 

Microelectrodes were fabricated using a photolithography process on silicon wafers, followed by 

electron beam metal film evaporation and lift-off [217]. 

After undergoing a 5-minute surface cleaning process through exposure to an oxygen plasma 

atmosphere, the microelectrode chips were rendered hydrophobic by being treated with 

trichloro(1H,1H,2H,2H-perfluorooctyl) silane. Specifically, a 20 μL droplet of the silane solution 

was placed on each chip and was allowed to react overnight in a low-vacuum environment. After 

the reaction was complete, the chips were thoroughly cleaned with acetone, ethanol, and water 

before being air-dried and stored for future use. 

4.2.3. Assembly of dendritic nanostructures 

The fabrication of the silver dendritic nanostructures followed the procedure outlined by 

Raveendran et al. [217]. In brief, a droplet containing a mixture of 2 mM Na3C6H5O7 and 0.5 mM 
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AgNO3 was placed on the microelectrode chip. All the fabrication steps were conducted on a 

custom-made chip holder, which supported the microelectrode chips and facilitated their electrical 

connection to the function generator. The electrical signal was applied using a BK Precision 4040B 

Sweep function generator (Cole-Parmer Canada Inc.) while being monitored with a Tektronix 

1002B oscilloscope. The applied voltage was 2.5 Vpp (peak-to-peak voltage) and the frequency 

was set to 10 Hz. The voltage was applied for a duration of 10 minutes in all experiments. At each 

voltage cycle, silver ions were reduced (Eqn. 1) at the microelectrode that served as cathode, while 

citrate ions were oxidized (Eqn. 2) at the microelectrode that served as anode. These reactions led 

to the formation of dendritic nanostructures starting at the edges of the microelectrodes and 

growing over the insulating substrate. After the nanostructures were formed and the reagent 

solution was removed, the substrates were thoroughly rinsed with distilled water and 2 mM 

aqueous potassium iodide to eliminate any remaining citrate. 

Ag(aq)
+ +e−→Ag(s)                                                                                                                     (1)                                                             

C6H5O7
3−(Aq)→CO2 (aq) + H(aq)

+ + C5H4O5
2−(aq)+2e−                                                            (2) 
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Figure 4 .1. a) A batch of microelectrode chips fabricated using photolithography. (b) Top view of a 

single microelectrode chip. (c) Schematic depicting growth of Ag dendritic nanostructures between 

adjacent gold microelectrodes (cross sectional view) energized by an AC electric field. (d) Optical 

image of Ag dendritic nanostructures grown under 10 Hz, 3 Vpp. 

 

 

 

 

4.2.4.  Preparation of virus 

The M13 phage (ATCC# 15669-B1) was acquired in a desiccated state from Cedarlane (Ontario). 

The phage was resuspended by mixing it with 1 mL of Yeast-Tryptone broth, composed of 3 L of 

water, 24 g of tryptone, 15 g of yeast extract, and 15 g of NaCl, with a pH of 7.5. To culture the 

M13 phage, nutrient-deficient M9 plates were used to prepare E. coli EMG31. The M9 plates were 

made by combining 800 mL of water, 18 g of agar, 10 mL of 10 mM CaCl2, 1 mL of 1 M 

MgSO4·7H2O, 10 mL of 20% glucose, 1 mL of 1% Thiamine HCl, and 200 mL of M9 salt solution 

(made with 1 L of water, 5.0 g of NH4Cl, 2.5 g of NaCl, 15 g of KH2PO3, and 64 g of 

Na2HPO4·7H2O). The E. coli EMG31 was then transferred to 26 mL of Yeast-Tryptone broth and 

grown until it reached the log growth phase. Following that, 200 μL of the log growth E. coli 

EMG31 was mixed with 10 μL of the resuspended M13 phage and added to 20 mL of Yeast- 

Tryptone broth. After 1.5 hours, the solution was divided into centrifuge-safe sample holders, with 

each holder containing 2 mL of the solution. After an additional 6 hours, the samples were 

centrifuged and decanted. The samples were found to have an approximate concentration of 1013 

pfu/mL via plaque assay and were stored at 4ºC until required. 

4.2.5. Application of LESS 
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For virus sampling and concentration, 10 µL of the virus solution was carefully dispensed onto the 

microelectrode's center using a micropipette. To capture viral particles from buffer solution, an 

electric field with a frequency of 100 kHz and a voltage of 10 Vpp was applied for 8 minutes, 

followed by gentle drying with a nitrogen stream. 

Next, to capture silver nanoparticle the virus-containing dendrites, 10 µL of a AgNP dispersion 

(2.91×1013 particles/mL)) was added to the microelectrodes. Prior to use, the AgNPs were 

centrifuged twice at 6000 rpm for 30 minutes and washed with Millipore® water to remove the 

supernatant. The collection of AgNPs was then conducted for 8 minutes using an electric field at 

10 kHz and 18 Vpp. 

 

4.2.6. Characterization 

 
Field emission scanning electron microscopy (FESEM) was performed using a ThermoFisher 

Quanta 650 FEG ESEM to visualize the formation of LESS. Fluorescent microscopy was carried 

out on Nikon Eclipse Ti2-LAPP inverted microscope. 

4.2.7. Fluorescence microscopy 

The microelectrodes were initially incubated with 50 μL of a blocking solution (3% BSA in PBS) 

for 1 hour without shaking. Subsequently, they were rinsed with 5 mL of PBS for 5 minutes to 

remove any excess blocking buffer. Next, the M13 phage capture was performed by exposing the 

microelectrodes to 10 Vpp and 100 kHz, with a concentration of 109 pfu/ml. Subsequently, the 

microelectrodes underwent another gentle 5-minute rinse with 5 mL of PBS to eliminate any 

unbound M13 bacteriophage. In the following step, the microelectrodes were incubated with 2.5 

mL of biotinylated anti-fd solution (diluted in PBS to a final concentration of 2 μg/mL) for 1 hour 
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with gentle shaking. This process was followed by another gentle 5-minute rinse with 5 mL of 

PBS to remove any unbound biotinylated anti-fd. Afterward, the microelectrodes were exposed to 

2.5 mL of streptavidin-FITC solution (diluted in PBS to a final concentration of 1 μg/mL) for 1 

hour with gentle shaking. A final gentle 5-minute rinse with 5 mL of PBS was performed to remove 

any unbound streptavidin-FITC. Finally, the presence of M13 bacteriophage on the surface was 

detected by observing the microelectrodes under a fluorescence microscope, completing the 

detection process. Fluorescent and brightfield images of the virus were captured using an Olympus 

IX83 inverted epi-fluorescent microscope (Tokyo, Japan) equipped with a low-noise, high-speed 

CMOS camera (Zyla4.2-CL10, ANDOR, Belfast, Ireland). 

4.2.8. Raman measurements 

 
SERS spectra were acquired by using a HORIBA Jobin- Yvon Raman Spectrometer (Model: 

LabRAM), equipped with a 632.8 nm He/Ne laser (17 mW), a 1800 l.mm−1 grating, and an 

Olympus BX-41 microscope system. The spectral collection was conducted in backscattered mode 

with a ×50 microscope objective, using a 500 μm pinhole and a 500 μm slit width, with a sampling 

time of 10 seconds. Polynomial subtraction was applied for background correction, and the 

Savitsky–Golay filter was utilized to reduce noise. Data analysis and visualization were performed 

using Python programming language with the Pandas and Matplotlib libraries utilized for reading 

and plotting data, respectively[29]. Raman mapping was acquired using an XploRA™ PLUS 

MicroRaman Spectrometer (HORIBA France SAS) equipped with SWIFT™ confocal 

microscopy. 
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Results and discussions 

4.2.9. AC electric field effects 

 
Effective transfer of analytes to the SERS substrate is crucial for achieving sensitive and 

reproducible measurements. Typically, analytes are driven to the substrate by adsorption from 

solution or drop-casting (solvent drying), but both methods have their drawbacks. Adsorption has 

poor reproducibility and low analyte association, especially with dilute samples. Drop-casting can 

cause uneven deposition due to 'coffee ring' effects or capillary wicking. We attempt to overcome 

 

these issues with the use of AC electric field effects. Such fields can be conveniently applied in 

our case by making use of microelectrodes already embedded in the SERS chip, i.e., the ones 

previously used for the electrodeposition of the SERS-active silver substrate. The application of 

an AC potential across the microelectrodes brings about a host of phenomena in the virus 

containing liquid sample. The electric field generated phenomena that are being used in our case 

are: Dielectrophoresis (DEP), a deterministic particle motion resulting from the interaction 

between particles and a spatially not-uniform electric field by means of induced polarization 

effects; AC electroosmosis (ACEO), originating from the interaction of the tangential component 

of the electric field with the induced charges in the diffuse double layer on the electrode surface; 

Electrothermal fluid flow (ETFF) is generated by the interaction of the field with an electrically 

inhomogeneous liquid due to local ohmic heating and resulting temperature gradients. 

The effect of these forces on a virus-containing sample situated on the SERS chip is schematically 

depicted in Fig 2a, DEP is the result of a direct force (“dielectrophoretic force”) on the virus and 

can cause its transport and capture onto the SERS-active layer. ACEO and/or ETFF act indirectly 

on the virus by means of a Stokes (drag) force as the fluid moves past the virus particles. ACEO 

and ETFF have a “conveyor” belt effect that can bring virus close to the SERS substrate from 
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remote areas inside the sample and, thus, accelerate the sampling outcome. It is worth noting that 

ACEO is prevalent in aqueous media of low ionic strength, while ETFF becomes stronger as the 

ionic conductivity of the medium increases. Therefore, these two flows may occur simultaneously, 

or one at a time. Finally, it must be pointed out that all three aforementioned effects are strongly 

dependent on both amplitude and frequency of the applied electric field. This dependence 

constitutes a major advantage, as it permits us to finetune analyte sampling by varying simple 

experimental parameters. 



84  

In addition to providing effective sampling, LESS also takes advantage of electric fields to increase 

the intensity of the plasmonic effect of the SERS-active substrate. This is accomplished in a 

subsequent step when, following the removal of the virus sample, a suspension of Ag nanoparticles 

is deposited on the same SERS substrate (Fig. 2b). An electric field of different characteristics 

(voltage, frequency) is now applied on the suspension, resulting in nanoparticle transport and 

accumulation on the virus collection site. This effect is expected to create Ag nanoparticle 

clustering on or near the virus particles and, consequently, a higher density of SERS hot spots (Fig 

2c). Below we perform a series of experiments to validate our hypothesis. 

 

Figure 4. 2. Assay formation (a) Accelerated transport and active capture of virus particles on the substrate. (b) 

Formation of a sandwich structure by superimposing actively captured AgNPs on the virus. (c) SERS data 

acquisition. 

 

 

4.2.10. Virus Sampling 

We employ fluorescence imaging to visually confirm the accumulation of viral particles on 

dendritic nanostructures when an electric field is applied across the microelectrodes. The results 

can be seen in Figure 3. The dashed lines indicate the position of the microelectrodes on the SERS 

layer. Figure 3a shows the fluorescence image acquired in the case of virus sampling occurring by 

means of diffusion. In this case, no accumulation of virus can be seen. Fig. 3b is the corresponding 
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brightfield image (Figure 3b), which shows clearly the SERS layer that has formed around the two 

electrodes (top and left) that were activated during the Ag electrodeposition process. In contrast, 

Figure 3c shows a much stronger fluorescence signal and the formation of bright streaks on the 

SERS layer, which follows the outline of the microelectrode boundaries. This image corresponds 

to virus sampling with the aid of an AC signal applied across two adjacent microelectrodes. The 

intense fluorescence indicates a virus accumulation pattern that is consistent with the theory of 

DEP, which calls for high accumulation in areas of narrow microelectrode gap. The strongest force 

occurs in areas where the intensity of the electric field gradient is the highest. The dendritic Ag 

nanostructures, which are physically connected to the microelectrodes decrease the microelectrode 

gap and, consequently, increase further the local electric field intensity (E = V/d). Hence, viral 

particles experience a stronger DEP force in these regions, which results in their higher 

accumulation. The corresponding brightfield image is given in Figure 3d. 
 

Figure 4 .3. (a) Fluorescence imaging and (b) brightfield image showing the deposition of viral 

particles on nanostructures without AC electric field. (c) Fluorescence imaging and (d) brightfield 

image showing the deposition of viral particles on nanostructures with AC electric field. 
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4.2.11. Ag nanoparticle superimposition 

 

In addition to achieving concentration amplification on the SERS-active surface, electric field 

effects can also be employed for the clustering of Ag nanoparticles on the locations of captured 

virus. It is expected that the combination of the two effects will further boost the SERS signal 

produced by the virus. The role of the SERS-active layer in the active capture of virus and Ag 

nanoparticles can be better understood upon inspection of its morphology. The FESEM image 

shown in Fig. 4 provides detailed information on the shape and architecture of the SERS-active 

layer (Fig. 4a). Specifically, the electrodeposited Ag nanostructures have a branched (“dendritic”) 

morphology and extend for approximately 100 µm into the microelectrode gap. The length of the 

branched layer can be controlled by adjusting the distance between opposite microelectrodes [218]. 

Although these dendrites grow outwards from opposite microelectrodes, they never contact each 

other. We have recently shown that the electrical sorting of the structures is prevented due to the 

high-pressure gradients that develop as the dendrites from opposite electrodes reach a separation 

of a few micrometers [219]. This self-terminated growth of the dendrites ensures that an electric 

field will be present every time an electric potential difference is applied across the electrodes. 

Moreover, the intense topography of the Ag nanostructures produces asperities (tips, edges, etc.) 

that can amplify the local intensity of the electric field gradients. The latter gives rise to strong 

dielectrophoretic forces that attract and capture particles (virus and metallic nanoparticles) from 

the suspension. Evidence of that is provided in Fig. 4b, which shows the accumulation of Ag 

nanoparticles (bright clusters) on the surface of the dendrites. The nanoparticles were collected 

from a droplet (2.91×1012 particles/mL) that was deposited on the SERS chip for 10 min when a 

signal of 10Vpp and 100 kHz was applied across the microelectrodes. As can be seen from the 

FESEM images of Fig. 2b-d, the density of Ag nanoparticles captured on the surface correlates 
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positively with the volumetric concentration of AgNP in the droplet. Notably, when the AgNPs 

suspension is concentrated 10-fold (2.91×1013 nanoparticles/mL), the SERS substrate appears to 

be densely covered by AgNPs over a large coverage area (Figure 2d). Hence, it is expected that 

the high-density of AgNPs will create numerous additional hot spots and, in turn, stronger SERS 

signals. This hypothesis is put to test in the following section for the case of virus detection. 

 

Figure 4 .4. FESEM images of silver nanostructures: a) without AgNPs, b) with AgNPs (original 

concentration), c) with AgNPs (5-fold concentration), and d) with AgNPs (10-fold concentration). 

 

 

4.2.12. SERS-based detection using LESS 

 

To demonstrate the sensitivity and reproducibility of LESS in pathogen sensing, we employed the 

M13 bacteriophage as our model analyte. This filamentous virus is known for its ability to infect 

Escherichia coli. It serves as a valuable tool in various scientific fields, including DNA replication, 

gene expression, protein synthesis, biotechnology, and recombinant protein production, as well as 

in introducing foreign DNA into host cells.[220]. Figure 5 is a schematic representation of a M13 
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phage which outlines the various proteins on the surface [221]. Major peak assignments in the 

SERS spectrum of M13 are shown in Table 4.1. 

 

 

Peak wavenumber (cm- 

1) 
Peak Assignment [222– 

227] 
Peak wavenumber (cm- 

1) 
Peak Assignment [222– 

227] 

742 Adenine ring 1368 V(COO-) 

839 Tyr 1428 -CH2 deformation mode 

919 -COO stretch 1483 -CH2 deformation mode 

1024 Phe 1537 Trp 

1183 -CH2 bending mode 1586 V(COO-) 

1224 Amide III 1621 Amide I 

Figure 4. 5. Table 1. Peak Assignment for Raman Bands of M13 Bacteriophage. 

 

 

 

To explore potential benefits from the use of LESS, the method was compared against simpler 

virus sampling methods, namely, colloidal interactions and drop casting. The comparison also 

included “active” sampling of virus (use of an AC electric field). In all cases, the SERS chips 

were produced under identical conditions and the virus concentration in the sample was kept 

constant and equal to 107 pfu/ml. The SERS signals obtained in each case can be seen in Figure 

6. Sampling by colloidal interactions produced a very weak signal, even at this relatively high 

virus concentration. This weak signal is likely due to the low sensitivity of the assay, resulting 
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from the limited interaction between the virus and the substrate, as well as the slow, diffusion- 

control transport of the target. The method of drop casting, which effectively deposits on the 

SERS chip all the virus contained in the droplet, produced a relatively stronger signal. On the 

other hand, “active” virus capture resulted in much stronger signal intensity, on account of the 

targeted virus deposition on the SERS-active surface. Finally, a substantial SERS signal 

enhancement was seen when LESS was employed. The sharper and stronger SERS signal seen 

in the latter case should be attributed to the deposition of silver nanoparticles (AgNPs) over the 

captured virus. The “sandwich” configuration that is created by enclosing the virus inside two 

layers of SERS-active silver results in a significantly stronger plasmonic effect. In this test, 

LESS produced a signal that was 14-fold stronger than that obtained from drop casting the virus 

sample on the SERS substrate. LESS was tested further by employing samples of with different 

virus loading (for SERS spectra, see Supporting Information). By using the peak at 1183 cm-1 a 

clear correlation (R2=0.9849) was found between virus concentration and signal intensity. Using 

the calibration curve shown in Fig. 6b, a limit of detection of 1.13x102 pfu/ml was calculated. 

The assay allows us to detect several weaker characteristic M13 bands in the SERS spectra at 

concentrations as low as 1×104 pfu/ml. According to information found in the literature, these 

bands are attributed to the C-C twisting mode of the tyrosine residues (742 cm-1), C-C stretching 

mode (839 cm-1), -COO stretch (919 cm-1), CH2 bending mode (1183 cm-1), -CH2 bending mode 

at 1428 cm-1, and Amide Ι at 1625 cm-1, associated with the C=O stretching mode of the peptide 

backbone, respectively [222,228–231]. The SERS spectra of M13 over the range of 104-109 

pfu/ml can be seen in the Supporting Information. 
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Figure 4. 6. (a) SERS spectra of M13 (107 pfu/ml) collected on the substrate through adsorption, dropcasting, active 

capture, and LESS. (b) Normalized SERS signal intensity variation of virus in buffer solution corresponding to the 

characteristic signal at 1183 cm-1. 

 

 

The spatial variation of the SERS signal over the dendritic layer was assessed by means of 

confocal mapping and point-by-point measurements. Fig. 7 provides information on the SERS 

signal intensity of M13 (107 pfu/ml) as a function of position across an area of 400 μm2 (box in 

Fig. 7a). The color map of Fig .7c tracks the intensity of the peak at 1183 cm-1. The result 

indicates relative uniformity of the SERS signal across the selected area. Figure 7d shows SERS 

spectra collected from 20 random spots along the same substrate. The relative standard deviation 

(RSD) of the SERS peak intensities at 1183 cm-1 was less than 6% (Figure 7e), suggesting an 

overall consistent signal distribution. 
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Figure 4. 7. (a) Optical image of the substrate (b) A respective SERS spectrum of 107 pfu/ml M13. c) Raman maps of 

m13 by targeting Raman shift at 1183 cm-1. d) SERS spectra of 107 pfu/ml collected from 20 different spots on the 

same substrate and (e). 

 

 

 

4.2.13. Numerical investigation of electric field effects 

 

COMSOL simulations 

 

In this study, 2D COMSOL simulations were conducted in an effort to understand the type of 

electric field effects that take place during virus sampling inside a liquid medium and their role in 

the observed virus capture on the SERS-active surface. Key simulation results (Fig .8) are shown 

for a plane normal to the substrate, drawn along the line of minimum separation (~ 42 µm) between 

adjacent microelectrodes. For viral particle capture, an applied AC signal of 10 Vpp at 100 kHz 

was used in the simulations. 

Although the temperature rise observed in the system is modest—approximately 2°C (Figure 

8a)—it is sufficient to generate strong fluid motion through ETFF (Figure 8b). The enhanced ETFF 

acts as a 'conveyor belt” that transports viral particles closer to the dendritic surface at speeds as 
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high as 90 μm/s. In addition to ETFF, the simulation results show that the DEP force acting on the 

virus also plays a significant role. The time-averaged DEP force exerted on a spherical particle 

with radius "R" in a solution with dielectric permittivity of "εm" is given by: 

𝐹𝐷𝐸𝑃(𝜔) =  𝜋𝜀𝑚𝑅3 ⋅ ℛℯ[𝐾(𝜔)]∇|𝐸𝑟𝑚𝑠|2 (3) 

 

The direction of the dielectrophoretic force is determined by the sign of the Re[K(ω)] (=+0.636) 

and relies on the electrical conductivities and dielectric permittivity of the solution and particles. 

Under the conditions of our experiments, the viral particles experience positive DEP, i.e., they are 

attracted to locations that generate strong electric field gradients (electrode tips). The magnitude 

of the DEP force is proportional to the gradient of the electric field intensity squared, ∇|𝐸𝑟𝑚𝑠|2, 

where Erms represents the root mean square value of the electric field. The hydrodynamic diameter 

of the M13 was considered to be 6 nm [232]. The dielectrophoretic response of the virus was 

simulated using COMSOL in the AC/DC modules (Figures 8c). As expected, the DEP force is the 

strongest in the area of SERS-active dendrites, since the electric field gradient is the highest at 

these locations (narrowest electrode gap). 

In the presence of dendritic nanostructures, the logarithm of the force ratio (FDEP/Fdrag) varies 

between 106-108 in areas close to the electrodes and reaches a maximum value of 14 (fluid 

stagnation areas). This signifies the prevalence of the DEP force, resulting in enhanced trapping 

and concentration of viral particles at the electrode surface, as illustrated in Figure 8d. Virus 

transport from distant locations, as well as stable trapping at the electrode surface, is therefore 

accomplished by combining these two mechanisms. The results indicate that the collection of M13 

phage at the tips of microelectrodes can be achieved under the experimental conditions used in this 

study. Moreover, this collection pattern of the virus agrees with the theoretically expected virus 

collection pattern, as illustrated in our earlier research [233]. 
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Figure 4 .8. (a) Cross-sectional view of the temperature profile (K) in the vicinity of the microelectrodes (inset). (b) 

Cross-sectional view of the fluid velocity (m/s). (c) Cross-sectional profile of the dielectrophoretic force. (d) Plot of 

log10(∣F DEP∣ /∣F drag∣) comparing the forces exerted on a virus particle (dielectrophoretic vs. viscous drag force). 
 

 

 

FDTD Simulations 

 

The SERS activity of a substrate relies on the enhancement of the local electric field near 

nanostructures. To further understand the observed increases in SERS performance when LESS is 

used, we conducted a series of simulations using commercial Lumerical software to solve the 

corresponding Maxwell’s equations and simulate the propagation of terahertz waves throughout 

the structure. The finite-difference time-domain (FDTD) method was employed to calculate the 

electric and magnetic fields across different spatial points and wavelengths. The simulations were 

conducted for a 633 nm incident beam of light with vertical incidence, ensuring accurate 

representation of light interaction with the nanostructures on the substrate. 
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The enhancement factors (EF) observed in our FDTD simulations are referenced to a baseline EF 

value of 1.0, which represents the SERS signal intensity without any additional enhancement 

mechanisms. In Figures 9c and 9d, the nanoparticles are positioned 5 nm away from the branches, 

to represent the case of a virus particle (5 nm in diameter) “sandwiched” between the branch and 

a silver nanoparticle. The color bars in Figures 9b, 9c, and 9d demonstrate the spatial variation in 

EF across the SERS-active surface relative to this baseline. 

Figure 9a shows a TEM image of the SERS-active dendritic nanostructures. Figure 9b exhibits the 

electric field enhancement of the bare dendrites (i.e., the nanostructure before silver nanosphere 

deposition), showing a low electric field enhancement of 2.98. To further study the assay, we 

studied different configurations of silver nanoparticles positioned on dendritic nanostructures. As 

shown in Figures 9c and 9d, these configurations demonstrate 15.7-fold and 64.5-fold E-field 

enhancements, respectively, due to the high electric field confinement between the silver branches 

and nanospheres. This shows the potential of nanoparticles to significantly enhance SERS signals 

by creating localized plasmonic hotspots, where the electric field is intensified. 

By comparing our simulated EF values with experimental results for virus detection in the presence 

of nanoparticles, we find a good agreement. This consistency reinforces or belief that the FDTD 

simulations can provide insights on the mechanisms that cause the observed SERS signal 

enhancement when LESS is applied. 
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Figure 4 .9. (a) FDTD simulations demonstrating electric field enhancement in silver dendritic 

nanostructures: (b) Bare silver nanostructures, (c) Silver dendrites with a single 50 nm nanoparticle, and (d) 

Two silver dendrites each with a nanoparticle (64.5x enhancement in TE mode). The dotted lines indicate 

the physical boundaries of the Ag dendritic branch and the superimposed Ag nanoparticle. 

 

 

 

Conclusions 

 

Our study illustrates a novel SERS-based sensing method that utilizes microscale electric fields 

for achieving sensitive and label-free viral particle detection in liquid media. Starting by using an 

already sensitive SERS substrate, we demonstrate an enabling approach (termed LESS) that further 

enhances its detection performance (here by 14-fold) through the integration of accelerated virus 

sampling and silver nanoparticle superimposition. LESS demonstrated high sensitivity and 

reproducibility in the detection of M13 virus (detection limit of 1.13x102 pfu/ml). Moreover, our 

simulation results shed light on the mechanisms responsible for the enhanced detection 

performance observed. Specifically, COMSOL simulations help us understand how accelerated 

analyte transport and concentration amplification on SERS-active substrates can be accomplished, 
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while FDTD analysis showed that enhanced plasmonic activity can be obtained by the 

superimposition of Ag nanoparticles on the captured virus. Our research highlights the strong 

potential for achieving high-performance SERS sensing when employing metallic nanostructures 

and electric fields. It also paves the way for the development of SERS-based sample analyses that 

can offer rapid, sensitive, and label-free detection of viral particles in surface-based plasmonic 

biosensors. 
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 Chapter 5 An antibody-functionalized SERS-based 

sensor for specific detection of biological analytes 

 

 
Abstract 

 
In this study, we aim to enhance the Surface-Enhanced Raman Scattering (SERS) detection 

capabilities of nanostructures by combining sensitivity with high specificity using immobilized 

antibodies. The bimetallic gold–silver nanoplate arrays were fabricated by growing a gold layer 

on the surface of the silver dendritic nanostructures. Depending on the gold coating, the 

performance of the substrate can vary significantly. 

To improve selectivity, we introduced specific functional groups to the surface that provided 

specific binding sites for the target analyte. The platform was tested against the detection of Green 

fluorescent protein (GFP), showing good quality, reproducible SERS signals. This performance, 

resulting from the specific interaction between the target analyte and the SERS substrate, is further 

enhanced by superimposing silver nanoparticles on top of the analyte, thereby forming a sandwich 

assay. This assay holds the potential to enhance the SERS assay for the effective detection of 

biomolecules. 

Our study suggests promising applications for bimetallic nanostructures in chemical and biological 

sensing. The ease of functionalization with gold for selective analyte capture indicates potential 

for developing advanced plasmonic biosensors, which could have important implications for future 

diagnostic assays. 
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5.1. Introduction 

 
Surface-enhanced Raman scattering (SERS) has emerged as a facile detection method, allowing 

for the fast detection of analytes at low concentrations and the potential to reach single-molecule 

sensitivity. The primary enhancement of SERS occurs at specific regions known as "plasmonic 

hotspots" through the electromagnetic enhancement resulting from the coupling of incident light 

with local surface plasmon resonance (LSPR) [234,235]. SERS-active substrates play a crucial 

role in generating strong Raman signals on noble metal materials, such as silver and gold. While 

silver exhibits superior plasmonic enhancement, gold is known for its stability and 

biocompatibility. Thus, SERS substrates incorporating bimetallic gold and silver nanostructures 

could offer enhanced chemical and plasmonic properties [236–238]. For instance, Han's team 

devised a SERS-based approach to detect Bacillus thuringiensis fragment sequences, employing 

gold@Silver Nanorods (NRs) and magnetic beads in an aqueous medium, achieving a detection 

limit (LOD) of 0.14 pM [239]. Chen et al. explored the signal characteristics of reporter-embedded 

SERS tags, where Raman reporters were sandwiched between AuNR and Ag shell layers [240]. 

Meanwhile, Xu and collaborators introduced highly sensitive and selective Au@Ag nanorod 

dimers for dopamine detection [241]. In this study, we aim to enhance the SERS detection 

capabilities of silver nanostructures by combining sensitivity with high specificity using 

immobilized antibodies. Silver exhibits minimal losses in the visible wavelength spectrum, leading 

to higher signal enhancement. However, it is prone to oxidation, forming silver oxide upon 

exposure to the atmosphere. Additionally, it can react with sodium chloride (NaCl), resulting in 

silver chloride formation, which interferes with the adsorption of desired analytes. 

To overcome these challenges, we propose the formation of a protective gold layer on dendritic 

structures. This protective layer serves to prevent the oxidation of the underlying silver layer, 



102  

addressing issues associated with functionalization. Through a method called the galvanic 

replacement reaction for forming bimetallic nanostructures (Ag core/Au shell), our goal is to 

enhance the substrate's chemical stability. A controlled galvanic replacement reaction allows gold 

to form a protective shell, while the template metal underneath serves as a stable core, preserving 

the initial morphology [240–242]. This stability allows for easy modifications, leading to improved 

analyte adsorption and more consistent measurements. 

Previous studies, such as those conducted by Sun et al., have delved into the galvanic replacement 

reaction, proposing a mechanism for the coating process using silver nanoparticles and nanocubes 

as templates [243]. In their research, they identified multiple steps involved in the two-stage 

process of alloying and de-alloying of the nanostructures. The galvanic replacement reaction can 

be tailored to various extents, whether limited to coating the silver template with a layer of gold, 

extended to produce hollow gold structures, or fully utilized to generate gold nanoparticles as the 

hollow structures collapse. 

In our study, the bimetallic gold–silver nanoplate arrays were fabricated by coating a gold layer 

on the silver dendritic nanostructures. Depending on the gold coating, the performance of the 

substrate can vary significantly. Our investigation includes exploring their morphology and fine- 

tuning their SERS performance by adjusting the concentration of gold (III) chloride hydrate during 

synthesis. We evaluate the performance of these novel Ag-Au core-shell nanostructures, focusing 

on their capability to detect analytes on the surface through antibody-surface functionalization. We 

use biotinylated antibodies in our functionalization scheme, which bind specifically to 

streptavidin-coated surfaces and ensure stable interactions for effective biomolecule detection. 

The bimetallic nanostructures presented in our study hold promise for applications in chemical and 

biological sensing. The gold component facilitates the functionalization of nanostructures, 
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enabling the selective capture of analytes. The development of plasmonic biosensors that utilize 

metallic labels for sensitivity improvement shows great potential for future diagnostic assays. 

5.2. Materials and methods 

5.2.1. Materials 

 
Silver nitrate (AgNO3), gold (III) chloride (HAuCl4) hydrate, trisodium citrate (Na3C6H5O7), 

trichloro(1H,1H,2H,2H-perfluorooctyl) silane, rhodamine 6G (R6G), 11-mercaptoundecanoic 

acid (MUA), streptavidin, streptavidin-FITC, self-assembled monolayer (SAM) formation 

reagent, and Green fluorescent protein (GFP) were all purchased from Sigma Aldrich (Oakville, 

ON, Canada). Biotin Anti-GFP antibody was purchased from abcam (Toronto, ON, Canada). 

Polished silicon wafers (4′′ diameter) with a thermally grown SiO2 layer (0.5 μm) were purchased 

from University Wafer (South Boston, MA, USA). 

5.2.2. Microchip fabrication 

 
Microelectrodes with tip-to-tip separation of 50 μm were fabricated at Nanofabrication Kingston 

(NFK, Innovation Park, Kingston, Ontario). The fabrication process followed standard photoresist 

patterning and metal deposition steps which were described elsewhere. 

The Ag nanostructures were assembled using a BK Precision 4040B Sweep function generator 

(Cole-Parmer Canada Inc.), with a Tektronix 1002B oscilloscope monitoring the electrical signal. 

A 10 μL aqueous droplet containing 2.0 mM Na3C6H5O7 and 0.5 mM AgNO3 was applied to the 

chip's center, and an electrical signal (3.0 Vpp and 10 Hz frequency) was applied for 10 minutes. 

Afterward, the chip was rinsed with water and dried with air. 
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5.2.3. Assembly of bimetallic nanostructures 

 
Different concentrations of gold (III) chloride hydrate (0.05, 0.25, 0.5 mM) were utilized to form 

bimetallic structures. Following the formation of Ag nanostructures, a 10 μL droplet of the gold 

salt solution was applied to the chip. The deposition time played a crucial role in shaping these 

structures, with durations of 10, 15, and 20 minutes tested to determine optimal conditions. The 

resulting products were rinsed with deionized water to remove inorganic ions and impurities. 

5.2.4. Preparation of functional interfaces 

 
The surface functionalization of bimetallic gold–silver nanostructures in this study followed a 

controlled procedure, as illustrated in schematic 1. Initially, the nanostructures were immersed in 

a 0.1 mmol/l Biotin-SAM solution in PBS for 1 hour to facilitate better antibody immobilization. 

Subsequent washing with PBS removed any unreacted SAM, followed by rinsing with water to 

form a biotin-SAM layer on the plasmonic surface. To enable the capture of streptavidin, the 

biotin-functionalized substrates were then immersed in a 0.1 mg/ml streptavidin solution at 4ºC 

for 2 hours, resulting in the formation of streptavidin-functionalized bimetallic structures. Washing 

with PBS and water ensured the removal of unbound molecules. 

Next, the streptavidin-functionalized surface was exposed to biotinylated antibodies, with 10 µl of 

a 1 mg/ml biotinylated antibody incubated for 6 hours at room temperature. Subsequent washing 

with PBS removed unbound biotinylated antibody from the surface. Finally, the samples were 

gently dried with N2 steam. To maintain the stability of the bioconjugates, the functionalized 

substrates were stored at 4°C in sealed containers, shielded from light exposure. 
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Schematic 5. 1. Illustration for functionalization of the bimetallic substrate, which is used for detection of GFP. 

 

 

 

5.2.5. Analyte deposition and sandwich assay formation 

 

Approximately 10 µL of analyte solution were placed over the microelectrode center using 

a micropipette. After washing with PBS and then rinsing with water, the surface was gently dried 

in a stream of N2. 

Using AC electric field effects, the sandwich assay was formed by the accelerated sampling of 10 

µL AgNPs onto the captured analytes. Before using, Ag nanoparticles (0.02 mg.ml−1) underwent 

two rounds of centrifugation (6000 rpm, 30 min) to remove the supernatant. The nanoparticles 

resuspended in Millipore® water to a final concentration of 0.2 mg.ml−1. The AgNPs capture was 

run for 10 min at an AC frequency of 10 kHz and voltage of 18 Vpp for 10 minutes. 

5.2.6. Surface characterization 

 

Field emission scanning electron microscopy (FESEM) and energy dispersive X-ray spectroscopy 

(EDX) were conducted using an MLA 650 FED ESEM system at 5.0 kV. FESEM provided high- 

https://www.sciencedirect.com/topics/engineering/micropipette
https://www.sciencedirect.com/topics/chemistry/electric-field-effect
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resolution images of the nanostructures, while EDX was employed to determine their elemental 

composition. Fluorescent and brightfield images of the virus were captured using an Olympus 

IX83 inverted epi-fluorescent microscope (Tokyo, Japan) equipped with a low-noise, high-speed 

CMOS camera (Zyla4.2-CL10, ANDOR, Belfast, Ireland). 

5.2.7. Raman measurements and data processing 

 
A HORIBA Jobin-Yvon Raman Spectrometer (Model: LabRAM) equipped with a 632.8 nm 

He/Ne laser (17 mW), 1800 l.mm−1 grating, and an Olympus BX-41 microscope system was 

employed. Spectra were collected in the backscattered mode using a ×10 microscope objective 

under the following conditions: 500 µm pinhole, 500 µm slit width, and a 10s sampling time. 

Background correction of all Raman spectra was conducted through polynomial subtraction, and 

noise reduction was achieved using a Savitsky–Golay filter. Data illustration was performed using 

Python software. 

5.3. Results and discussion 

5.3.1. Formation of bimetallic nanostructures 

 
The details of substrate preparation are discussed in our previous work [128]. In brief, the SERS- 

active substrate is generated in the gaps between gold planar microelectrodes through the reduction 

of silver ions in the solution. At the electrode acting as the cathode, silver ions are reduced while 

at the anode electrode citrate ions are oxidized as described by equations 5.1 and 5.2, respectively. 

The Ag nanostructures develop on the edges of the electrodes, extending along the insulating 

surface rather than directly on the electrode surface.
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𝐴𝑔(𝑎𝑞)  
+ + 𝑒−          𝐴𝑔(𝑠)                                                                                 (5.1) 

𝐶6 𝐻5𝑂7
3−
(𝑎𝑞)

           𝐶𝑂2(𝑎𝑞) + 𝐻(𝑎𝑞)
+   +𝐶5 𝐻4𝑂5

2−
(𝑎𝑞)

+ 2𝑒−                           (5.2) 

 

Following the fabrication of Ag nanostructures, the formation of Ag-Au nanostructures occurs 

through a galvanic reaction. The standard reduction potential for Ag+/Au (0.80 V vs. standard 

hydrogen electrode (SHE)) is lower than that for Au+3/Au (1.52 V vs. SHE). This results in the 

oxidation of Ag nanostructures when a droplet with HAuCl4 is applied to the chip. This process, a 

reversal of equation 5.1, leads to the reduction of gold ions, as described by equation 5.3. The 

overall galvanic reaction is succinctly described by equation 5.4. 

𝐴𝑢(𝑎𝑞)
3+ +3𝑒− → 𝐴𝑢(𝑠)                                                                                        (5.3) 

3𝐴𝑔(𝑠)+ 𝐴𝑢(𝑎𝑞)
3+  → 3𝐴𝑔(𝑎𝑞)+

+  𝐴𝑢(𝑠)                                                                 (5.4) 

 
Several factors, including deposition time and varying concentrations of HAuCl4, significantly 

influence the formation of bimetallic nanostructures. These parameters collectively impact the 

morphology, surface properties, and performance of the resulting Ag-Au nanostructures, with 

detailed examinations of each parameter's influence presented in subsequent sections. 

Silver chloride (AgCl) is highly insoluble in water, so it precipitates quickly. This precipitation 

may occur on the surface of the Ag nanostructures or within the gaps between them, potentially 

blocking access to the Ag surface and disrupting the gold deposition process. The formation of this 

AgCl layer can therefore hinder the uniform and controlled growth of the bimetallic 

nanostructures. 

Moving forward, it will be critical to monitor the concentration of Cl⁻ ions and their interaction 

with Ag to minimize the formation of AgCl. Implementing techniques to control this reaction will 

help ensure that the galvanic replacement process proceeds as intended, leading to the desired 
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morphology and performance of the Ag-Au nanostructures. 

5.3.2. Analysis of Ag-Au nanostructures 

 
The visual outcomes of the galvanic reaction are depicted in Figure 5.1, where distinct changes in 

the appearance of the nanostructures are observed. Initially, at a concentration of 0.05 mM 

HAuCl4, the mid-gold color regions undergo a noticeable transformation, darkening and shifting 

towards a reddish color (Figure 5.1b). With increasing concentrations of HAuCl4, this darkening 

effect intensifies, extending from the inner regions near the electrodes to the tips of the 

nanostructures (Figure 5.1c,d). This change in color arises from the disparate plasmon absorbance 

properties of gold and silver, coupled with modifications in the morphology of the nanostructures. 

While the resulting Ag-Au nanostructures adhere to the microelectrode platform, concentrations 

of HAuCl4 higher than 1.00 mM result in detachment of some nanostructures during the subsequent 

washing step. 

 

 

Figure 5 .1. Optical images of Ag and Ag–Au nanostructures fabricated using different concentrations of 

HAuCl4. (a) 0 mM. (b) 0.05 mM. (c) 0.25 mM. (d) 0.5 mM. 
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Figure 5.2 provides a detailed examination of the Ag-Au nanostructures through FESEM analyses. 

At a concentration of 0.05 mM (Figure 5.2b), the Ag nanostructures undergo a visible 

transformation as they acquire a gold coating. Progressing to 0.25 mM of HAuCl4 (Figure 5.2c), a 

significant change is observed; the nanostructures become hollow due to alloying and de-alloying 

processes, depleting the silver core. Upon reaching a concentration of 0.5 mM HAuCl4 (Figure 

5.2d), the Ag scaffold collapses, resulting in Ag-Au nanostructures composed of fragments rather 

than singular entities. 

 

The quadrupolar microelectrode array used in this work has been employed consistently by our 

group over a number of studies, to ensure that the results obtained in a study can be directly 

correlated with our prior work. It also allows us to connect knowledge and insights gained from 

our previous experiments with the results of our current investigation. The use of all four 

electrodes becomes necessary in cases of negative dielectrophoresis, as the electric field 

symmetry created by the four electrodes facilitates the concentration of particles in the centre of 

the array (location of electric field null). In the case of positive dielectrophoresis (as in the present 

case), it simply results in four identical and symmetrical collection patterns in the gaps between 

adjacent electrodes. For the sake of simplicity and ease of use, we engage only two of the four 

electrodes each time.  
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Figure 5 .2. FESEM of Ag and Ag–Au nanostructures fabricated using different 

concentrations of HAuCl4. (a) 0 mM (b) 0.05 mM. (c) 0.25 mM. (d) 0.5 mM. 

 

 

Figure 5.3 displays the EDX spectra obtained from both the Ag and Ag-Au nanostructures. The 

EDX measurements validate the success of the galvanic reaction in generating Ag-Au 

nanostructures, as evidenced by the presence of a gold peak only in structures exposed to HAuCl4. 

Analysis of the area under the gold and silver peaks allows for the estimation of the mole fraction 

of silver to gold in various Ag-Au nanostructures, as outlined in Table 5.1. These values represent 

trends rather than the precise molecular composition of the Ag-Au nanostructures. The data in 

Table 5.1 suggests that a higher concentration of HAuCl4 during the galvanic reaction results in 

Ag-Au nanostructures with lower silver content, in line with expectations. 
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Figure 5 .3. EDX spectra of Ag nanostructures and Ag–Au 

nanostructures fabricated using different concentrations of HAuCl4. 

 
Table 5. 1. Mole fraction of silver relative to gold for Ag–Au nanostructures formed using HAuCl4 

HAuCl4 concentration (mM) Mole fraction of silver relative to gold 

0.05 3.75 

0.25 1.69 

0.5 0.55 

 

 

 

The impact of deposition time on the formation of bimetallic nanostructures was studies as well. 

A deposition time of 5 minutes showed successful coating of AgNPs with a gold layer (Figure 

5.4b). Extending the deposition to 10 minutes led to increased coverage, as depicted in Figure 5.4c. 
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However, prolonging the reaction to 15 minutes, as shown in Figure 5.4d, shows more changes, 

including agglomeration and structural modifications. Further extension of the reaction time to 25 

minutes resulted in additional structural variations, such as heightened agglomeration and the 

presence of fragments, highlighting the influence of reaction time on the morphology of bimetallic 

nanostructures. 

 

Figure 5. 4. Optical images of Ag and Ag–Au nanostructures fabricated using at 0.05 

mM HAuCl4 at different deposition times (a) 0 min, (b) 5 min (c) 10 min (c), and (d) 

15 min. 

 

 

Characterizing the bimetallic nanostructures using UV-Vis spectroscopy was challenging, as it 

could not definitively confirm core-shell structures due to similar plasmonic shifts in separate or 

coupled nanoparticles. Additionally, the solid-state form of the samples made it difficult to 

perform UV-Vis measurements, which are typically more effective with suspensions. These 

factors limited the structural confirmation of the nanostructures. 

The SERS spectra of R6G on dendritic nanostructures and Ag-Au at various deposition times are 
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compared in Figure 5.5. As gold typically demonstrates lower SERS activity than silver, the 

decrease in the enhancement factor's magnitude is anticipated. Given that Ag-Au nanostructures 

formed with 0.05 mM of HAuCl4 in a 5-minute deposition time exhibited the highest enhancement, 

this condition was selected for subsequent experiments. 

 

  

 

 
Figure 5. 5. Average SERS signal for Ag nanostructures on Ag nanostructures and Ag-Au 

prepared with 0.05 mM HAuCl4 at different deposition times.
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5.3.4. SERS properties of the bimetallic gold–silver nanoplate array 

 

Confirmation  of Streptavidin/Biotin  Assemblies 

 

 

This study aims at investigating the SERS properties of a bimetallic gold–silver nanoplate array to 

confirm streptavidin/biotin assemblies. Our objective is to develop active SERS substrates for 

selective molecule detection by analyzing the binding of streptavidin onto a biotin-functionalized 

bimetallic platform using SERS. Upon streptavidin capture to the SAM, significant. The shifts and 

changes in the spectra indicate the presence and interaction of these molecules on the surface. 

The SERS spectra of the bimetallic-SAM and bimetallic-SAM-streptavidin (Figure 5.6a, b) show 

distinct changes after each functionalization step, indicating the presence of streptavidin molecule   

on the surface. A reference SERS spectrum of solid streptavidin (Figure 5.6c) was obtained and 

compared with identified signals detailed in Table 5.1. 

The similarity in spectral features between the SERS spectra of streptavidin using LESS (Figure 

5.6c) and streptavidin bound to the bimetallic-SAM substrate (Figure 5.6d) confirms the successful 

binding of streptavidin to the substrate. However, the interactions between the SAM and 

streptavidin on the gold substrate can induce variations in the SERS spectra. These variations, 

especially for a monolayer on a metal surface, arise because the proximity and orientation of the 

streptavidin molecules relative to the metal surface can change upon binding. This alteration 

affects plasmonic enhancement, leading to shifts in the observed SERS peaks. 

Table 6.1 provides the assignment of major vibrational bands, including specific vibrations such 

as Ser (Ƴ-(CH2)) at 1321 cm-1, Phe vibration at 1023 cm-1 and 1168 cm-1, and C-C wagging at 

1615 cm-1. 
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Figure 5 .6. A) SERS spectra of (a) background, (b) bimetallic-SAM (c) streptavidin using LESS, and d) bimetallic- 

SAM-streptavidin. B) Assignment of SERS band in the spectra of GFP in streptavidin and SAM-streptavidin. 

 

 

 

 

Fluorescence imaging was used to visually confirm streptavidin immobilization on the bimetallic 

nanostructures. Figure 5.7a presents a clear visual confirmation of successful streptavidin 

immobilization using streptavidin-FITC, which emits a fluorescent signal upon excitation, alongside 

the corresponding bright field image in Figure 5.7b. This visual confirmation shows an even 

distribution of streptavidin, confirming the successful immobilization of streptavidin. 
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Figure 5. 7. Confirmation of Streptavidin Immobilization; (a) Fluorescence imaging and (b) Brightfield imaging of 

streptavidin-FTIC/biotin-SAM/Ag-Au. 

 

 

 

GFP collection and Spectral Analysis 

 

This study focuses on developing effective SERS substrates for molecule analysis, with green 

fluorescent protein (GFP) chosen due to its unique properties. Specifically, GFP is a fluorescent 

protein composed of 238 amino acids (approximately 27 kDa) and exhibits green fluorescence 

when excited by blue light. Notably, GFP possesses a chromophore, enhancing its SERS signal 

[15]. 

In the next step, we enhanced the functionality of the bimetallic-SAM-streptavidin substrate by 

introducing antibodies onto its surface. The noticeable change in the SERS fingerprint upon 



117  

antibody functionalization indicates molecular interaction between the antibody and streptavidin 

(Figure 5.8). Then GFP Building on the antibody layer already in place, GFP molecules were 

captured on the substrate with the antibodies. This allowed for SERS spectral analysis, where 

changes in the SERS spectra, including new peaks showing GFP binding, were observed. 

In a parallel experiment, GFP molecules were directly detected on the SERS substrate using 

sandwich assay. Similar spectral features in both SERS spectra confirm GFP adsorption onto the 

surface of the antibody-functionalized substrate. The interaction of GFP with antibody may induce 

changes in the SERS spectra, and frequency of vibrational bands. The assignment of major 

vibrational bands is detailed in Figure 5.8a and Table 5.2. 

 

Figure 5. 8. A) SERS spectra of a) Antibody-functionalized substrate, b) GFP detected on Antibody-functionalized 

substrate, and c) GFP using LESS. B) Assignment of SERS band in the spectra of GFP in labeled and non-labeled 

detection method. 

 

 

 

The strong fluorescence spectra confirm GFP adsorption on the assay, as shown in Figure 5.9a and 

the corresponding bright-field image (Figure 5.9b), which provides detailed spatial information, 
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allowing direct observation of GFP distribution on the substrate. Together, these results confirm 

the reliability of our functionalization process for sensing applications. 

 

Figure 5. 9. (a) Fluorescence imaging (b) and brightfield imaging of GFP/Antibody/streptavidin- 

FTIC/biotin-SAM/Ag-Au. 

 

 

Assessment of Assay Specificity 

 

 

In the next experiment, a solution containing equal concentrations (1 mg/mL) of both BSA and 

GFP was applied onto the GFP-functionalized antibody layer. Minor changes were observed in the 

SERS spectra of GFP after the addition of BSA, suggesting coexistence on the surface without 

significant interference (Figure 5.10). 

 

This observation aligns with our findings from the negative control experiment, where BSA alone 

on the antibody-functionalized surface yielded SERS signals similar to antibody alone but with 

reduced intensity. Importantly, when both BSA and GFP were present simultaneously, distinct 

GFP signals were detected alongside minimal interference from BSA. This confirms the assay's 

specificity for GFP detection, showing its capability to detect target molecules from non-target 

proteins in complex biological samples. 
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Figure 5 .10. SERS spectra of (a) Antibody-functionalized substrate (b) GFP detected on Antibody-functionalized 

substrate, (c) BSA using LESS, (d) spectra of BSA and GFP on antibody-functionalized substrate, and (e) BSA on 

the Antibody-functionalized substrate. 

 

 

 

Conclusions 

 

This study successfully demonstrated the formation of bimetallic gold-silver nanostructures, which 

were effectively surface-functionalized for the specific detection of analytes, with Green 

fluorescent protein (GFP) as the model target. The integration of silver's plasmonic properties with 

gold's stability significantly enhanced SERS performance. 

A key finding is that silver nanoparticles (AgNPs) predominantly enhance the top layer of the 

captured analyte compared to the underlying layer, thus facilitating its detection. This was clearly 

observed in our sandwich assay for GFP, where the interaction between the target analyte and the 

SERS substrate was amplified. Additionally, the specificity of our detection method was 

confirmed by successfully detecting GFP in the presence of an interferent, highlighting the 



120  

robustness of our approach. This proof-of-principle study underscores the potential of SERS 

substrates to combine detection sensitivity with antibody selectivity, advancing chemical and 

biological sensing applications. 
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Chapter 6 Conclusions and Outlook 

 
This thesis presents the development and study of a SERS-based platform aimed at enhancing the 

sensitivity and selectivity of biomolecular detection on a microelectrode platform. The work 

described in this thesis fills a void in the state-of-the-art since most previous methods reported 

labeled detection of biomolecules, while direct detection of them still remains challenging. By 

addressing the inherent challenges in conventional SERS techniques, this research offers potential 

advancements in the field of point-of-care diagnostics and chemical sensing. 

The work introduced in this thesis focuses on integrating silver dendritic nanostructures with AC 

electric fields to create a SERS platform with improved analyte capture and hotspot generation. 

The experimental approach, termed LESS (Label-free, Electric field-assisted, Sandwich-based 

SERS), which was developed in this work showed high sensitivity in detecting protein biomarkers 

and viruses, even in physiologically relevant media. By leveraging electrokinetic effects to 

enhance analyte transport and deposition, the assay significantly improved the concentration of 

analytes on SERS-active substrates, resulting in stronger and more reproducible signals. 

In addition to the electrokinetically enhanced SERS approach, this thesis explored the synthesis 

and functionalization of bimetallic Ag/Au nanostructures to achieve selective detection of 

biomolecules. The combination of gold’s stability with silver’s plasmonic properties resulted in 

chemically stable and highly active SERS substrates. Functionalization with specific antibodies 

enabled selective binding and detection of target analytes, as demonstrated in the successful 

detection of green fluorescent protein (GFP). This proof-of-concept study highlights the potential 

of combining plasmonic nanostructures with targeted biomolecular interactions to achieve both 

high sensitivity and specificity. 
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Summary of Findings in this Thesis 

 

1. Active Capture of Analytes for Enhanced SERS Performance: The research demonstrates 

that using electrokinetic phenomena, it is possible to overcome the diffusion limitations typically 

faced in passive SERS systems. Traditional SERS often suffers from inconsistent signal 

intensities due to analyte transfer by diffusion and random deposition on the detection substrate. 

In contrast, the active capture method directed analytes toward SERS-active sites, leading to 

convective transport and increased analyte concentration. 

2. Development of LESS: The LESS approach introduced a sandwich assay technique by actively 

capturing silver nanoparticles over the analyte, creating high-density hotspots. This assay 

enhanced plasmonic activity, thus boosting the SERS signals. The method yielded significantly 

lower detection limits for proteins and viruses compared with standard SERS, highlighting its 

potential for applications in biomedical diagnostics and environmental monitoring. 

3. Formation of Ag/Au Bimetallic Nanostructures and Surface Functionalization: The study 

successfully developed Ag/Au bimetallic nanostructures that combined silver’s plasmonic 

properties with gold’s chemical stability. Surface functionalization with antibodies imparted 

selectivity to the assay, enabling specific detection of target analytes like green fluorescent 

protein (GFP). This selective binding allowed for consistent and reproducible SERS signals, 

demonstrating the potential for the selective detection of biomolecular in complex samples. 

Outlook 

 

While this thesis presents progress in enhancing SERS-based detection, challenges remain for 

broader adoption and practical application. Future research should focus on adapting the method 

for point-of-care tests by integrating it with portable diagnostic systems. This includes 

considering 
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sample pretreatment in complex biological matrices, such as blood, to remove interfering 

components and ensure accurate sensor performance. 

Another area to address is the method's performance with virus samples at physiological 

conductivity. The current approach may face limitations due to negative dielectrophoresis, 

which affects the detection of viruses at natural conductivity levels. Exploring alternative 

concentration methods or redesigning the microelectrode platform may be necessary to improve 

the detection limit and overall effectiveness. 

Additionally, the functionalization strategies used in this research involve multiple steps. Future 

work could explore simpler methods or alternative probes such as aptamers, which offer 

potential advantages over traditional antibodies. 

In summary, the advancements made in this research provide a foundation for developing 

practical SERS-based diagnostic platforms. Continued efforts to refine these methods, address 

existing challenges, and explore new strategies will be important for transitioning from 

laboratory-scale research to clinical and field applications. 
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Appendices 

 

Appendix A Supporting Information to Chapter 3 

 

 
A.1. Enhancement factor determination 

The sandwich assay used in this study was calculated to have an enhancement factor of 4.48x107 for 

rhodamine detection. The value was calculated using the enhancement factor (4.55 x106) of a substrate 

with a similar Ag nanostructure substrate which used the ‘droplet’ method for analyte dropcast [1]. 10 

μL of the analyte solution were dispensed over the silver nanostructures and allowed to adsorb for 10 

minutes before being removed with a nitrogen stream. For accelerated sampling, analyte collection on 

the substrate was run for 10 minutes at an AC frequency of 10 kHz and voltage of 15 Vpp. The sandwich 

assay was formed by collecting the silver nanoparticles on top of the analytes for 10 minutes at an AC 

frequency of 10 kHz, and voltage of 18 Vpp. 

The average SERS spectra of the R6G (10-6 M) experiment using various techniques are displayed in 

Figure A1. The characteristic peak at 1360 cm-1 was used to calculate the enhancement factor of the 

sandwich assay using equation (1): 

 

EFsandwich = EFdropcast ×  (
Isandwich⁄Nsandwich) (1) 
Idropcast⁄Ndropcast 

 
I is the measured intensities of the characteristic peak of rhodamine, whereas N is the number of analyte 

molecules adsorbed on the substrate. The number of molecules in each experiment was supposed to be 

proportional to the amount of analyte applied to the surface. 

Five substrates were prepared for each protocol, and 10 µL of rhodamine (10-6 M) was captured for 15 

minutes. 50 SERS spectra (10/chip x 5 chips) were acquired on the Raman spectrometer with the 
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following settings: 10x microscope objective, 10x attenuation filter, and 5-second data capture with two 

repetitions. Figure S1 displays the average spectra that were produced. The sandwich assay was estimated 

to have an enhancement factor and limit of detection of 4.48x107 and 1.95x10-13 M, respectively, 

demonstrating the high sensitivity of the SERS assay. 

 

 

Figure A .1. a) SERS spectra of R6G collected at different concentrations using LESS. b) Normalized SERS signal 

intensity variation corresponding to their signature SERS peaks at 1360 cm-1. 

 

 

 

Calibration  curve (proteins in Millipore  water) 

 

Raman signals of different concentrations of creatinine and HSA in Millipore® water were collected 

individually using LESS. A linear correlation (R2=0.9854) was observed between the signal intensity at 

1174 cm-1 and the concentration of creatinine solution in the concentration range of 0.2-320 mg.L-1. There 

was no significant increase in creatinine signal for concentrations above 320 mg L-1. For HSA, there was 

a linear correlation (R2=0.9872) between the peak intensity at 998 cm-1 and the concentration in the range 

of 1–200 mg.L-1. Details are discussed in Figure A2. 
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Figure A .2. a) SERS spectra of (a) creatine and (c) HSA with different concentrations in DI water. The 

linear relationship between SERS intensity and (b) creatinine and (d) HSA at different concentrations. 

 

 

 

Table A .2. discussing the limit of detection for creatinine and HSA 
 

Parameters 

Analytes 

Creatinine in artificial urine 

(1174 cm-1) 

HSA in artificial urine 

(998 cm-1) 

σa 3763 3080 

SDb 138 154 

LODc 0.11 mg.L-1 0.15 mg.L-1 

σa: Slope of the calibration curve 

SDb: Standard deviation of the peak area of the blank sample (artificial urine without the analyte) 

 

𝐿𝑂𝐷𝑐 =  3𝑆𝐷⁄σ 
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Dielectrophoretic Force 

 

The time-averaged DEP force acting on a spherical particle is given by: 

 

𝐹𝐷𝐸𝑃(𝜔) =  𝜋𝜀𝑚𝑅3 ⋅ ℛℯ[𝑓𝐶𝑀(𝜔)]∇|𝐸𝑟𝑚𝑠|2 (2) 

 

 

where, 𝜀𝑚 is the medium permittivity; 𝑅 is the particle radius; ∇|𝐸𝑟𝑚𝑠|2 is the root-mean-square of the 

electric field strength, capturing the spatial non-uniformity of the electric field; and ℛℯ[𝑓𝐶𝑀(𝜔)] is the 

real part of the frequency-dependent Clausius–Mossotti (CM) factor, determining the polarity of the 

DEP force. DEP can be either positive (pDEP) or negative (nDEP), depending on the sign of the 

ℛℯ[𝑓𝐶𝑀(𝜔)]  factor, meaning that particles are either attracted to or repelled from, respectively, the high 

electric field regions. Protein molecules have permanent dipoles and have been reported to undergo 

positive DEP (pDEP) up to the MHz range 45–47. Figure A3 shows the dependence of effective 

polarizability on the applied frequency. 

Figure A .3. The plot of Re (fcm) as a function of applied AC frequency (Hz) for proteins (blue 

line) suspended in physiologically relevant media (of σ ≈ 1S.m-1). Proteins exhibit positive 

dielectrophoresis in the frequency range used in the experiments. The red line shows the Re 

(fcm) of silver nanoparticle suspended in Millipore® water. 
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Numerical simulations 

 

The dependence of effective polarizability factor ℛℯ[𝑓𝐶𝑀(𝜔)] , on the frequency of the applied AC 

electric field, is calculated using equation3 and depicted in Figure S3. As can be seen, due to the 

persistent dipoles of the proteins, they exhibit positive dielectrophoresis across the whole frequency 

window (blue line). The ℛℯ[𝑓𝐶𝑀(𝜔)] is always a positive value for silver nanoparticles (red line) 

 

 
𝜀∗  𝜀∗ ℛℯ[𝑓 (𝜔)] =( 𝑝− 𝑚 ) (3) 

𝐶𝑀 
 

𝜀∗  2𝜀∗ 
𝑝+   𝑚 

 

 
COMSOL Multiphysics® was used to solve for the electrostatic, heat transfer, and incompressible 

fluid flow phenomena that simultaneously take place inside the sample droplet. 

The electrolyte/electrode system was determined using Gauss' law and the charge conservation 

equation, assuming a quasi-equilibrium condition with the electric double layer (EDL) acting as a 

capacitor and the medium acting as a resistor. 

The Laplace equation describes the electrical potential in a homogeneous medium: 

 

∇2𝑉 = 0 (4) 

𝑬= -∇𝑉 (5) 

Given the EDL's thin thickness in comparison to the bulk of the solution, it can be treated as a surface. 

In addition, compared to the normal currents along the double layer, lateral electrical currents are 

negligible. 

To account for the charging of the EDL, the charge conservation equation was used as the boundary 

condition on the electrode surface: 

𝜌𝑞 = ∇ ∙ (𝜀𝑬) (6) 

∂ρq +  ∇. (σE) =  0 (7) 
∂t 
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∇ × 𝑬 = 0 (8) 

 

 

Here, 𝜌𝑞 represents charge density, 𝜀 is fluid permittivity, and 𝜎 is the fluid electrical conductivity. 

Upon energizing the electrodes, an electric field is generated in the electrolyte, inducing Joule heating, 

and as a result, fluid movement in the system. The temperature distribution can be determined using 

the energy equation below: 

 

 
k∇2𝑇+1 <  σE2 >=  0 (9) 

2 

 

 
where k is the thermal conductivity coefficient and 𝜎E2 is the Joule heating term. 

 

The Navier-Stokes equation for an incompressible fluid with negligible inertial components (low 

Reynolds numbers) was used to study fluid flow, where, p, and v are the fluid viscosity, pressure, and 

velocity field vector, respectively. 

Given the relative thickness of the EDL to the bulk solution, the slip velocity was applied directly to 

the surface of the electrodes. The silicon substrate was subjected to a no-slip condition (𝒗 = 0), while 

the remaining surfaces were subjected to a zero normal velocity (𝑛 ∙ 𝒗 = 0). Considering the above 

approximations, the force can be written as: 

𝐹 =  
1
 ε(α−β) ( ) 1 2 (10) 

𝑛𝑒𝑡 2 1+ (ωτ)2 
∇T. E E −  εα|E| ∇T 

4 

where ω and τ are the charge relaxation time and angular frequency, and: 

𝛼 =  
1 

(
∂ε

) (11) 
ε  ∂T 
1  ∂σ 

𝛽 =   ( ) (12) 
σ  ∂T 
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For aqueous solution and temperatures about 273 K, α and β, which show the temperature dependence 

of electrical conductivity and permittivity, could be estimated as α~ -0.004 ºC-1 and β= 0.02 ºC-1. 

 

Figure A. 4. a) Cross-sectional view of the gradient of electric field intensity (V/m) inside the droplet. The highest 

electric field gradient occurs at the microelectrode edge; b) Top-down view of the temperature profile (K) inside 

the droplet resulting from ohmic heating in the electrically conducting medium. c) Cross-sectional view of the 

effective particle velocity. The arrows (not drawn to scale) indicate the direction of fluid motion in a scale bar 

(m/s) d) Cross-sectional view gradient of electric field squared inside the droplet, with the highest occurring near 

the electrode edges. e) The cross-sectional profile of the dielectrophoretic force on the inside of the droplet along 

the tips of two opposite electrodes. Scale bar in log(N). f) The plot of log10 (F DEP /F drag) comparing the 

magnitudes of the forces exerted on a single particle (dielectrophoretic vs. viscous drag force). The 

dielectrophoretic force appears stronger only very close to the electrodes, whereas viscous drag forces dominate 

outside this range. The synergism between these two effects can cause virus transport from remote areas, as well 

as stable trapping at the electrode edge. 
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Figure A. 5. FESEM image at higher magnification showing the presence 

of AgNPs aggregates on Ag dendritic structures after LESS has been 

applied. 
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Appendix B Supporting Information to Chapter 4 
 

 

 

 

 

Figure B 1. Comparison of SERS spectra of R6G collected 

with LESS using different concentrations of AgNPs. 
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Appendix C Recent advances in the use of surface- 

enhanced Raman scattering for illicit drug detection 

 
Abstract 

 

 
The rapid increase in illicit drug use and its adverse health effects and socio-economic 

consequences have reached alarming proportions in recent years. Surface-enhanced Raman 

scattering (SERS) has emerged as a highly sensitive analytical tool for the detection of low dosages 

of drugs in liquid and solid samples. This work presents a comprehensive overview of SERS as a 

confirmatory method for the determination of illicit drugs. Different methods for the development 

of SERS substrates and integration of SERS with other techniques are also covered. The 

development of SERS as a prominent advancement in the detection of illicit drugs in biological 

fluids is summarized. In the last part, an outlook for the future perspective of SERS as a practical 

tool for the quantification and detection of illicit drugs is given. 

 

 

 

Keywords: Surface-enhanced Raman scattering, Raman spectroscopy, Point-of-care diagnostics, 

Illicit drug detection. 
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C.1. Introduction 

The increasing rate of illicit drug use and its consequences for the physical and mental health of 

individuals has become a major concern in recent years. According to the United Nations Office 

on Drugs and Crime (UNODC), around 275 million people used drugs in 2019, up by 22 percent 

from 2010, while almost half a million people lost their lives from drug use in that year. [1]. In 

addition to fatalities, drug abuse can have various other irreversible physical and psychological 

consequences, including weakened immune system, seizures, productivity losses, economic 

damage, and increased crime rate [2]. Rapid, accurate, and affordable drug detection and 

identification methods can be a powerful tool in our efforts to reduce devastating effects stemming 

from illicit drug use, or more generally, drug abuse. Drug detection methods can not only reduce 

fatalities among people who use drugs, but also improve the safety and welfare of our society by 

assisting in the monitoring of trends and hotspots of drug abuse [3]. 

Numerous techniques have been employed for illicit drug detection in forensic toxicology, such as 

nuclear magnetic resonance [4][5], mass spectrometry [6][7], combined gas chromatography/mass 

spectrometry (GC-MS) [9][10], high-performance liquid chromatography (HPLC) [11], X-ray 

powder diffraction [12]. In spite of their high molecular specificity, the aforementioned methods 

are typically centralized and require extensive sample preparation, expensive reagents, trained 

personnel, and time-consuming analysis. Such methods are not ideal for in situ drug testing or 

routine use by small publicly funded organizations. Analytical techniques that combine user- 

friendliness with the ability for insitu sample testing have also been employed in illicit drug 

detection. Ultraviolet-visible(UV-Vis) spectrophotometry [3,12] is a simple and fast method; 

however, it provides anarrow spectral range and is only fit for the detection of a certain number of 

drugs [13].Fourier transform infrared (FTIR) spectroscopy [14,15] suffers from water interference, 
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while enzyme-linked immunosorbent assays [16,17] cannot match the low detection capabilities 

of the other methods. Commercial portable detection kits are currently availableonly for a limited 

number of drugs and require large sample volumes and specialized reactants [18,19]. Owing 

to their specificity and non-invasiveness, spectroscopic techniques, especially Raman 

spectroscopy, are highly effective in detecting trace amounts of illicit drugs in clinical and forensic 

applications. Raman spectroscopy is defined as a Category A technique, i.e., a technique with the 

highest amount of identification power for drug samples [19]. By contrast, ion-mobility 

spectrometry (IMS) is a Category B technique (less identification power), whereas color change 

tests are placed in category C (least). 

As a reagent-free, accurate, and rapid technique, Raman spectroscopy has been widely used for 

illicit drug detection in forensic analyses [21,22]. The presence of a conjugated ring system makes 

many drugs strong Raman scatterers, resulting in relatively large Raman cross-sections 

[23].Databases containing the Raman “fingerprints” of many illicit drugs, such as cocaine 

[14,24]α-methyltryptamine hydrochloride, and 3,4-methylenedioxymethamphetamine 

(MDMA),also known as ecstasy [25], legal highs [26], and many of their analogues are already 

available. Owing to its small cross-section for water, Raman spectroscopy is not subject to solve 

interference in aqueous solutions, which is a significant advantage over infrared spectroscopy for 

analyzing aqueous samples [27]. Raman spectroscopy’s sensitivity to the intrinsic molecular 

properties of analytes such as molecular structure, molecular weight, charge density, and 

functional groups allows the collection of quantitative and qualitative information for a given 

molecule [28]. However, the relatively low sensitivity of Raman spectroscopy is an impediment 

to its widespread use as a method for ultrasensitive detection and chemical analysis [29]. While 

typical cross-sections for absorption in the infrared and ultraviolet regions are ca. 10−21and 10−18 
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cm2, respectively, per molecule, for Raman spectroscopy, the corresponding cross-sections are as 

low as ca. 10−29 cm2. This shortcoming can be overcome with the application of an alternative 

mode of Raman spectroscopy called surface-enhanced Raman scattering (SERS) [30,31] SERS is 

performed by placing the molecules to be detected in contact with a plasmonic ally active (metallic) 

nanostructure, often called the “SERS substrate” [32]. In SERS, when a molecule is adsorbed onto 

nano-roughened noble metal surfaces such as silver, gold, and copper, Raman spectra will be 

considerably amplified. Plasmonic nanoparticles (PNP), which are usually Ag, Au, or Cu, show 

strong surface plasmon resonance (SPR) in the visible to the infrared region and can generate a 

strong localized SPR (LSPR) effect. Hence, at the nanoparticle surface, the energy of the incident 

light is effectively coupled into the metal nanoparticles resulting in a considerable enhancement in 

the local electromagnetic field intensity, which is key to SERS intensity. The electromagnetic field 

enhancement preferentially appears in the sharp features, crevices, and gaps of the material’s 

surface. SERS can theoretically produce up to a 1014-fold signal enhancement, thus reaching 

single-molecule detection capabilities [33]. Unlike fluorescence, which exhibits broad 

adsorption/emission bands of the molecules, SERS has narrow spectral peaks. Moreover, the signal 

enhancement provided by SERS is necessary for the detection and identification of many drugs. For 

example, fentanyl and its analogues are often cut in less than 5.0 wt.% of the total sample, thereby 

becoming undetectable with conventional Raman. Moreover, the metabolite-to- parent drug 

concentration ratio helps determine the period the drug remained in the body, hence the time of last 

consumption. For the purpose of drug detection, SERS is a potential tool to instantly identify 

samples present in various forms, such as fiber textiles, nails, fingerprints, hairs, and beverages, 

which prevents the destruction of criminal evidence. In the present article, we review the state-of-

the-art use of SERS for chemical analysis of illicit drugs in aqueous and complex 
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biological samples, including saliva, urine, and blood. We also include a review of the types of 

SERS substrates used for this purpose, pointing out recent advancements in substrate fabrication 

towards quantitative and qualitative detection of illicit drugs. Finally, we conclude by providing 

our perspective on the field of SERS-based drug detection, including presently faced challenges. 

Overall, our review provides evidence of the strong potential of SERS to establish itself as both, a 

laboratory and in situ, analytical method for fast and sensitive drug detection and identification. 

C.2. Applications of SERS in Drug Detection 

C.2.1. SERS Substrates for Drugs Detection 

 

Applications Substrate choice is a critical factor in SERS. The intensity of the SERS signal depends 

highly on the geometrical features of the metallic nanostructure and its interaction with the 

molecule of interest [34]. Therefore, a great deal of effort has been invested into better 

understanding the effects of nanoscale features present on SERS-active substrates [35]. In 

particular, plasmon couplings in small gaps (1-10 nm) between plasmonic nanoparticles produce 

an intense electric field [36]. Ideally, a SERS substrate should produce a uniform and reproducible 

response, generate high enhancement, and be robust and straightforward to fabricate [14]. The 

SERS substrates that have so far been used for drug detection applications can be classified into 

two general categories: (i) colloidal systems and assemblies;(ii) and metallic nanostructures on 

flat, solid supports. 

C.2.1.1. Colloidal Systems and Assemblies 

 

The most commonly used SERS substrates are colloid-based due to their high stability, low cost, 

and ease of fabrication and implementation. Owing to the advances in nanotechnology and 

nanoscience, metallic nanoparticles with different shapes and sizes have been synthesized through 

chemical replacement [37], chemical reduction [38], thermal deposition [39,40], chemical 
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deposition [41] and ultrasonic decomposition methods [42].Due to their high surface plasmon 

resonance effect in the visible and the near-infrared wavelength ranges, colloidal silver and gold 

with sizes ranging from 10–150 nm are the most common metallic particles used for SERS-active 

substrates [29].A typical chemical process for substrate fabrication is by reducing a metallic salt 

in the presence of sodium citrate [43]. However, other reducing agents such as hydrochloride, 

hydroxylamine, hydrazine, and sodium borohydride have also been used [44–47]. Gener-ally, 

weaker reducing agents result in larger nanoparticles, while stronger reducing agents produce 

smaller nanoparticles. Colloidal substrates prepared by chemical reduction are commonly used to 

detect alkaloids such as cocaine, morphine, methamphetamine, and some structurally similar 

cannabinoids [47–49].Yan et al. prepared high-density hotspots with the optimum arrangement 

and excel-lent reproducibility through Dynamic Surface-enhanced Raman spectroscopy (D- 

SERS)(Figure 1) [50]. Dynamic Surface-enhanced Raman spectroscopy is based on two methods: 

solution-based and dry nanostructure film-based methods. The solution-based method involves 

transforming the nanoparticles from the wet state to the dry state, resulting in ordered three- 

dimensional (3D) hotspots, allowing for SERS detection with excellent reproducibility. Dry 

nanostructure film-based SERS detection is based on placing the colloidal nanoparticles on a solid 

substrate and sample drying on the substrate [51,52]. Using4-mercaptopyridine as the internal 

standard, the resulting substrate exhibited great potential for the quantitative analysis of MDMA. 

Employing Ag colloidal particles produced by reducing silver nitrate hydroxylamine, Berg et al. 

showed differences in SERS and normal Raman spectra of amphetamine and amphetamine-H+ 

and between various conformers using ab initio model calculations [53]. Using silver 

hydroxylamine as the colloidal solution, Alharbi et al. detected tramadol in water and artificial 

urine with a limit of detection of5.0 × 10−4 M and 2.5 × 10−6 M, respectively [54]. Carter et al. 
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fabricated a SERS substrate from a colloidal silver solution to show the spectrum of freebase 

cocaine [24]. Haddad et al. reported the detection of fentanyl alone and as an adulterant in heroin 

using a paper-based substrate impregnated with silver nanoparticles [55]. Aggregation caused 1 to 

2 nm gaps between silver nanoparticles, producing hotspots with 1010 enhancement factors. Burr 

et al. integrated Raman spectroscopy and paper spray ionization mass spectrometry (PSI-MS)with 

dual-purpose plasmonic paper substrates on a single-instrument platform [56]. Plasmonic a low 

detection limit of 0.6 ng and 1.0 ng for cocaine and fentanyl, respectively. The addition of Ag 

nanoparticles into polymer microgels gave rise to flexible SERS substrates, which can be further 

engineered into “smart” sensors with the incorporation of electrostatically charged or temperature- 

responsive molecules [57,58]. Figure A.1. Schematic presentation of optimum hotspot formation 

during D-SERS, combined with the introduction of an internal standard for the detection of 

fentanyl. Sketches represent a drop of Au-sol, 3D hotspots, and aggregate of Au NPs, respectively 

[50]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C .1. Schematic representation of the hotspots created from D-SERS 

combined with an internal standard for the detection of fentanyl [50]. 
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C.2.1.2. Nanostructures on Flat, Solid Supports 

 

Although metal nanoparticles are easy to produce, the fabrication of SERS substrates based on 

aggregated and dispersed metal nanoparticles for analytical applications is limited due to poor 

reproducibility and low enhancement factor. SERS substrates fabricated by immobilizing 

plasmonic nanostructures on planar surfaces provide a means of bringing nanoparticles in the 

vicinity of one another [59,60]. Planar substrates are suitable for integration in microfluidics and 

miniaturized devices. For some configurations of particles, such as spherical ones, aggregation is 

the critical factor in increasing the magnitude of the SERS effect [61]. In addition, type, size, 

orientation, interparticle distance in aggregated nanoparticles, roughness, and thickness of the film 

are critical factors for SERS per-romance [62,63]. In the following paragraphs, the assembly of 

metallic nanostructures on flat, solid supports is discussed. Nanoparticle self-assembly. Self- 

assembly of nanoparticles over large areas (up to a few cm2) offers advantages such as high 

amounts of captured analyte. A variety of methods have been employed to self-assemble na no 

particles on solid surfaces. For example, the self-assembly of nanoparticles can be achieved 

through the chemical attachment of nanoparticles to a solid substrate. Zhang et al. achieved 

controlled self-assembly of gold nanoparticles into a 3D hotspot structure by regulating the 

addition of halogen ions [64]. Kang et al. implemented a bott om-up approach to achieve self- 

assembly of Figure 1. Schematic presentation of optimum hotspot formation during D-SERS, 

combined with the introduction of an internal standard for the detection of fentanyl. Sketches 

represent a drop of Au-sol,3D hotspots, and aggregate of Au NPs, respectively [50].2.1.2. 

Nanostructures on Flat, solid supports Although metal nanoparticles are easy to produce, the 

fabrication of SERS substrates based on aggregated and dispersed metal nanoparticles for 

analytical applications is limited to poor reproducibility and low enhancement factor. SERS 
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substrates fabricated by immobilizing plasmonic nanostructures on planar surfaces provide a 

means of bringing nanoparticles in the vicinity of one another [59,60]. Planar substrates are 

suitable for integration in microfluidics and miniaturized devices. For some configurations of 

particles, such as spherical ones, aggregation is the critical factor in increasing the magnitude of 

These effect [61]. In addition, type, size, orientation, interparticle distance in aggregated 

nanoparticles, roughness, and thickness of the film are critical factors for SERS performance 

[62,63]. In the following paragraphs, the assembly of metallic nanostructures on flat, solid supports 

is discussed. Nanoparticle self-assembly. Self-assembly of nanoparticles over large areas (up toa 

few cm2) offers advantages such as high amounts of captured analyte. A variety of methods have 

been employed to self-assemble nanoparticles on solid surfaces. For example, the self-assembly 

of nanoparticles can be achieved through the chemical attachment of nanoparticles to a solid 

substrate. Zhang et al. achieved controlled self-assembly of gold nanoparticles into a 3D hotspot 

structure by regulating the addition of halogen ions [64]. Kang et al. implemented a bottom-up 

approach to achieve self-assembly of close-packed gold octahedral array that exhibited an intense 

electric field at the edges and sharp corners of the nanostructure [65]. Ye et al. fabricated densely 

packed, 2D arrays of plasmonic nanoparticles via nanoparticle self-assembly at the water-oil 

interface [66]. Small interparticle distances created highly stable, reproducible plasmonically 

active materials, enabling accurate quantitative SERS measurements. Normally, bifunctional 

molecules are used to form a compact layer with the surface of one chemical moiety while having 

the other moiety interact with metal nanoparticles through chemical or electrostatic interactions. 

In this technique, capping agents play an essential role in preventing the aggregation of 

nanoparticles and forming a uniform layer. This method can also be employed to fabricate multi- 

layered nanoparticle structures [67]. After the deposition of the first layer, the surface is immersed 
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in a ligand solution to act as a linker for the immobilization of subsequent layers [68,69]. The 

ligand molecules help control the interparticle distance to ∼1 nm and bring the nanoparticles close 

to one another [70]. However, the layers’ homogeneity cannot be totally controlled since the 

nanoparticles tend to cluster after the deposition of each extra layer [71]. Directed assembly of 

nanoparticles. Dies et al. presented a novel approach that pro-vides ultrasensitive detection of illicit 

drugs [72]. Extended and interconnected dendritic nanostructures were fabricated through an 

electric field-guided assembly process of Nanoparticles, resulting in high hotspot density (Figure 

2A). Additionally, the prepared substrate could act as a concentration amplification device by 

actively capturing analyte from the solution via electric field effects, thereby improving the 

detection of trace levels of illicit drugs. With the aid of statistical analysis methods (PCA and 

SVM), ultrasensitive identification and quantification were performed with almost 100% accuracy 

in detecting four different illicit drugs (heroin, THC, cocaine, and oxycodone). Dies et al. also 

employed Electrokinetics to assemble nanoparticles on a scratched conductive surface [73]. 

Through the assembly of Ag nanoparticles on a scored conductive surface using an alternating 

current electric field, the formed substrate could detect trace levels of drugs, including cocaine and 

methanol, with high sensitivity. In a novel work, Han et al. proposed a portable kit for in-field 

detection of amphetamine in human urine [74]. Highly reproducible two-dimensional (2D) Au 

nanorods were assembled by methoxymercaptopoly (ethylene glycol) (mPEG-SH) capping to 

enhance the adsorption of amphetamine to the gold surface, resulting in an excellent uniformity 

and reproducibility. The package consisted of a mini-Raman device and a platform for sample 

preparation to separate the analyte from human urine (Figure 2B). The detection limit for 

amphetamine was 0.1 ppm, and the device was employed for the accurate detection of MDMA 

and methcathinone in human urine, as well. Meng et al. also provided a way to quantitatively detect 
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cocaine in human urine samples with self-assembled 2D gold nanoparticle films [75]. The 

nanoparticles were functionalized with CTAB, forming uniform close-packed nanoparticle films 

as a SERS substrate. High signal enhancement was achieved by producing sub-10 nm gaps for 

trapping the analyte. The device could detect cocaine with a limit of detection of 100 ppm and 500 

ppm in an aqueous solution and a urine sample, respectively. Si et al. reported self-assembled soft 

and optically semi-transparent plasmons nanosheets to detect trace amounts of drugs [76]. Owing 

to their sharp edges, nanocubes were employed as the building blocks, offering additional SERS 

enhancement by means of the optical antenna effect. The resulting platform detected benzocaine 

with a detection limit of 0.9 × 10−6 M. Han et al. presented a paper-based SERS substrate 

decorated with uniform gold nanospheres for detecting fentanyl citrate in urine and serum [77]. 

The substrate was prepared by a liquid/liquid self-assembly technique, and chloride ions were 

applied to clean and modify the substrate surface. The resulting solid substrate had an enhancement 

factor and limit of detection of 1.64 × 105 and 0.59 g/mL for the detection of fentanyl citrate in 

artificial urine, respectively (Figure 2C).Electrostatic interactions are another means of assembling 

metal nanoparticles on solid supports [78]. This can be achieved by employing polymers as 

adhesives, e.g., polyelectrolytes [79], polyvinyl pyrrolidone (PVP) [80], polyvinyl pyridine [81], 

and polystyrene [82]. Biomolecules, such as DNA [83] and proteins [84], are used as linkers, 

sometimes acting as recognition elements. 

Yap et al. demonstrated the self-assembly of citrate-stabilized gold nanoparticles onto 2D, highly 

ordered arrays of uniform polyelectrolyte templates. Self-assembly was driven by electrostatic 

interactions between the negatively charged Au nanoparticles and the positively charged 

pyridinium groups on the silicon substrate prepared through the self-assembly of polystyrene- 

block-poly(2-vinyl pyridine) [85]. 
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Figure C .2. A) (a) Schematic representation of SERS-active substrates and detection process. b) Spectra obtained for 

illicit drugs tested and blank sample (water deposited on Ag dendrites). c) 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 [54]. B) Illustration of a portable kit for rapid SERS detection 

of drugs in real human urine [97]. C) Steps involved in fabrication of gold nanoparticle cluster arrays using polystyrene- 

block-poly(2-vinylpyridine) (PSb-P2VP) templates on a silicon or glass surface [100]. 

 

 

Electrochemical growth of nanostructures. Other methods, such as reducing ions on the 

substrate, have been employed to prepare solid SERS substrates [86,87]. Wilson et al. introduced 

a novel silver SERS substrate, assembled by electrochemically reducing silver ions onto a silicon 

chip with planar photolithographed gold electrodes, for the sensitive detection of fentanyl [88]. 

Through submerging Si-Au microchips into an aqueous solution of Ag+ and citrate ions and 

applying an AC potential to the microchip, SERS active silver nanostructures were formed onto 

the electrodes’ edge (Figure 3). The reported limit of detection for fentanyl was 0.078 ppm. 
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Figure C. 3. (a) SERS substrate assembly through reduction of Ag ions on the edges of interdigitated Au electrodes. 

(b) electrodes act as a template for the electrochemical growth of Ag nanostructures [111] 

 

C.2.2. Experimental Factors That Influence Substrate Performance 

The performance of a SERS system is subject to a number of parameters, which, if tuned properly, 

can enhance the plasmonic resonance of the metallic structure. Such parameters include the size, 

shape, surface modification, capping agent, type of solvent, and aggregation state of nanoparticles, 

all of which depend on metal salt, surfactant, reductant, and reaction time [89]. However, the 

aforementioned factors can be interdependently addressed towards improving detection sensitivity 

(see also summary in Table 1).Using a systematic approach, Mabbott et al. studied the effect of 

pH, aggregation time, and aggregation agent in SERS signal optimization to detect 5,6- 

methylenedioxy-2-aminoindane (MDAI) at very low concentrations [90]. The combination of 

KNO3 asthe aggregation agent, pH 7.0, and aggregation time of 1800 s were found to produce the 

best SERS performance. Kline et al. also developed a colloidal SERS platform integrated into a 

microfluidic device to detect illicit drugs including methamphetamine, codeine, and morphine. 
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The performance of the device was optimized by exploring the role of nanoparticle material, 

nanoparticle size, capping agents, and excitation wavelength on SERS signals and drugs’ detection 

limit [49].Although colloidal assemblies can be physically adjusted to gain higher enhancement 

factors, the proximity of the analyte to the hot spot of the metallic structure also has amajor effect 

on SERS detection ability. Enriching the analyte concentration in the proximity of SERS-active 

plasmonic surfaces through analyte manipulation or fabrication of hybrid materials can enhance 

SERS performance by 10–104 fold [91]. Naqvi et al. fabricated a SERS substrate by reduced 

graphene oxide nanosheet decorated with silver nanoparticles (rGO/Ag NPs) through a simple wet 

chemical method [91]. The homogenous, stable substrate provided high-density hotspots for the 

SERS analyses. Employing a novel approach, Liu et al. prepared a 3D hotspot matrix through 

evaporation of a droplet containing citrate and Ag ions on a silicon wafer to detect 

methylamphetamines (MAMP) and MDMA [51]. They concluded that their structure produced 

hotspots between every two nearby particles in 3D space and provided an excellent structural basis 

to trap analytes and molecules. In another work, a SERS-active substrate was prepared by 

assembling individual Au nanoparticles onto the surface of Ag nanowires using spontaneous 

capillary imbibition [92]. In addition to the ease of fabrication and the ability to form evenly 

spatially distributed hotspots, the Ag nanowires coupled with Au nanoparticles acted as an optical 

antenna. The single hotspot prepared a nanochannel to trap the molecules to the capillary 

imbibition, resulting in the high-sensitivity detection of cysteamine and adenosine-50-triphosphate 

down to 10.0 nm. Surface functionalization is a practical approach for ensuring the selectivity of 

colloidally assembled SERS substrates. Employing molecules or chemical groups that can 

exclusively bind moieties (i.e., viruses, proteins, and antibodies) have been employed and resulted 

in more selective detection of target analytes in the presence of interferents that can overlap with 
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the specific target signals [93]. Masterson et al. reported a sensitive substrate for detecting cocaine, 

heroin, fentanyl, and their binary mixtures [94]. The substrate was prepared by first functionalizing 

triangular nano prisms with poly(ethylene glycol)-thiolate in the solid-state and, subsequently, by 

generating flexible plasmonic patches and forming high-intensity electromagnetic hotspots (Figure 

4). Sebok et al. proposed a selective substrate by adsorption of L-cysteine and L-glutathione on 

the surface of gold substrates for the selective detection of Ibuprofen and Dopamine, respectively 

[95]. Chen et al. introduced a reagent-less aptameric sensor based on SERS with “signal-on” 

architecture using a model target of cocaine [83]. The sensor was modified by self-assembly of 3- 

mercaptopropionic acid (MPA) and a 5′-terminal thiolate oligonucleotide aptamer with tetramethyl 

rhodamine (TMR) in the presence of cocaine. Yuet al. proposed a selective substrate for 

quantitively monitoring the level of dopamine [96]. Citrate, as both the capping agent of Ag 

nanoparticles and the sensing agent of dopamine, was self-assembled on the surface of Ag dimers 

by reacting with carboxylic groups on the surface of Ag nanoparticles, forming a stable amide 

bond. A high SERS hotspot region with an intense electric field generated at the gap of the Ag 

nanoparticle dimers allowed for highly selective detection of dopamine. Stewart et al. modified 

the surface of metallic nanoparticles with different mixed thiol ratios for the selective detection of 

amphetamine derivatives such as MDMA [97]. The modification provided a strong covalent bond 

be-tween the metallic surface and the thiol groups, resulting in a high selectivity for MDMA and 

a detection limit of 1.5×10−5 M. Sulk et al. used substrate functionalization for simultaneous 

quantification and identification of methamphetamine and amphetamine [98]. Thiamine 

functionalized with 2-mercaptonicotinic acid (2-MNA) bound to the substrate and pentachloro 

thiophenol (PCTP). The intensity of the Raman bands of analyte was measured relative to the 

Raman band of internal standard. 
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Figure C. 4. Schematic representation of SERS substrate functionalization and drug detection process [118]. 

 

 

Table C .1. Experimental factors that influence the performance of SERS substrates. 
 

Experimental parameter investigated Reference 

Nanoparticle aggregation agent, aggregation time, pH [113] 

Nanoparticle size, capping agent, excitation wavelength [75] 

SERS substrate material [75, 114, 115] 

3D structure and surface topography of substrate [77, 116, 118] 

Chemical surface functionalization of SERS substrates [45, 106, 117-119, 120, 121] 

 

 

2.3. Drug Identification in Biological Fluids Using SERS 

2.3.1. Saliva sampling is a practical approach that lends itself to noninvasive, sensitive, and in situ 

screening for illicit drug consumption. 

Oftentimes, the concentration of some common drugs of abuse is higher in saliva than in plasma. 

In comparison with other biofluids such as urine or blood plasma, saliva provides a faster, more 

straightforward, and more controllable sampling and its testing can be performed by nonmedical 

personnel. It could be used to detect recently ingested drugs since the average residence time of a 

drugin the saliva is comparable to that in blood plasma (24–48 h). There have been multiple reports 

regarding saliva sampling to explore illicit drugs in forensic toxicology [99–101]. Spectroscopy is 
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particularly suited for the development of drug detection techniques due to its high sensitivity and 

ability to discriminate between drug analogues. A comparison of various spectroscopic methods 

in terms of their ability to detect illicit drugs in saliva samples is offered by D’Elia et al. [126]. 

According to that report, SERS emerges as one of the most sensitive spectroscopic techniques for 

drug detection in oral fluids. 

The amount of consumed cocaine can be correlated to its metabolite concentration in saliva 

samples. In addition, it is possible to predict the last time of cocaine use by the metabolite-to- 

parent drug ratio [102]. Inscore et al. described a method that could consistently detect 50 ppb of 

cocaine and other drugs of abuse such as diazepam, amphetamine, and phencyclidine in saliva 

using silver and gold doped sol-gel immobilized in glass capillaries [103]. The improvement in 

signal intensity was provided by electropositive silver and electronegative gold nanoparticles to 

alter the interaction between the drugs and the plasmonic nanostructures via attracting charged 

chemical groups. Farquharson et al. proposed a SERS substrate for testing 150 different drugs in 

saliva samples [104]. In this work, fused gold colloids trapped in a porous glass matrix contained 

in glass capillaries, made possible the detection of trace amounts of the target analyte. A search- 

and-match method was used to better screen the results, which compared the SERS spectra of the 

experiment to those already available. The method allowed the detection and identification of 50.0 

ng/mL cocaine, 1.0 μg/mL diazepam, 10.0 μg/mL acetaminophen, and 1.0 μg/mL of 

phencyclidine. Compared to traditional SERS detection in saliva samples, integration of 

microfluidics with SERS results in improved signal reproducibility, allowing for the direct 

detection of an analyte through the interaction of the surface plasmons and the target analyte in a 

liquid environment. Through integration with microfluidics, Andreou et al. developed various 

SERS plat-forms to detect drugs of abuse in saliva within minutes using Ag colloidal nanoparticles 
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as a sensing medium (Figure A.5) [105]. The device provided partial separation through analyte 

diffusion from the complex matrix. The concentration gradient of the chemicals, raised by laminar 

flow in the device, was used to control the interactions between the analyte in a saliva sample, Ag 

nanoparticles, and a salt. The target molecules first es of illicit drugs with low concentrations in 

saliva [107,108]. Employing sample pretreatment methods such as physical separation, chemical 

separation, and SPE, Dana et al. detected concentrations of less than 25 ng/mL of cocaine in saliva. 

They used gold sol-gel SERS-active capillaries to fabricate SERS substrates [109]. In addition, 

because of the added chemicals during the experiments (chemical buffer solution amongst 

others),they showed that it could serve as a potential procedure to detect basic drugs and acidic 

drugs present in the saliva Metrix. 

 

Figure C .5. Flow-focusing microfluidic device used for controlled Ag-NP aggregation [120]. 
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C.2.3.2. Urine 

Urine composed of about 95% water can be used to screen for illicit drugs that entered the body 

1–4 days earlier. Most synthetic drugs, including amphetamine and methamphetamine, are 

removed through urination [110]. Moreover, illicit drug use can also be detected by screening for 

the metabolites of the parent drug, which frequently remain present in urine for many hours, or 

even days. Despite these advantages, there are some shortcomings in analyzing urine samples for 

drug detection. Raman signals of uric acid, albumin, and creatinine, some of the significant urine 

components, can heavily interfere with the signals of low concentrations of drugs in the sample 

[111,112]. Because of multiple issues with urine drug testing, Riordan et al. proposed a novel 

method of sheath flow SERS to identify benzoylecgonine, the primary metabolite of cocaine, in 

urine samples [113]. This method uses hydrodynamic focusing to confine analyte molecules 

eluting out of a column onto a SERS planar substrate, where the molecules are detected by their 

unique SERS signals. Although successful in benzoylecgonine detection, the process is complex 

and lengthy due to the presence of more than 2000 compounds in thee sample. Portable Raman 

spectrometers are gaining ground rapidly in forensic analysis applications. Although less efficient 

than their bench-top counterparts housed in the laboratory, they are easier to use by law 

enforcement personnel and health professionals. An overview of different modes of Raman 

spectroscopy, including spatially offset Raman spectroscopy (SORS), Resonance enhanced Raman 

spectroscopy (RERS), SERS, and their in-the-field applications in the homeland security and 

detection of chemical and biological hazards can be found in [114]. Miniaturized Raman systems 

capable of performing in situ analysis of forensic, pharmaceutical and art samples have been 

around for over ten years [115].More recently, Han et al. proposed a portable kit for on-site 

detection of amphetamine inhuman urine [116]. The package included a sample-preparation 

platform to extract the analyte from urine by cyclohexane (CYH) and a transportable Raman device 
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(Figure 6). Simultaneously, spherical colloidal superstructures were formed by assembling 

monodispersed Ag nanoparticles in the CYH aqueous phase creating SERS hotspots between every 

two adjacent particles in 3D space. An enhancement factor greater than 107 combined with high 

enrichment of drug molecules in 3D hotspots, excellent stability, and high re-producibility turned 

the device into a suitable SERS platform for quantitative analysis of amphetamine in both human 

urine and aqueous solutions. Amphetamine was detected with a detection limit as low as 10 ppb, 

corroborated by UPLC (Ultra Performance Liquid Chromatography) assays. In work conducted 

by Dong et al., the advantages of sample preparation and portable systems were combined with the 

SVM classification method for the trace detection ofuda and methamphetamine in human urine 

samples [117]. Urine samples containing methamphetamine and MDMA were mixed with gold 

nanorods (GNRs) stabilized with polyethylene glycol methyl ether thiol (PEG- SH). GNRs caused 

a considerable enhancement in SERS signals using a D-SERS platform. SVM enabled 

identification in complex matrices without sample pretreatment. The model identified the target 

analytes in the urine of drug users with an accuracy higher than 90%. The importance of D- SERS 

for the detection of illicit drugs has been highlighted elsewhere [52,118]. Mostert et al. 

demonstrated a SERS platform for identifying four synthetic cannabinoids with relatively similar 

structures in hu ed Ag nanoparticles in the CYH aqueous phase creating SERS hotspots between 

every two adjacent particles in 3D space. An enhancement factor greater than 107combined with 

high enrichment of drug molecules in 3D hotspots, excellent stability, and high reproducibility 

turned the device into a suitable SERS platform for quantitative analysis of amphetamine in both 

human urine and aqueous solutions. Amphetamine was detected with a detection limit as low as 

10 ppb, corroborated by UPLC (Ultra Performance Liquid Chromatography) assays. 
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In work conducted by Dong et al., the advantages of sample preparation and portable systems 

were combined with the SVM classification method for the trace detection of MDMA and 

methamphetamine in human urine samples [117]. Urine samples containing methamphetamine 

and MDMA were mixed with gold nanorods (GNRs) stabilized with polyethylene glycol methyl 

ether thiol (PEG-SH). GNRs caused a considerable enhancement in SERS signals using a D-SERS 

platform. SVM enabled identification in complex matrices without sample pretreatment. The 

model identified the target analytes in the urine of drug users with an accuracy higher than 90%. 

The importance of D-SERS for the detection of illicit drugs has been highlighted elsewhere 

[52,118]. Mostowtt et al. demonstrated a SERS platform for identifying four synthetic 

cannabinoids with relatively similar structures in human urine and aqueous solution samples [74]. 

Mixing the analytes with gold nanoparticles prepared in alkaline or alkali earth salt solutions 

resulted in the nanoparticles’ aggregation and formation of spectral hotspots. The method resulted 

in distinct SERS spectra for each of the cannabinoids with the limit of the detection of as low as 

18 ng/mL. Alharbi et al. developed a SERS substrate to detect tramadol, a narcotic painkiller, in a 

urine sample [80]. Aggregating agents, aggregation times, incubation times, and pH were 

optimized step by step to define the best parameters. Finally, hydroxylamine silver nanoparticles, 

0.5 M NaCl as an aggregating agent, and neutral pH were chosen as the optimum parameters. The 

limits of detection for tramadol in water and artificial urine were calculated to be 5×10-4 M and 

2.5×10-6 M, respectively. A combination of liquid-liquid chromatography with SERS was also 

used for identify-Ing drugs in urine samples [44,119]. Cocaine, heroin, amphetamine and 

pharmaceuticals such as procaine and (nor-) papaverine extracted with HPLC were detected in 

quantities down to 1 μg with SERS performed in the wells of microtiter plates containing the 

analyte and a gelatin matrix-stabilized silver halide dispersion [120]. The same research group also 
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showed that the combination of HPLC extraction and SERS-based detection can be used for the 

characterization of small quantities (1 μg/domain) of several drugs (Carbamazepine, Methadone, 

etc.) and some of their degradation products found in blood and urine [44]. 

 

Figure C .6. A) (a) Schematic (Top) and the corresponding optical images (Bottom) of the self- 

assembly of Ag NPs into spherical Ag colloidal superstructures [137]. B) Schematic 

representation of drug detection by SERS and SVM [55]. 

 

 

C.2.3.3. Blood 

 

Contrary to urine and saliva samples, detecting and quantifying illicit drugs in human blood is 

complex and challenging. Blood plasma produces strong SERS spectra that interfere with drug 

signals, requiring rigorous sample extraction procedures [121].Trachta et al. took advantage of the 

combination of HPLC as the separation tech-nique and SERS to analyze drugs in human blood 

samples from silver halide dispersions deposited in the wells of microtiter plates [119]. A gradient 

technique based on amethanol/buffer mixture was developed to lower the limit of detection of the 

investigation into the 1 μg/sample domain. Using HPLC to extract drugs from the blood serum of 

patients, Zhao et al. also showed that quantities as small as a few hundred nanograms can be 

detected for eight different analytes of the benzodiazepine family by using “gold films over 

nanospheres” (AuFONs) SERS-active substrates with an FT-NIR (1064 nm wavelength) Raman 
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spectrometer [120]. Subaihi et al. employed SERS combined with multivariate statistical analysis 

to detect and quantification of ß-blocker propranolol in human plasma samples [1]. Followed by 

PCA and PC-DFA, the SERS spectra clearly distinguished in a concentration range of 0 to 120 

μM, spiked into human plasma. The limit of detection for propranolol was 0.53 μM. In more recent 

work, they added a definite quantity of isotopically labeled codeine as an internal standard to 

enhance the accuracy of the detection of codeine in blood plasma [122]. A silver colloidal system 

with sodium chloride as the aggregation agent was used for SERS enhancement. Particularly, 

partial least squares regression (PLSR), as a multivariate statistical approach, was used to analyze 

data. The limit of detection of codeine in plasma and water were 416.12 ng/mL and 209.55 ng/mL, 

respectively. The results are shown in Figure 7.Sensors partial least squares regression (PLSR), as 

a multivariate statistical approach, was used to analyze data. The limit of detection of codeine in 

plasma and water were 416.12 ng/mL and 209.55 ng/mL, respectively. The results are shown in 

Figure 7. 

 

Figure C .7. Baseline-corrected SERS spectra of 100 μM codeine spiked into (a) water (b) 

human plasma [141]. 

 

Table 2 summarizes the methods reported above and their detection and performance 

characteristics. 
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Drug Matrix Analysis Type Substrate Lase line (nm) LOD Ref 

Amphetamine Aqueous solution Quantitative Ag colloidal 

solution 

532 5 µg [23] 

Benzocaine Aqueous solution Quantitative Au@Ag 
nanocube-based 

plasmene 

nanosheets 

514 0.9x10-6 gr cm-2 [99] 

Cannabinol Aqueous solution Quantitative vertically aligned 
hexagonally 

close-packed 

AuNR arrays 

632.8 1 µM [142] 

Cannabinoids Aqueous solution Quantitative Colloidal AuNPs 785 18-60 ng mL-1 [74] 

Chrysoidin Aqueous solution Quantitative AuNSt-GO- 

AuNSt sandwich 

structure 

785 1 nm [143] 

Cocaine Saliva Semi- 
quantitative 

Au doped sol-gel 
capillary 

785 50 ppb [82] 

Cocaine Human saliva Semi- 

quantitative 

fused gold 

colloids trapped 

in a porous glass 
matrix 

785 50 ng mL-1 [75] 

Cocaine Saliva Quantitative gold nanorods 

colloidal solution 

780 10 ng mL-1 [54] 

Cocaine Aqueous solution Quantitative (AuNP)- 

embedded paper 

swab 

785 0.6 ng [23] 

Cocaine Saliva Quantitative Dendritic silver 

nanostructures 

632.8 100 ppb [98] 

Cocaine Human Urine Semi- 

quantitative 

Self-assembly of 

2D AuNPs film 

633 nm 500 ppb [126] 

Cocaine Aqueous solution Semi- 

quantitative 

Colloidal AuNPs 

integrated with a 
microfluidic 

device 

633 4.6 ngmL-1 [127] 

Cocaine Aqueous solution Quantitative Ag colloidal 
solution 

532 5.0 µg [127] 

Codeine Human Saliva Quantitative Au doped sol-gel 

capillary 

785 25 ng. mL-1 [144] 

Codeine Human Plasma Quantitative Colloidal AgNPs 633 1.39 µM [141] 

Dopamine Aqueous solution Quantitative Colloidal ANPs 532 20 pM [120] 

Erythrosine B Aqueous solution Quantitative AuNSt-GO- 

AuNSt sandwich 

structure 

785 1 nm [145] 

Fentanyl Aqueous solution Quantitative (AuNP)- 

embedded paper 

swab 

785 1.0 ng [82] 

Fentanyl Aqueous solution 

 
Quantitative 

Dendritic silver 

nanostructures 

632.8 0.078 ppm [111] 

Fentanyl Urine Quantitative AuNPs 

assembled on 
filter paper 

785 10 ppb [100] 

MDMA Aqueous solution Quantitative D-SERS  10 µM [76] 
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MDMA Human Urine Quantitative 2D-GNR 

assembled by 

(mPEG-SH) 
capping 

785 0.1 ppm [45] 

MDMA Aqueous solution Quantitative Colloidal AgNPs 

modified by 

thiols 

785 1.5x10-5 M [97] 

MDMA Human Urine Semi- 

quantitative 

Au nanorods 

stabilized with 
SH-PEG 

785 0.1 ppm [55] 

Meperidine Aqueous solution Quantitative Ag colloidal 

solution 

532 3 µM [23] 

Methadone Human plasma Semi- 

quantitative 

Silver halide 

dispersed into the 

wells of 
microtiter plates 

- 1 µg/sample [44] 

Methampheta 

mine/2-MNA 

Aqueous solution Quantitative Etched Ag foil 633 nm 17 ppm [45] 

Methampheta 

mine 

Human Urine Semi- 

quantitative 

Au nanorods 
stabilized with 

SH-PEG 

785 0.1 ppm [55] 

 

 

Summary and Outlook 

Over the past couple of decades, SERS has emerged as a promising analytical tool for clinical 

and forensic applications. The technique combines the advantages of high sensitivity with 

fluorescence background quenching, thus overcoming many of the shortcomings of conventional 

Raman spectroscopy. SERS is a mode of vibrational spectroscopy that offers the sensitivity 

required for detecting and quantifying trace levels of illicit drugs in biological fluids or aqueous 

samples. Moreover, it lends itself to applications that require rapid, in situ, non-destructive, and 

accurate detection of target compounds in various samples. The ability to implement SERS by 

employing a variety of nanoparticles and substrates that can be created in many ways also adds 

to the method’s versatility. Despite all the advancements, challenges still exist regarding the 

application of SERS in routine forensic analyses. Uniform and reproducible SERS signals depend 

highly on the optimization and stabilization of the substrates. Colloidal substrates lack 

reproducibility but have high enhancement factors for SERS signals. Nowadays, there is more 

control over the shape of the nanoparticles and hotspots, making the creation of reproducible 
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substrates possible. The proximity of the nanoparticles to the plasmonic surface and surface 

coverage are other issues that must be addressed to enhance SERS detection performance. 

Moreover, drug samples often exist in small quantities and rarely as pure compounds. Since the 

adsorption of molecules on the surface is highly competitive, there must be effective strategies 

such as functionalization of the substrate to selectively capture the target analyte on the surface. 

SERS also has certain limitations that may reduce its sensitivity. Most biological samples exhibit 

strong fluorescence in the visible light region, which lowers sensitivity. Moreover, target 

molecules in complex matrices, such as biological fluids, are often masked by the presence of 

other components in the sample that prevent their accurate characterization through vibrational 

spectroscopy [121,123]. One way to overcome such obstacles is the integration of SERS with 

separation techniques, such as thin-layer chromatography (TLC) [124,125], HPLC [119], 

chemical separation [98], and solid/liquid-phase extraction [126]. Another way is to use capture 

methods for selective detection and recognition of the target molecules combined with SERS. 

Common capturing techniques for illicit drug detection are molecular imprinting [127] and 

employing aptamer [128,129] and antibodies [128]. Other techniques, such as the incorporation 

of microfluidics [130,131] for enhancing the interaction between the analyte and SERS substrate 

and colorimetric assays [132] as a prescreening step, have been employed to enhance SERS 

signals. When used together with other analytical methods, such as fluorescence spectroscopy 

and colorimetry, SERS can significantly improve the sensitivity and discriminatory power of 

chemical analysis [133–135]. Finally, integration of SERS with powerful analytical machine 

learning techniques helps extract relevant, fast, and more accurate results for on-site drug 

detection, thus popularizing its use even among non-expert users. Such techniques include 

artificial neural networks (ANNs) [136], support vector machines (SVM) [53,54],partial least 
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squares (PLS) [137], principal component analysis (PCA) [138], and principal component- 

discriminant function analysis (PC-DFA) [134]. Moreover, the combination ofSERS with 

chemometric algorithms facilitates quantification analysis by extracting and comprehending 

complex SERS fingerprints [139,140]. The increasing rate of illicit drug use, its devastating 

consequences for the health of people who use drugs, and its broader risk to the well-being of our 

societies create the urgent need to adopt sensitive yet simpler, analytical drug detection methods. 

The purpose of this article was to summarize the contribution of SERS-based strategies on that 

front by reviewing the progress made to date towards the detection of drugs of abuse in various 

samples, including biological fluids, such as urine, blood, and saliva. An overview of the SERS- 

active substrates employed to date for demonstrating drug detection has also been presented. 

Recent work in the field has established the great potential of SERS to serve not only as a standard 

laboratory method but also as a mobile platform for drug detection, owing to recent advances in 

the performance of handheld Raman spectrometers. Similar to many other chemical analysis 

methods, SERS is also not devoid of shortcomings, and there are still unresolved challenges 

regarding its widespread application. Current efforts to integrate SERS with chemically 

functionalized substrates and statistical analysis methods are a step in the right direction and are 

expected to dramatically improve the selectivity and discriminatory ability of this spectroscopic 

technique. 
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