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Abstract 

Detection of molecular biomarkers at ultra-low concentrations (~nM or lower) within 

miniaturized footprints and quick response times is critical to meet emerging demands in 

healthcare diagnostics. State of the art technologies suffer from the trade-off between 

sensitivity with response times, with a gap capabilities in delivering for nano to picomolar 

sensitivity with response time of few minutes. Surface-enhanced spectroscopies (SES)  

have the unique potential to address this gap. SES relies on ligh-matter interactions taking 

place at nanostructured plasmonic interfaces resulting in enhancement of electromagnetic 

(EM) fields at the vicinity of the metal surface. Such EM enhancements are 

KHWHURJHQHRXVO\�GLVWULEXWHG�UHVXOWLQJ�LQ�µKRW-VSRWV¶�DW�VKDUS�FRUQHUV�RU�MXQFWLRQV�EHWZHHQ�

adjacent nanostructures. Non-linear enhancements of the EM fields as function of closing 

separation at junctions or gaps are capable of enabling detection of trace quantities of 

analytes from their Raman or Fluorescence signals. 

EM fields at nanoscale gaps between noble metal nanostructures are known to present 

high-intensity enhancements that increase non-linearly with decreasing gap distances. 

These enhanced intensities maximize at gap distances of only a few nanometers, which, 

however imposes significant spatial constraints for the analyte to enter and leverage these 

EM hot-spots. This presents a trade-off between closing separations needed for high 

spectroscopic enhancements, and spatial needs for biomolecular adsorption, thus leading 

to the inability of biomolecular analytes to access highly enhancing EM hot-spots. 

The investigations in this thesis are aimed at the rational design of plasmonic 

nanoarrays that present a high density of  EM hot-spots and engineering their structure and 

functionality to improve the sensitivity of biomolecular detection using surface-enhanced 

spectroscopies. This thesis identifies configurations that enhance leverage over 

electromagnetic (EM) hot-spots driving sensitivity down to picomolar concentrations. The 

investigations presented in this demonstrates robust correlations between the geometry Ù 

optical/spectroscopic properties Ù sensitivity in molecular assays with experiments 

supported with numerical simulations. The findings open new opportunities to the rational 

design of plasmonic sensors by factoring in the dimensions of analyte molecules into the 

geometry of nanoplasmonic assemblies. 
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General Introduction 

This thesis entitled ³(QJLQHHUHG�(OHFWURPDJQHWLF�+RW-Spots For Highly Sensitive 

�%LR�PROHFXODU�'HWHFWLRQ� E\�3ODVPRQLF� 6SHFWURFRSLHV´ is an outcome of the project 

PLASENS (C15/MS/10459961) funded by Luxembourg National  Research Fund (FNR) 

as part of FNR-CORE program and carried out within Nano-Enabled Medicine and 

Cosmetics Group at Luxembourg Institute of Science and Technology (LIST), 

Luxembourg. 

 

Figure 1. Schematic representing trade-off in developing biosensor based on nanoplasmonically 

enhanced spectropscopies. 

Nanoplasmonic sensing relies on significantly enhanced electromagnetic fields at the 

vicinity of a nanostructured metal surface to detect molecules at ultra-low concentrations. 

The EM enhancements are strongly pronounced at junctions between adjacent 

nanostructures resulting in gap hot-spots. EM enhancements at these hot-spots increase 

non-linearly as a function of gap distance down to the sub-10 regime. Analyte molecules 
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present at these gaps can leverage these EM enhancements, resulting in ultra-high 

sensitivity in detection by surface-enhanced Raman or Fluorescence spectroscopies. 

However, such confining gaps affect the ability of large analytes such as biomolecules to 

enter and thereby leverage EM fields within the gaps. This presents spatial needs to enhance 

EM fields at odds with those for accommodating biomolecular interactions. This thesis 

demonstrates the rational design of array configurations that allows the EM hotspots to be 

better leveraged by the reporter of a biomolecular binding event. The thesis uses molecular 

self-assembly based approach to prepare well-defined and reproducible plasmonic 

nanoarrays on macroscopic areas. Multiple parameters are considered including the 

dimension, shape, and density of hotspots, surface functionalization, and the choice of 

substrates, to demonstrate quantitative detection of proteins and smaller organic molecules 

down to picomolar concentrations.  

Chapter 1 reviews state of the art and presents the motivation behind the highly 

sensitive detection of molecular biomarkers and its significance in addressing emerging 

demands in healthcare diagnostics. The chapter reviews the gap in the state-of-the-art 

technologies reviews potential of nanoplasmonic sensors in addressing the gap. State of the 

art in nanoplasmonic sensors based on surface-enhanced spectroscopies is considered with 

specific attention to surface-enhanced Raman and surface-enhanced Fluorescence 

Spectroscopies. The role of electromagnetic (EM) enhancements close to the surface, and 

the specific role of electromagnetic hot-spots towards the sensitivity in molecular detection 

is discussed. Metal nanostructure geometries that deliver highly enhancing EM hot-spots 

and the means to produce them are reviewed. The challenges in state of the art technologies 

towards delivering highly enhancing EM hot-spots, with spatial resolutions down to the 

sub-10nm, along with high quality and throughput is highlighted. The strategies adopted in 

literature to leverage the EM hot-spots by molecular co-localization at the hot-spots is 

reviewed, while highlighting the challenges in adopting them in the context of biomolecular 

detection. Additional factors of importance to consider in affinity biosensing, which would 

also be applicable for nanoplasmonic biosensing platforms, are presented and reviewed. 

Chapter 2 gives an overview of the fundamentals of the nanofabrication of 

plasmonic nanoarrays with engineered EM hot-spots, and experimental techniques related 
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to the investigation of optical, spectroscopic, and analytical performance, reflecting the 

basis of approaches employed throughout this thesis. The chapter discusses in detail the 

process Ù structure correlations and fabrication features offered by self-assembled block 

copolymer template with spatial control of resulting geometries down to the molecular 

level. The basis, significance and the challenge in different techniques used to characterize 

the nanoplasmonic substrate geometries, optical/spectroscopic response, and bio-nano 

interactions are presented. 

Chapter 3 present nanoparticle cluster arrays with unique hybrid geometries that 

present dual-length scale EM hot-spots, viz. inter-particle hot-spots with typical dimensions 

<1 nm, and inter-cluster hot-spots dimensions in the sub-10nm regime. The contribution of 

inter-particle hot-spots and inter-cluster hot-spots in detection sensitivities based on the size 

of the analyte molecules is studied on glass substrates. SERS and MEF assays, along with 

numerical simulations of EM field profiles show the biomolecular interactions to benefit 

from inter-cluster EM hot-spots, and to be detected with higher sensitivity by use of 

configuration that maximizes the density of inter-cluster hot-spots. 

Chapter 4 investigates nanoparticle cluster arrays fabricated on gold substrate the 

impact of substituting the glass substrate with gold on the resulting sensitivity towards 

detection of small and large molecular analytes. The strong increase in sensitivity of the 

nanoparticle cluster arrays on gold, and the ability to differentially enhance the EM field at 

the inter-cluster hot-spots for larger clusters is demonstrated with experiments in 

combination with FDTD simulations. The NCAs on gold substrate is shown to increase 

sensitivity in relation to glass. The higher  and better sensitivity in detection of small and 

larger analytes were achieved by leveraging the NCA geometry that presented greater inter-

cluster EM enhancements. 

Chapter 5 demonstrate NCA fabricated on QCM sensors to correlate MEF signal 

intensities with surface density of bioanalyte. This enables geometric modelling of 

biomolecular adsorption on the NCA to attain clarity of the precise distribution of analyte 

with respect to the inter-particle and inter-cluster EM hot-spots. The measurements further 

show the significant gain from the use of MEF with respect to the equivalent sensitivities 

as obtained with QCM, but, with footprints that are 8 orders of magnitude smaller. The 

approach is shown to pave way to rational design of plasmonic interfaces with an informed 
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understanding of the relative role of EM enhancement at EM hot-spots versus molecular 

distributions with respect to the EM hot-spots. 

Chapter 6 investigates gold nanopillar arrays with inter-pillar EM hot-spots 

systematically controlled down to sub-10nm lengthscales. The strong impact of the 

sensitivity of the pillar arrays towards detection of molecular analytes smaller and larger 

than the hot-spot dimensions is shown. Numerical simulations together with spectroscopic 

assays show picomolar sensitivity in detection of biomolecular analytes in SERS and MEF 

assays. Switching from SERS to MEF based detection is found to be advantageous, as the 

lengthscale of biomolecular interaction offers separation of the fluorophore from the metal 

surface. 

Chapter 7 gives the summary and the conclusion of the presented work and future 

prospects.  
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This chapter presents the highly sensitive detection of molecular biomarkers and its 

significance in addressing emerging demands in healthcare diagnostics and reviews the gap 

in the state-of-the-art technologies and the solution based on nanoplasmonics. State of the 

art in nanoplasmonic sensors based on surface-enhanced spectroscopies is considered with 

specific attention to surface-enhanced Raman and surface-enhanced Fluorescence 

Spectroscopies. I discuss the role of electromagnetic enhancements close to the surface, 

and the specific role of electromagnetic hot-spots presenting intense and locally confined 

electromagnetic fields towards the sensitivity in molecular detection and review the 

geometries that deliver highly enhancing EM hot-spots and the means to produce them. 

Furthermore, this chapter analyzes the challenges in literature towards delivering highly 

enhancing EM hot-spots, with spatial resolutions down to the sub-10nm, and reviews the 

strategies to leverage the EM hot-spots by molecular colocalization at the hot-spots, 

highlighting the challenges in adopting them specifically for biomolecular analysis. The 

additional factors of importance to consider in affinity biosensing, which would also be 

applicable for nanoplasmonic biosensing platforms, are presented and reviewed. 
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Healthcare and diagnostics encompass a wide variety of efforts made by medical 

professionals and researchers around the globe to support the healthcare needs of society. 

Such efforts can underpin the recommended preventive measures to avoid diseases or 

improve the current state of the art available for controlling disease progression in the living 

system. These include performing risk stratification,1 designing and discovering new 

medicines or vaccines,2 driving personalized therapies,3 and predicting diseases.4 While 

human diseases could be broadly categorized as hereditary,5 infectious,6 or chronic,7 their 

pathogenesis remains unique within different patients. Despite exponential advancements 

in healthcare and diagnostics technologies, thoroughly understanding the behaviors of a 

disease that are rooted down to the genetic levels of the living system remains a challenge. 

Illnesses that are avoidable at early stages demand an ultra-sensitive detection tool that can 

detect the presence of disease markers at such an early stage. Furthermore, it should be able 

to perform faster with reliable results to expedite prognosis and treatments. This is 

especially true in low-income countries, where just a few infectious diseases already claim 

millions of lives every year. Together, these diseases, which could have been prevented or 

cured, account for 1 in 8 deaths globally.8 The causation of such diseases can be monitored 

by the genomic and proteomic analysis in the targeted cells.9 A pandemic (such as Covid-

19), whose growth rate is on an unmatched scale throughout the world, has already exposed 

the need for sensitive and rapid detection in a cost-effective way. In such cases, large-scale 

testing is required to match the rising speed of the pandemic.10 Hence, the ability for 

multiplexed sensing can support us in addressing such issues.11 However, to provide 

detection technologies in the array configurations, the miniaturization of the sensing 

platforms would also become necessary, enabling lab-on-a-chip settings.12 Highly sensitive 

and miniaturized sensing platforms would also underpin the transformation of treatments 

IURP� µRQH-size-fits-DOO¶� RU� µWULDO-and-HUURU¶� PHGLFLQH� WRZDUGV� SHUVRQDOL]HG� RU� SUHFLVLRQ�

drugs,3,13 ensuring patient-specific therapy with low failure risks, time and cost. The key to 

understanding disease functionality lies in the molecular behavior of the biological 

components (such as cells, proteins, or genes) present inside the human body, which can 

help report the healthcare status of the patient, e.g., the risk, presence, progression, and 

prognosis of diseases. The tools and techniques aiming to detect molecular biomarkers to 
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diagnose the healthcare status of an individual would constitute the domain of Molecular 

Diagnostics. 

 

 

Figure 1.1. Representation of molecular biomarker types and their use in early diagnostics, 

prognostics, and therapeutics. As an example, the biomarker for Cholangiocarcinoma (CCA) is 

shown in this figure. [Reprinted with permission from Seeree et al. (2015) Ref.14; Copyright © 2015 

Hindawi]  

Biomarkers refer to the presence or changes to biological or biochemical species that 

are capable of accurately reporting information related to the health of the patient (Figure 

1.1).14 A single droplet of blood contains millions of cells, proteins, and amino acids, which 

include a plethora of information about the health of the patient and can all be considered 

biomarkers.15 For example, glycated hemoglobin (HbA1c) is one of the biomarkers for 

diabetes found in blood,16 human chorionic gonadotrophin (hCG) is a biomarker for 

pregnancy found in urine,17 and there are many other biomarkers for different types of 
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cancer, such as PSA, CEA, Bladder Tumor Antigen, etc.,18 as well as genetic variations 

known as single polymorphisms (SNPs) biomarkers,19 which are relevant to genetic 

GLVRUGHUV�� VXFK� DV� $O]KHLPHU¶V� GLVHDVH�20 At the onset stage of disease progression, 

biomarkers present in complex mediums at a concentration as low as femtomolar in the 

case of cancer, pose critical challenges. Therefore, the capability to probe such biomarkers 

at levels that are clinically-relevant (Figure 1.2),21 has become a primary focus of bio-

sensing technologies. 

 

Figure 1.2. Clinically relevant levels of diseases. [Reprinted with permission from Shana O. Kelly. 

(2017) Ref.21; Copyright © 2016 American Chemical Society] 

Molecular diagnostics (MDx) deals with the analysis of biological markers in the 

genome and proteome, that is, the individual genetic code and how the cells express their 

genes in proteins.22 Molecular diagnostics have been around for more than four decades,23 

since then, systematic efforts have been made to identify, quantify, and monitor pathogens 

by applying molecular biology to medical testing. The approach itself manifests the 

prospect of a personalized treatment approach owing to its miniaturized footprints and 

multiplexed analysis capabilities. Benefitting from the increasing interest of the researchers 

and promising outcomes, the molecular diagnostics market is predicted to rise almost $9.9 

billion by 2022, having a CAGR of 8.5%. It is important to note that nearly 62% of the 



Chapter 1. Introduction 

 

6 

market was already dominated by the diagnosis of infectious diseases before this estimation 

(Figure 1.3).24 

 

Figure 1.3. a) Market Share of different players in in-vitro diagnostics,25 b) Global MDx Market 

Size,24 and c) Global MDx Market.24 

MDx deals with the specific and robust interaction of biomolecules such as antibody-

antigens or a pair of complementary nucleic acid chains.22 Immunoassay-based techniques 

such as ELISA (enzyme-linked immunosandwich assays) or PCR (polymerase chain 

reaction), relying on endpoint detection using fluorescence, are capable of detecting 

biomarkers that have an in-blood concentration range from the micromolar to picomolar 

range. However, they are typically carried out in centralized facilities, executing step-wise 

biochemical processes to achieve quantitative results, resulting in high costs and long 

durations of time for the analysis. To decrease the cost of healthcare and provide tailored 

treatments, it is crucial to reduce the reliance on centralized laboratories by making low-

cost, efficient, and miniaturized biosensing tools available for deployment at the point of 

care. Such devices can be madH�DYDLODEOH�WR�³IURQW-OLQH´�PHGLFDO�SURIHVVLRQDOV�VR�WKDW�WKH\�

can obtain reliable information quickly enough to make decisions.26 Examples of such 

devices include those for self-monitoring blood sugar levels or pregnancy testing kits. A 

detailed report was published by the World Health Organization (WHO) in 2015, 

describing the urgent need for such devices for the aging population.27 Snyderman et al., in 

their study, summarized the correlation of disease progression with its severity, burden, and 

the extent of patient suffering, indicating an exponential behavior of progression after 

infections (Figure 1.4),28 enforcing the need for early detection. MDx provides 

opportunities to analyze risks at a healthy stage, in order to detect and prepare personalized 

treatments at an early stage, when the intervention is most effective in preventing an 

exponential rise in severity. 
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Figure 1.4. Disease progression curve. [Reprinted with permission from Snyderman et al. (2012) 

Ref.28��&RS\ULJKW��������:,/(<ဨ9&+�9HUODJ�*PE+�	�&R��.*D$��:HLQKHLP@� 

 

 

Figure 1.5. Schematic representation of biological species on a transduction platform constituting 

0ROHFXODU� %LRVHQVRUV�� >5HSULQWHG� ZLWK� SHUPLVVLRQ� IURP� 3HxDဩBahamonde et al. (2018) Ref.32; 

Copyright © 2018 The Authors] 
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Taking in to account the increasing awareness of the behavior of cells, proteins, or 

genes at diminishing length scales reaching nanoscopic levels and their physical 

interpretation in relation to disease functionality, many innovations have been made in bio-

diagnostics tools. Detecting analytes (i.e., biomarkers) specifically and directly according 

to their physical properties (including mass, size, or charge) is extremely complicated. 

Additionally, it circumvents one of the underlying requirements for modern biosensors, i.e., 

the selectivity or targeted detection of a molecule of interest.29 Hence, biosensing based on 

immunoassays that use sandwich configurations of biological species as receptors (for 

example, protein or nucleic acid) has been widely used for clinical as well as research 

purposes.30 They are employed in different formats to capture the analyte of interest 

(Figure 1.6).31 These analytes can be another protein (antigen or antibody), cell, nucleic 

acid, or in some cases small molecules, or ions (such as Mg+, NA+, Pb+, etc.).30,32  

 

Figure 1.6. (Above) Advancements in the affinity-based detection of proteins and (bottom) 

background signal contributors and their magnitude. [Reprinted with permission from Nong et al. 

(2012) Ref.31; Copyright © 2012 Expert Reviews Ltd.]  

The DNA hybridization assay (based on PCR),31 immunosandwich assays (ISA), and 

DNA encoded chemical library,33 are a few examples of affinity-based bioassays that allow 

the very selective capturing of the analyte from a complex sample. Relying on the growth 

of chemistry, nanotechnology, and biotechnology, sandwich assays have been widely 

developed in order to extend its signaling mechanism from radiolabeling to simpler 

transduction schemes for example electricity, fluorescence, or enzyme catalysis.30 

The sandwich assay has been extensively developed, relying on progress in 

chemistry, biotechnology, and nanotechnology to extend its signaling mechanism from 
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radiolabeling to more advanced transduction schemes such as enzyme catalysis, 

fluorescence, or electricity. Moreover, employing nanoparticle labeling techniques to 

amplify their output signals pushes down their detection limits further (Figure 1.7). 

 

Figure 1.7. Categories of the sandwich assays including sandwich radioimmunoassay (RIA), 

sandwich colorimetric assay (CMA), sandwich fluorescence immunoassay (FLIA), sandwich 

electrochemical assay (ELCA), sandwich giant magnetoresistive assay (GMRA), and sandwich 

localized surface plasmon resonance assay (LSPRA). [Adapted with permission from Shen et al. 

(2014) Ref.30; Copyright © 2014 American Chemical Society] 

Although some of these technologies offer detection limits down to the femtomolar 

range within a few tens of minutes (Figure 1.7),30 they involve intricate sample pre-

treatment processes, medically trained users, sophisticated laboratories, and lengthy and 

complicated steps (such as washing, drying, and separation stages), which all increase their 

operational costs. There is an urgent need to develop simpler and more efficient ways of 
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approaching sensitivities down to single molecules in a shorter timeframe. Incorporating 

nanoscale structures within modern affinity-based molecular diagnostic techniques has 

revolutionized the field of in-vivo as well as in-vitro biosensors in recent decades.34 Their 

inherent advantages, such as higher surface to volume ratios within miniaturized footprints, 

favorable electronic/optical or mechanical properties arising at the nanoscale, and fast 

response time, have been combined to advance molecular biosensing. The nanobiosensing 

technologies have paved the way for gaining a comprehensive insight into dynamic cellular 

metabolic events and, subsequently, the human body metabolism. For example, in 2012, 

Costa et al. demonstrated a more straightforward strategy for monitoring cancer circulating 

cells (CTCs) labeled with gold NP,35 and in 2009, Zhang et al. showed that they were able 

to monitor mammalian brain cell activity relying on the localized surface plasmonic 

resonance shift of the gold NP.36 

 

 

Figure 1.8. Schematic comparison of typical length scales of (above) biological species and (below) 

length scales relevant to micro and nanotechnolgically engineered surfaces.37 
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The advancement in micro- and nanofabrication technology has unveiled several 

possibilities for fabricating nanosized structures using modern semiconductor fabrication 

processes, enabling them to interrogate or influence biomolecular interactions at the 

molecular length scales. These technologies allow the output signal from conventional 

bioassays such as immunoassays, DNA hybridization, etc. to be amplified in order to 

develop practical state-of-the-art biosensors. Such biosensors leverage the advantages of 

nanoscale structures to improve the signal-to-noise ratios within miniaturized sensor 

footprints. Nanoscale biosensing platforms relying on nanoscale geometries have already 

shown themselves capable of sensing down single molecules. However, such a capability 

does not readily translate into workable solutions in real-life applications. Several 

challenges need to be addressed before the sensors can perform reliably to quantify the 

desired biomolecular target in complex media, with specifications that satisfy end-user 

needs from both the clinic and the industry.   

 

Figure 1.9. Categories of the biosensing transducer including surface plasmon resonance (SPR), 

suspended microchannel resonator (SMR), nanowire (NW), lateral flow assay (LSA), microring 

resonator (MMR), quartz crystal microbalance (QMC), bio-barcode amplification assay (BBA), 

immunofluorescent assay (IFA), microcantilever (MC). [Adapted with permission from Arlette et 

al. (2011) Ref.38; Copyright © 2011 Macmillan Publishers Limited] 

In a detailed review by Arlette et al., they compared the state of the art techniques 

based on their Analysis time and Limits of Detection relying on optical, mechanical, and 
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electrical transduction (Figure 1.9).38 The techniques that deliver high sensitivity do so at 

the expense of long response times and those which deliver quick results do so at the 

expense of sensitivity. Such a trade-off exposes a gap for sensing technologies that reliably 

deliver nano to the picomolar range with response times of a few minutes, which would 

considerably meet the emerging diagnostic demands. For example, using standard 

lithography techniques, microcantilever structures were demonstrated to sense prostate 

static antigen (PSA) down to 1.5 fM concentration relying on the shift in their resonance 

frequency in a vacuum.39 While the sensing platform is highly sensitive to surface stress 

generated due to the binding of biomolecules to the cantilever surface, the time involved 

for sensing was extended to a few hours. 

The standard enzyme-linked immunosandwich assays (ELISA) use an enzymatic 

enhancement to the colorimetric product as a function of time. The technique can deliver 

sub-nanomolar sensitivities but is limited by the slow response times, typically over an hour 

for only the enzyme-catalyzed reaction step. Techniques such as SPR and QCM are capable 

of real-time monitoring of the sub-monolayer of molecules on the surface but are limited 

in the number of molecules needed in order to obtain a noticeable signal.40 For QCM, this 

typically requires at least a billion molecules on the surface. Plasmon-enhanced 

spectroscopies that rely on plasmonic signal enhancement over vibrational Raman or 

Fluorescence signals can clearly address the gap, as they have sensitivity down to a few 

molecules,41,42 within microscopic footprints, with typical acquisition times spanning from 

seconds to minutes.43,44 In the following section, surface-enhanced spectroscopies, the 

means to enhance their signals using tailored plasmonic interfaces, are reviewed and 

discussed. 

The ability to detect molecular biomarkers down to sub-nanomolar concentrations 

is critical to emerging personalized healthcare applications. Popular technologies and the 

alternative emerging technologies suffer from the trade-off of delivering high sensitivity 

with quick response times, within miniaturized sensing footprints. With a proven 

sensitivity down to few molecules within microscopic footprints and a response time of 

a few seconds to minutes, Plasmon-enhanced spectroscopies have the unique potential 

to address this gap relying on light-matter interactions.  
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Surface-enhanced spectroscopies (SES) rely on the enhancement of spectroscopic 

signals originating from the analyte molecules attached to or in the close vicinity to the 

metallic nanostructures. The spectroscopic techniques such as infrared (IR), Raman, or 

Fluorescence, probe light-matter interactions based on absorption, emission, or the 

scattering of electromagnetic radiation as a function of wavelength or frequency to detect 

the presence of molecular analyte based on its vibrational or electronic structure. The 

presence of metallic nanostructures that can concentrate and enhance EM fields, results in 

enhanced spectroscopic signals from the analyte. These mainly include Surface-enhanced 

infrared absorption (SIERA),45,46 Surface-enhanced chiroptical spectroscopy (SEC),47±50 

Surface-enhanced Raman spectroscopy (SERS),51,52 and Surface-enhanced fluorescence 

(SEF).53,54 

With strongly enhanced signals, SES compensates for the lower signal cross-section 

of the analyte molecules, allowing usefulness beyond spectroscopic characterization into a 

tool for molecular detection with limits of detection (LOD) down to few molecules. 

Different SE spectroscopic techniques have previously been shown for biosensing 

applications depending on the probe, incident wavelength, nature of the analyte, and assay 

configuration.55 Among various SE techniques, SERS and SEF are highly promising due 

to their compatibility with visible wavelength ranges, ability to reduce sensor footprints, 

and ease of extending to portable configurations. The following section discusses the origin 

of enhancements in SERS and SEF signals from nanoplasmonic interfaces. 

 

Raman spectroscopy allows the structural information of the analytes based on their 

vibrational frequencies, which are specific to the chemical bonds and the symmetry of the 

atoms in the molecule. By probing molecular vibrational states, Raman spectroscopy 

reveals the structural information in the form of a Raman spectrum of the molecule. 

Therefore, such characteristic Raman spectrums are often referred to as fingerprints of the 

molecules that allow the identification in a multiplexed environment. 
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In principle, Raman scattering can be explained from a classical as well as a quantum 

mechanical point of view. According to the classical wave interpretation, Raman scattering 

relies on the interaction of EM radiation with oscillating electric fields and with the 

polarizability of the molecule, i.e., the extent to which the electron cloud on the molecule 

can be distorted in the presence of an electric field. For example, an aromatic molecule, 

such as benzene, is a soft molecule (higher polarizability) that tends to be a stronger Raman 

scatterer, unlike a water molecule (lower polarizability) that has fairly weak Raman signals. 

On the other hand, according to quantum mechanical interpretation, when a Raman 

active molecule is irradiated with incident photons, a large number of photons scatter 

elastically (a.k.a. Rayleigh scattering). This occurs due to the oscillating electron of the 

molecules in resonance with the incident electric fields. However, few photons undergo 

energy transformation resulting in inelastic scattering (a.k.a. Raman scattering). Energy 

changes occur because of the vibration of the molecule that might occur during the 

resonance between the oscillating electrons and the incident field.  

These Raman scattered photons can have either higher or lower energy photons 

resulting in anti-Stokes or Stokes bands (Figure 1.10). Raman spectra commonly report 

Stokes bands due to their stronger intensities. Thus, Raman scattering is observed at a longer 

wavelength or higher energy in relation to incident light. 

 

Figure 1.10. Stokes and anti-Stokes Raman scattering.56 
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Raman signal (intended as Stokes-Raman) generated from analytes can be written as: 

ோܲ ൌ  Eq. 1.1 ܫோߪܰܭ

Here, ோܲ (photon/s) is the Raman signal power measured by the detector, K 

accounts for a fraction of the photons scattered from the molecule (stokes shifted) converted 

to electrons by the detector, N is the number of molecules illuminated, ߪோ 

(cm2/sterade.molecule) is the Raman-cross section of the molecule, and ܫ (photon/(cm2.s)) 

is the intensity of the incident laser. This implies its dependency on the chemical nature of 

the analyte molecule through its cross-section, as well as the incident field. 

Raman Spectroscopy offers fingerprint recognition, multiplexing in different 

environments, and non-invasive interrogative capabilities. However, Raman scattering is 

an inherently weak phenomenon. In comparison with fluorescence, it is crucial to note that 

the scattering that occurs has very low efficiency. The fluorescence cross-sections are 

typically in the range of 10-16 cm2/molecule,57 whereas, the Rayleigh and Stokes Raman 

cross-sections, are approximately in the range of 10-26 cm2/molecule and ~10-29 

cm2/molecule, respectively.57±59 Furthermore, Resonant Raman excitation can benefit the 

Stokes Raman cross-section to reach only up to ~10-22 cm2/molecule.57,58 Therefore, it is 

experimentally difficult to filter the Raman scattered photons from the Rayleigh scattered 

photons or fluorescence background. The detection of analytes at low concentrations is 

even more difficult. 

The presence of metallic nanostructure suitably near the analyte molecule can 

improve the low intrinsic efficiency of the Raman scattering. Raman signals under such 

configurations have been estimated to increase up to ~1010 times or more in many 

studies,60,61 with 107 to 108 order of enhancement being considered sufficient for single-

molecule detection with efficient Raman probes (with high Raman cross-section).61 This is 

known as SERS.62,63 

This enhancement includes (Eq. 1.1) contributions from two factors, namely, 

electromagnetic and chemical enhancements.64  

ௌܲாோௌ ൌ �ௌாோௌܩ� ோܲ ൌ ௌாோௌாܩ� �ௌாோௌܩ� ோܲ Eq. 1.2 
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 ௌாோௌ is the total SERS enhancement factor and accounts for the amplificationܩ

induced by the substrate, which involves contribution from EM enhancements (ܩௌாோௌா ) and 

chemical enhancements (ܩௌாோௌ). 

Electromagnetic Enhancements: EM enhancements are considered to be the 

dominant contributing factor to the overall SERS enhancements. This is based on numerous 

studies, typically employing computational thermodynamics calculations to determine the 

enhanced electric field ܧሺ߱ሻ experienced by the analyte situated near the metallic 

nanostructures with resonating free electrons at frequency ߱ (discussed in detail section 

1.3). Although it is independent of the analyte species and their Raman cross-section, to 

effectively contribute to the output signals, molecules need to be embedded inside the 

enhanced EM field environment. The electromagnetic enhancement (ܩௌாோௌாெ ) can be 

expressed as, 

ௌாோௌாெܩ ൌ � ȁܧሺ߱ሻȁଶȁܧሺ߱Ԣሻȁଶ Eq. 1.3 

Where ܧሺ߱ሻ is the local electric field, and ܧሺ߱Ԣሻ is the radiated field ߱ Ԣ as the Raman 

emitted frequency (a.k.a. dipole reradiation65).66,67 Considering that the difference in ߱ and 

߱Ԣ is small, the so-called E4 approximation can be applied,68 and Eq. 1.3 becomes, 

ௌாோௌாெܩ ൌ � ȁܧሺ߱ሻȁସ Eq. 1.4 

Chemical Enhancements: On the other hand, chemical enhancements are independent 

of EM field enhancements and have weak contributions to overall SERS enhancements. 

Their contributions lie within the modifications in the polarizability experienced by the 

molecule due to the transfer of charges with the metal surface or receptor molecule on the 

metal surface.  

 The interaction can alter the Raman cross-section of their vibrational modes, and 

consequently, their Raman intensities. Therefore, it relies on the physio-chemical 

interaction of the molecule with the metallic surfaces, hence is also considered a short-

range effect as it involves contact or very small separations between them (a few 

Angstroms).69 Depending upon the nature of the adsorption enthalpies involved that 

determine the strength of the interaction, the electronic structure of the probe molecule 
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might change. The impact is less significant in physisorbed molecules, and more 

meaningful in chemisorbed molecules due to the charge transfer (CT) effect between the 

molecules adsorbed and the metal surface under certain conditions.70 Consequently, the 

intense enhancement of some Raman bands is observed in the event of resonance Raman 

configurations.71 The chemical enhancements can be expressed as the ratio between the 

Raman cross-section of the analyte when it is adsorbed (ߪோௗ௦ሻ on the metal surface 

(physisorbed or chemisorbed) to when it is in free space (ߪோ
) in Eq. 1.5. 

ௌாோௌܩ ൌ �
ோௗ௦ߪ

ோߪ
 

Eq. 1.5 

Distance-Dependence: The dependence of the SERS enhancement on the distance 

from the surface can be explained by considering a simple case of the metallic sphere of 

radius much smaller than the incident wavelength; theoretically it follows ଵ
ௗభమ

 dependence,59 

expressed as, 

ௌாோௌாܩ �ሺ݀ሻ
ௌாோௌாܩ �ሺͲሻ

�ൌ � ሾ
ܽ

ܽ  ݀
ሿଵଶ 

Eq. 1.6 

Where ܽ is the radius of the sphere, and ݀ is the distance of the Raman emitter from 

the surface of the metallic sphere. Therefore, the Raman emitter must be in close proximity 

with the metal surface in order to leverage from the localized EM fields in the environment 

it is embedded within, as well as chemical enhancements where possible (Figure 1.11).59,68 
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Figure 1.11. (a) Schematic representation of a Raman active molecule placed at a distance ݀ from 

the metal surface of radius ܽ. [Adapted with permission from Aroca (2006) Ref.59; Copyright © 

2006 John Wiley & Sons Ltd.] (b) ܩௌாோௌ, normalized to the value at the surface, is plotted as a 

function of ݀ for a sphere with radius a = 20 nm (black line) and for a sphere with radius a = 40 nm 

(red line). [Adapted with permission from Pilot et al. (2018) Ref.68; Copyright © 2018 Springer 

International Publishing AG] 

Owing to the promising capabilities of SERS in demonstrating highly sensitive 

probing of the molecules at nanoscale resolution,52 SERS has gained considerable interest 

in biomolecular detection applications in body fluids using indirect (label-free), or direct 

(labeled molecules) biosensing protocols.64,72 As it combines the advantages of Raman 

spectroscopy72 (which includes recognition capabilities using a non-destructive type of 

analytical technique, minimum preparation of the sample, the possibility of carrying out 

measurements in solutions (since water has a weak Raman scattering), multiplexed sensing, 

prospects for portable configurations) with the enhanced Raman signal intensities to 

overcome that gap and additionally in some cases also enables single-molecule 

detections.73 Thus, rationally selecting a Raman reporter based on its Raman cross-section, 

fingerprint peak positions, excitation wavelength, emission wavelength, surface interaction 

type (physical/chemical) can help to improve detection sensitivities, provided that the 

reporter molecule is able to undergo EM and/or chemical enhancements from the localized 

EM fields at the metal surface.  

 

The enhancement mechanisms that are relevant to SERS are also applicable in 

various other spectroscopic techniques that deal with absorption, fluorescence, or the 

scattering of photons. Fluorescence is widely used for biosensing and imaging for clinical 

and research purposes due to its high sensitivity and ease of implementation,74,75 e.g., 

fluorimetric bioassays,76 high throughput screening,77 and the imaging of biological cells 

and sub-cellular components.78 However, fluorescence-based biosensors also remained a 

center of interest for the researchers for the purpose of increasing their sensitivity and 

overall performance of the biosensors.79 

The fluorescence signal, like Raman, can be enhanced under appropriate conditions 

for fluorophores near metal surfaces, and are thus known as SEF.53 Despite having a much 
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higher cross-section of fluorescence than Raman, the signal enhancement achievable in the 

former is much lower (~103) than that in the latter (~108).80±83 Although they have similar 

enhancement mechanisms supporting their signal amplification, there are many important 

dissimilarities amongst them.  

Fluorescence is a multi-step process, unlike SERS, where scattering is instantaneous. 

This means that the enhanced EM fields (local ܧሺ߱ሻ and re-radiated ܧሺ߱Ԣሻ) near the Raman 

probe will aid to improve the SERS cross-section. While for fluorescence, enhanced local 

EM fields will provide support to modify the absorption cross-section, the radiative 

enhancement only contributes to modifying the decay rates, which then compete with each 

other.57 The detection techniques based on fluorescence are usually limited to the quantum 

yield, autofluorescence, and photostability of the fluorophore.54 During SEF, enhanced EM 

fields in the environment in which the fluorophore is embedded influences two main optical 

properties of the fluorophore. This includes, quantum yield, and the absorption cross-

section.57 In other words, enhanced absorption of photon that excites the electron from the 

ground state to the excited state, does not enhance the energy being extracted from the 

electron but only extracts it faster. Hence improving the excitation rate.57 

To understand the mechanism behind the impact of metal surfaces on the fluorophore, 

the Jablonski diagram is shown in Figure 1.12.84 It briefly explains the excitation and the 

emission process that takes place in the absence and presence of the metal surface close to 

the fluorophore. A fluorophore in a free space condition can absorb the energy of the photon 

) and jumps to its excited state (ܧ) ଵܵ). Following this, the molecules from the excited state 

can fall back to their ground state (ܵ) while undergoing radiative decay by emitting a 

photon at a rate, ߁, or by undergoing non-radiative decay with a rate of ݇ேோ, or they can 

suffer from a quenching process which results in depopulating the ଵܵ level with a rate of 

݇ொ. The quantum yield, ܳ, of a fluorophore suggests competition between radiative decay 

and non-radiative decay processes. 

ܳ �ൌ �
߁

߁ �݇ேோ ��݇�
 

Eq. 1.7 

The decay time accounting for the duration for which a fluorescent molecule stays in 

the ଵܵ state is expressed as, 
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߬ �ൌ �
ͳ

߁ �݇ேோ �݇�
 

Eq. 1.8 

 

Figure 1.12. Jablonski diagram explaining excitation and emission of a fluorophore a) without the 

metal surface and b) with the metal surface in the vicinity. [Adapted with permission from Geddes 

et al. (2003) Ref.84; Copyright © 2003 Bentham Science Publishers Ltd.]  

A close spatial environment of the fluorophore plays a vital role in influencing its 

fluorescence lifetime and intensity (due to the changes in ݇ேோ and ݇), with less 

modification to its emission rate, ߁. If ܳ is lower for a fluorophore, then the ߁ is relatively 

less than ݇ேோ ��݇, and vice versa. Hence, it is possible to modify spectral properties of 

the fluorophore by modifying ݇ேோ or ݇. Invariably ܳ and ߬ change together. ߁ depends 

on the transition probability and oscillation strength of the ଵܵ ĺ�ܵ transition.85 Therefore, 

modification in  ߁ is typically not significant enough to consider. 

However, when such fluorophores are placed in the near vicinity of the metallic 

nanostructure capable of enhancing near EM fields, the fluorophore can undergo an 

enhanced rate of radiative decay, ߁ெ. Hence, an increase in ߁ெ results in an increase in 

quantum yield, ܳ ெ and a decrease in a lifetime, ߬ ெ, which analogous to free space condition 

in which both change in unison. This can be expressed as, 
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ܳெ �ൌ �
߁ ߁�ெ

߁ ߁�ெ �݇ேோ �݇�
 

Eq. 1.9 

߬ெ �ൌ �
ͳ

߁ ߁�ெ �݇ேோ �݇�
 Eq. 1.10 

Distance-dependence: Analogous to SERS, the relationship of MEF enhancement 

and the distance from the metallic surface is not simply proportional. The distance of the 

fluorophore from the plasmonic surface should be more than a certain threshold distance, 

where the radiative decay rate can dominate over quenching, while still being able to 

leverage from the enhanced EM radiations in the local environment near the metal surface 

(Figure 1.13).80,86 

 

Figure 1.13. a) Effect of metallic NP on electronic transition within a fluorophore as a function of 

the distance between the fluorophore and the metal surface, [Adapted with permission from 

Lakowicz (2001) Ref.80; Copyright © 2001 by Academic Press], b) Distance dependence of the 

MEF signal intensity from the surface of the metal. [Adapted with permission from Lakowicz et al. 

(2003) Ref.86; Copyright © 2003 by Academic Press] 

The distance from the metal surface depends upon the extent of the electromagnetic 

field experienced by a fluorophore due to the presence of propagating surface plasmons 

(PSP) on continuous thin metallic films and localized surface plasmons (LSP) on metallic 

nanostructures. MEF enhancements obtained in LSP configurations are usually higher.87 

The absolute distances of the fluorophore from the surface, reported in the literature, are 
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diverse, and justify gaps as low as 1-2 nm,88 5nm,88±90 or 10-20 nm.80,86,87 It is essential to 

consider the quenching effect that is prevalent when the fluorophore is at an extremely low 

distance or in contact with the metal.90 

Fluorescence has been preferred over normal Raman due to a larger cross-section of 

fluorescence than Raman for the reporter molecules. The radiative decay rate for a 

fluorophore has been predicted to increase over 103 times when the fluorophore (with high 

quantum yield,�ܳ) is placed at a suitable distance from the metallic surface. In addition, 

with enhancement in the excitation rate at the same illumination intensity, a fluorophore 

can produce a remarkable cumulative signal with 107 times increase in the fluorescence 

intensity.91  

SERS and SEF are highly promising means to achieve highly sensitive detection 

of analytes at ultra-low concentrations. The highly enhanced EM fields close to 

nanostructured metal surfaces are significant contributors to the enhancement factors. 

Achieving high signal intensities would thus need high EM enhancements. 

 

Nanoplasmonics is a component of nano-optics that deals with the interaction of light 

and the motion of charges in nanoscale materials.92 It explores how the electromagnetic 

fields can be confined over dimensions that are smaller than the wavelength of incident 

light-concentrating and enhancing their intensity at tiny spatial regions.   

 Plasmonics, in general, is the physics of plasmons that relates closely to the optical 

properties of the metal nanostructures.93 7KH�WHUP�³SODVPRQ´�LV�GHILQHG�DV�WKe collective 

oscillation of conduction electrons that can be excited in the metallic nanostructure 

(particularly gold and silver),94 semiconduction NP,95 metal surfaces,96 and even in 2D 

materials like graphene,97 or in molecules.98 However, the relevance of plasmonics (or 

nanoplasmonics) here is mainly due to the inherent electromagnetic effect. As discussed in 

the previous section, the enhancement of spectroscopic signals relies dominantly on 

enhanced electromagnetic fields. Hence, nanoplasmonics is a way to create regions that 

have intense EM fields. 
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Small note on metals: Noble metals like gold or silver have the lowest losses in the 

visible and near IR regions, which are most suitable for sensing related applications.99 

Although silver exhibits better optical properties than gold, it is not necessarily the best 

choice for biomedical applications due to its oxidative and reactive nature.100 Gold provides 

superior chemical stability, low toxicity, and biocompatibility.101 

 

Propagating surface plasmons are referred to as collective oscillation of free electrons 

present at the metal surface upon irradiation with incident light. When a photon hits the 

metal surface (usually silver or gold), at a certain angle of incidence (under total internal 

reflection condition), part of the energy is lost. The energy lost in the metal is absorbed by 

the free electrons present at the surface of the metal which then starts to oscillate.99 Hence, 

the oscillating electrons are now called plasmons, and they propagate parallel to the metal 

surface (propagating surface plasmons (PSP)). Upon matching the frequency and the k-

vector of the incident electric field with the oscillating electrons, the plasmons resonate, 

and this is hence known as surface plasmon resonance (SPR). SPR generates a decaying 

electric field (evanescent wave) perpendicular from the surface of the metal (decay length 

~300nm).102 

However, controlled fabrication and diminishing the size of metallic structures much 

smaller than the incident wavelength can result in the localization of these surface 

plasmons, hence called localized surface plasmons (LSP).103 At resonances (LSPR), due to 

small lateral dimensions, the charges accumulate at the surface of the nanostructure leading 

to an strong electric field in the vicinity of the surface (decay length ~5-30 nm).104,105 Due 

to the formation of dipoles, the internal electric field acts as a reinstating force acting on 

the oscillating charges, and resonance may occur, which is known as localized surface 

plasmonic resonance (LSPR).106 
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Figure 1.14. (a) Schematic representation of a coherent oscillation of electrons of metal NP 

resulting in LSPR, [Reprinted with permission from Jain et al. (2010) Ref.116; Copyright © 2010 

Elsevier B.V.] (b Schematic representation of plasmon oscillation on the spherical nanoparticle, 

depicting the displacement of the conduction electron charge cloud relative to the nuclei. [Reprinted 

with permission from Kelly et al. (2003) Ref.117; Copyright © 2003 American Chemical Society] 

Table 1.1. Comparison between SPR and LSPR techniques. [Reprinted with permission from Haes 

et al. (2004) Ref.107; Copyright © 2004 Springer-Verlag] 

Feature/characteristic SPR LSPR 
Label-free detection Yes108±111 Yes112±115 

Distance dependence |1,000 nm116 
|30 nm (size 
tunable)104,117 

Refractive index sensitivity 2x106 nm RIU-1 2x102 nm RIU-1 

Modes 
Angle shift,118 
wavelength shift, 
imaging 

Extinction,112 
scattering,113,119 
imaging113,119 

Temperature control Yes No 
Chemical identification SPR-Raman LSPR-SERS 
Field portability No Yes 
Commercially available Yes No 

Cost US $150,000±300,000 

US $5,000 (multiple 
particles), 
US $50,000 (single 
nanoparticle) 

Spatial resolution |10 x 10 Pm118,120 1 nanoparticle113,119,121 

Nonspecific binding 
Minimal (determined 
by surface chemistry and 
rinsing)111,118,122±124 

Minimal (determined 
by surface chemistry and 
rinsing)112 

Real-time detection 
Time scale=10-1 ± 103 s, 
planar diffusion109,123,125±

127 

Time scale = 10-1 ± 103 s, 
radial diffusion113 

Multiplexed capabilities Yes128,129 Yes-possible 
Small molecule sensitivity Good125 Better117 
Microfluidics compatibility Yes Possible 

As a result of plasmonics in metals, localized EM fields have been demonstrated to 

serve the enhanced chemical, electrical, magnetic, and, most importantly, optical properties 

of the materials. Accordingly, their applications include improved chemical reactions,130 

electrical conductivity,131 energy harvesting,132 data storage,133 molecular detection,55,134 

and several others discussed elsewhere.93,135,136 The evanescent EM waves are much 
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stronger in intensities as compared to PSP, allowing better sensitivities for changes 

occurring in the vicinity of the nanostructured surfaces (Table 1.1).107 Based on the 

previous discussion, detection using SERS or SEF requires analyte on the metal surface or 

near the metal surface because of these enhanced and concentrated EM fields that originate 

from the surface of metal NP (Figure 1.14).137,138 

 

 

Figure 1.15. An illustration of types of a) coupling gap type hot-spots and b) Lightning rod effect 

was seen at sharp-tip or curvature type hot-spots. 

The emergence of an electromagnetic (EM) µKRW-VSRW¶� UHVXOWV� IURP� WKH� RSWLFDO�

interaction between two metal nanostructures and the EM field distributed on their 

surface.139±142 µ+RW-VSRWV¶�UHIHU�WR�VSDWLDO�UHJLRQV�LQ�WKH�YLFLQLW\�RI�WKH�PHWDOOLF�VXEVWUDWHV�

where the intensity of the local field is higher than that of the incident field. Kleinman 

GHILQHG�LW�DV�³D�MXQFWLRQ�RU�FORVH�LQWHUDFWLRQ�Rf two or more plasmonic objects where at 

OHDVW�RQH�REMHFW�KDV�D�VPDOO�UDGLXV�RI�FXUYDWXUH�RQ�WKH�QP�VFDOH´�143  

 The field intensities are generally distributed heterogeneously around the surface of 

WKH�QDQRVWUXFWXUHV�DQG�DUH�PDLQO\�FRQFHQWUDWHG�LQ�YHU\�WLQ\�YROXPHV�RI�µKRW-VSRWV¶�144,145 



Chapter 1. Introduction 

 

26 

Such regions can be formed due to the formation of sharp features of an isolated 

nanostructure,146 or nanoscale gaps between adjacent nanostructures (Figure 1.15).147±149 

However, field intensities are stronger in gap hot-spots. This occurs due to the coupling 

between the electric fields that originate on the surface of adjacent metal nanostructures. 

Several studies in the literature describe the impact of assemblies/arrays of the metal 

nanostructures, benefitting from their optical interaction with each other to control the near-

field intensities.137,150,151 

 

In order to understand better, we can consider the two metallic spherical NP with a 

much smaller diameter (݀ ا  ) than the incident wavelength. The dipole of one particleߣ

has the ability to interact with that of the adjacent particle. In close proximity, due to dipole-

dipole interactions between nanostructures, the plasmon oscillations couple together.142,152 

The coupling between the plasmonic waves of neighboring NP is governed by the 

polarization or charge distribution around the surface.153,154 (Figure 1.16) The LSPR 

spectral band red-shifts when plasmonic coupling occurs between metal NP. The extent of 

the redshift in the far-field spectra is directly dependent upon the interparticle distance, and 

their relationship is derived using a plasmonic ruler equation.151,152,155 

 

Figure 1.16. a) Red shifted extinction spectra of nanosphere dimers with decreasing interparticle 

gaps, b) Relationship between the shift in the wavelength and the interparticle distance. [Adapted 

with permission from Jain et al. (2007) Ref.151, Copyright © 2007 American Chemical Society] 
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The plasmonic ruler equation was established for biological systems interacting with 

NP and later employed in the plasmonic coupling,156,157 Forster distances in FRET,158 and 

photothermal effects.155 According to the plasmonic ruler equation, the fractional shift in 

the dipole resonance can be used to estimate the interparticle distance. The plasmon ruler 

equation is expressed as,  

ȟߣ
ൗߣ ൌ ܣ� כ ���ሺെሺݏ Τܦ ሻ κΤ ሻ Eq. 1.11 

Where, ȟߣ ൗߣ , is the fractional shift in the plasmonic resonance wavelength, ܣ is the 

amplitude of the dipole coupling, ݏ is the interparticle edge-to-edge separation, ܦ is the 

diameter of the spherical nanoparticle, and κ is the decay length of the EM field away from 

the surface. The amplitude and the decay length can be expressed as constant over a range 

of sizes in a given shape, as shown by Tabor et al. in a detailed study.152 In another study, 

Ben et al. reported the exponential behavior of a) the relationship between the diameter of 

nanoparticle ranging from 20 nm to 100 nm, as a function of interparticle distance, and b) 

the comparison of the exponential behavior of the wavelength shift in dimer arrangements, 

and periodic array arrangements of the NP.159 Their observations show the effect of size or 

diameter to be weaker for NP arranged in dimer formats due to a significant reduction in 

structural retardation compared to the array case. 

Despite the selection rules based on size, shape, and arrangements (dimers or arrays), 

the plasmonic ruler equation explains that the coupling behavior between two or more 

nanostructures is basically exponential in relation to the distance between them. Therefore, 

it is crucial to notice that to achieve coupling between nanostructures, nanoscale separations 

are fundamental. Coupling strengths, however, can vary below distances corresponding to 

the field decay length κ for a specific type of nanostructure. 

 

Strong coupling between plasmonic NP allows the intense localization of EM fields 

in between them.149,160 However, an interparticle distance lower than the threshold tunnel-

distance may encounter quantum mechanical effects of electron tunneling that modify the 

plasmonic behavior completely.161 This results in the disappearing of the red-shifting 
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plasmon wavelength mode and gradually emerging blue-shifted mode related to charge 

transfer plasmons.161  

 

Figure 1.17. a) Exponential behavior of closing gaps between gold bow-tie nanoantennas and the 

enhancement factors in the center of the gap, [Adapted with permission from Schuck et al. (2005) 

Ref.162. Copyright © 2005 American Physical Society], and b) Enhancement factor distribution at 

a gap hot-spot in between spherical Au NP and between gold tips close to a gold surface. [Adapted 

with permission from Etchegoin et al. (2008) Ref.163. Copyright © 2008 the Owner Societies]  

It is clear that the closing gaps down to extreme distances improve the coupling 

strength between metal nanostructures and ultimately intensify the localized EM fields 

between them.164 This was also observed by Schuck et al. in 2005.162 They investigated the 

relationship between the EM field localization with the decreasing interparticle distances 

using a gold bow-tie nanostructure dimer. EM enhancements increased exponentially when 

the two nanostructures came closer than ~20 nm, as shown in Figure 1.17a).162 However, 

the EM field intensities are observed to be heterogeneously distributed in and around the 

gap hot-spot, as shown in Figure 1.17b.145,163 The shape of the nanostructure also plays an 

essential role in deciding the strength of these EM field interactions,163,165 as well as the 

plasmonic modes that appear in their extinction spectra.166  

Achieving high enhancement factors sufficient for single-molecule detection is 

possible with gap hot-spots. However, there is currently a lack of techniques that can 

offer precise control to create gap hot-spots with high resolution down to sub-10 nm at 

pre-determined locations efficiently, or strategically positioning of a given molecule at 

the hot-spot. 
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Figure 1.18. SERS enhancement in relation to geometric shape comparing Nanostar, Nanorod, and 

Nanosphere with increasing surface coverage resulting in smaller interparticle gaps. [Adapted with 

permission from Solis et al. (2016) Ref.167. Copyright © 2016 American Chemical Society.] 

Solis et al. recently compared the impact of different geometries and surface 

coverages of randomly arranged nanostructures using computational techniques.167 As 

shown in Figure 1.18, there are two main observations: a) The enhancement factor is higher 

for nanostructures with a higher curvature or sharp apex of the metallic tip. This is also 

shown in several other studies and has been associated with the lightning rod effect.168 b) 

When, organized in closely packed arrangements, enhancement factors improved 

remarkably for spherical nanoparticles and nanorods. Therefore, despite having lower 

enhancement factors when in isolation, spherical nanoparticles can undergo stronger 

coupling between the long-range randomly organized network. 

 

The enhanced EM field intensities are heterogeneously distributed on the surface that 

has a large number of EM hot-spots. Consequently, the enhancements experienced by the 

analyte will depend on its local environment and the intensity of the local EM field. In order 

to elucidate the impact of variations in the enhancement factors experienced by the analytes 
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on the total signal arising from the given area, in 2008 Fang et al., carried out an elegant 

experiment. They profiled the signal contribution from analytes in EM hot-spots with 

different enhancement factors, by the population of molecules at hot-spots, and by the EF 

at the hot-spots.169  

 

Figure 1.19. Distribution of EFs on the AgFON substrate. a) representation of the molecules 

adsorbed at different SERS EF and their contribution to the overall signal originating from the 

surface in percentage. [Adapted with permission from Fang. (2008) Ref.169, Copyright © 2008, 

American Association for the Advancement of Science.]  

They made use of photon hole burQLQJ��3+%��WR�VHOHFWLYHO\�³EXUQ�RXW´�WKH�DQDO\WH�

molecules embedded in varying EM fields in and around the hotspots on the AgFON 

substrate. The surface was exposed to a carefully chosen intensity of the burning pulse to 

start destroying molecules that were present in the hottest region of the EM hot-spots. The 

analyte molecules started to get destroyed from the hottest region as they reached the 

critical breakdown limit of the field (i.e., ~109 V m-1). Subsequently, upon escalation of the 

incident burning pulse intensity, the molecules embedded in less hot regions (regions with 

weaker EM fields) were destroyed. In between destroying PHB pulses, a continuous wave 

laser probed the SERS signal intensities that originated from the remaining active analyte 

molecules on the surface. This methodology allowed them to estimate the contribution of 

the analyte molecules into the total overall signals. With their study, they were able to 

estimate that approximately 25% of the signal intensities originated from the molecules that 
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were present in the most intense region of the hotspot with an enhancement factor over 109, 

and these molecules constituted less than 0.01% of the total molecules (63 molecules per 

million) that were present at the hot-spot. In addition, less than 6% of the molecules at a 

saturated surface site concentration (i.e., a monolayer) were able to take advantage of the 

sites with an enhancement factor over 107 (Figure 1.19).169 

The study served to highlight the extent to which there is a disproportionate 

dominance of signal contributions from molecules from highly enhancing EM hot-spots. 

This means, in order to achieve high sensitivity, it is necessary to achieve highly enhancing 

EM hot-spots, and large numbers of them. It also means that it is important for molecules 

to be able to leverage those EM hot-spots. It also highlights how the variation in hot-spot 

geometries can significantly contribute to signal intensity variations. 

At the sub-monolayer concentration of the analyte in the solution, the probability for 

the analyte to approach the EM hot-spots would be reduced. This can compromise the 

resulting sensitivity, and lead to false-negative outcomes. Increasing density of EM hot-

spots can increase the probability of molecules to adsorb at the enhanced surface sites at 

the hot-spot, where it can leverage from enhanced EM fields. Attempts to increase such 

geometric sites have been discussed in detail in the next section, which focuses on various 

nanofabrication methods. 

 

Reports based on single-molecule SERS (SMSERS),73,170 and giant enhancement 

factors >1013,171 have attracted the interest of researchers towards SERS and other surface-

enhanced spectroscopies (Table 1.2). 143,172 As discussed in previous sections, it was 

established that such enormous enhancements were arising from the hotspots that were 

present in between adjacent nanoparticles with the nanoscale interparticle gap.173 Even 

though the random distribution of nanoparticle aggregates can harbor some of the highest 

intensities of localized fields for SMSERS, the lack of control and reproducibility over the 

resulting geometric hotspot patterns remained a significant concern in their applications for 

quantitative plasmonic biosensing. 
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Table 1.2. Comparison between different substrates supporting EM hot-spots. Data in a tabular 

form. [Adapted with permission from Kleinman et al. (2013) Ref.143, Copyright © 2013 Royal 

Society of Chemistry.] 

 EF Range Estimated Gaps (nm) Cost ($-$$) 

Non-hot-spot substrates 

Island Films174±176 

Periodic Particle Array177,178 

Nanorods179 

Nanoshells180 

 

104 

107 

103 ± 107 

~106 

 

10 ± 100 

10 ± 100 

NA 

NA 

 

$$ 

$$ 

$ 

$ 

Fabricated substrates 

MFONs169,181 

Lace-shell nanoparticles182 

Fs laser etching183,184 

E-Beam lithography185±187 

Templated nanowires188±190 

Bowtie electromigration191 

Spheres on E-beam posts192 

 

103 ± 1011 

~102 

<109 

103 to 105 

102 ± 103 

108 

108 

 

0.1 ± 10 

1 ± 10 

NR 

1 ± 100 

5 ± 100 

0.1 ± 100 

0 ± 1 

 

$$ 

$$ 

$$ 

$$ 

$$ 

$$ 

$$ 

Assembled Structures 

Aggregated 60,73 

DNA hybridization193,194 

Embedded polymers195±197 

SiO2 encapsulated cores198 

Particles in wells199,200 

Nanofingers201,202 

TERS203±205 

SHINERS206,207 

 

106 ± 1010 

108 ± 1012 

~105 

106 ± 108 

109 

1010 ± 1011 

104 ± 109 

105 ± 108 

 

0 ± 10 

1 ± 100 

10 ± 100 

0 ± 10 

0 ± 10 

0 ± 10 

0 ± 100 

1 ± 10 

 

$ 

$$ 

$ 

$$ 

$ 

$$ 

$$ 

$ 

Traditionally, hot-spots with high resolution (sub-5 nm) have been attained as a 

natural consequence of stochastic growth or deposition processes,208,209 including colloidal 

nanoparticle aggregates,210,211 electrochemical growth or roughening de-wetting of 

nanoparticles,212 or salts from solution phase,213,214 and the de-wetting of thin films on the 

surface. The stochastic processes, by nature, result in a large standard deviation in 

geometries, which reduces the number of the most efficient hot-spots, and also leads to 
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greater spot-to-spot variability in signal intensities.215,216 The randomness in geometry 

makes it particularly hard to predict a response, identify the source of issues, and adopt a 

rational approach to optimizing performance. Therefore, a more consistent approach must 

be realized. 

Well-defined, high quality arrayed geometries such as spherical nanovoids,217 or 

square pyramidal pits in a thin gold film,218 and gold nano bow-tie structures162,219,220 have 

been designed to elicit intense EM localizations for stronger spectroscopic signals. Such 

geometries with an improved definition (i.e., quality) have remained the forte of top-down 

lithography tools (e.g., E-beam lithography,221±223 focused ion-beam milling,224 X-ray 

interference lithography225) and have enabled several types of geometries such as 

triangles,226 nanoshells,227 nanorods,228 and nanorings.229 Consequently, well-defined 

plasmon resonances can be altered in a controlled manner by changing their geometric 

dimensions. This grants the ability to perform precise calculations and predict their 

response; however, their fabrication approaches associated with these benefits demand long 

processing times for limited surface areas and high input costs (Table 1.2).143 The 

throughput and cost of fabrication is not only an issue for manufacturing, but also reduces 

the efficacy of research due to the limitation in the number of samples available for 

investigations.230 From a manufacturing perspective, the throughput of the process would 

be a key determinant of the cost, which is driven to <$5 per sensor chip for point of care 

applications.231 

Techniques such as nanoimprint lithography, polymeric, or colloidal self-assembly 

techniques allow throughput to be enhanced, albeit at the cost of defects. The ability of 

self-assembly techniques to cater to the parallel fabrication of nanopatterns across 

arbitrarily large areas at a low cost, as well as the several handles it offers towards the 

tunability of structure dimensions down to the molecular level, are unmatched by 

conventional lithography tools. However, self-assembly based approaches carry limitations 

that demand careful attention to ensure their usefulness: a) Poor uniformity, which is often 

a result of poor process optimization, and in some cases due to the susceptibility of process 

parameters to environmental variables. This can be addressed by mapping the impact of 

environmental variables and factoring them within the process optimization; b) Large 

standard deviations, either inherent to the primary templates produced by the technique, or 

those that may creep in during different stages of processing; c) Feature shape. Typically, 
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self-assembled template patterns have a circular feature cross-section. Rectangular, 

triangular, or other feature shapes with lower-symmetry are uncommon; d) in the absence 

of any external guidance, self-assembly techniques typically lead to a polycrystalline 2D 

hexagonal order. Long-range ordering, square or other lattice types besides hexagonal 

symmetry remain uncommon and can be attained through guidance from a top-down 

lithographic tool.232±237 The lack of long-range order and presence of point or line defects 

are better tolerated by plasmonic sensing applications, as long as the averaged properties 

are consistent and reproducible with low standard deviations. 

 

Figure 1.20. Schematic representation of the trade-off between resolution, quality, and throughput 

in the fabrication of plasmonic nanoarrays with high spatial resolutions, showing the comparative 

advantages and limits of (a) nanoparticle assemblies,210 (b) top-down ± bottom-up control over 

nanoparticle assemblies,223 (c) direct-write techniques,219 (d) Nanostencil lithography,238 (e) 

nanoimprint lithography,239 (f) photolithography,240 (g) porous anodized alumina templates,208 (h) 

stochastic, random structures, including island film,209,241 and (i) stochastic chemical growth 

processes.242 
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Therefore, several of the top-down or bottom-up routes to fabricate nanostructures 

reported earlier are limited due to the trade-off between resolution Ù quality Ù 

throughput. It is necessary to be able to identify drivers that can enable the fabrication of 

geometries over large areas without heavily compromising with quality and resolution. The 

thesis will employ an approach developed by Krishnamoorthy et al., to obtain plasmonic 

nanoarrays with high spatial resolutions relying on the hierarchical self-assembly of 

amphiphilic di-block copolymers into soft colloids and their subsequent quasi-periodic 

organization when deposited on a planar surface.243,244 The approach results in well-defined 

organic templates on the surface with nanometric control over the width, topography, and 

pitch, realized by control over parameters of molecular self-assembly. By understanding 

the impact of the different process parameters on the resulting geometric outcome, it is 

possible to deliver templates with high reproducibility and uniformity on full wafers, with 

a yield >90%.245 These templates are translated into highly sensitive SERS-based 

plasmonic sensors, with control over metal nanogaps down to the sub-10nm regime. 

 

 

Figure 1.21.Schematic representation of biomolecular length scales in relation to confined 

geometric spaces within EM hot-spots. 
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The nanostructured sensing platform and its interaction with the biological entities 

requires significant attention as it dictates the performance and the sensitivity of the 

biosensor. Yet another challenge is the application of plasmonic arrays relying on 

diminishing gap hot-spots for biomolecules with larger footprints (Figure 1.21). The high 

spatial resolutions sought for maximizing EM enhancements at the gap or curvature hot-

spots are not compatible with the spatial requirements to accommodate large biomolecules 

like proteins. In addition, plasmonic nanostructures are highly resolved and have the 

potential to change the way biomolecules interact with surfaces; this is known for proteins 

and their interaction kinetics,246±251 as well as cell behavior.252,253 

EM hot-spots play a dominant role in a biosensor relying on SES signals to detect 

biomarkers, provided that the reporter molecule is strategically positioned in the region 

where it can leverage from the localized EM yields. EM hot-spots are fundamentally found 

in the confined gaps between metal nanostructures, which are generally from 1 to 10 nm, 

with higher EF at lower gaps. There have been cases where researchers have demonstrated 

large enhancements on substrates using organic reporter molecules that are typically sub-

nm in dimensions such as crystal violet (CV), Rhodamine 6G (R6G), or Naphthalenethiol 

(NT). Positioning such small molecules within gaps as small as 2 nm at the hot-spots is 

possible due to the small radius of gyration or the spatial footprint of the molecule. For 

example, between dimers with a gap size of < 2 nm or sandwiched between the nanoparticle 

and metallic surfaces. Furthermore, the localized EM fields concentrated in the vicinity of 

the metal surface within a hot-spot extends only to small distances. This makes it difficult 

for the detection of biomarkers involving hierarchical arrangements of different 

biomolecular species (such as immunoassays or oligonucleotide sandwiches) to be able to 

accommodate themselves within the physically constrained regions of EM hot-spots. 

Figure 1.22 shows a combination of instances where attempts were made to allow 

biomarkers to interact with isolated (nanotags),254 or hybrid nanostructures,255,256 pre-

defined hot-spots,83,257 3D/sandwich hot-spots,258±263 trap within responsive,264,265 or 

collapsible surface structures.266,267 
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Figure 1.22. Types of nanostructured geometries supporting EM hot-spots. a) Isolated 

nanoparticles hot-spot: i) Ag nanoparticles (Triangular Prism, Rod and Spheroid),268 ii) 

nanoparticles and nanocube,269 and iii) Au nanostar,254 b) Hybrid nanoparticles hot-spot: i) Au-

nanorod/SiO2,255 ii) Si/Au nanoshell in,256 and iii) Au nanobridged nanogap particles,194 c) Lateral 

hot-spot: i) bowtie nanoantenna,83 ii) Au nanoparticles microhemisphere array,257 and iii) 

Metallized Nanowires ,270 d) Sandwiched hot-spot: i) Au nanoparticles assembled on Au triangle 

nanoarray,262 ii) Au nanocube clusters assembled on a magnetic microparticle,260 iii) Au nanorice 

assembled on Au triangle nanoarray,263 iv) Au nanoparticles assembled on Au film,258 v) Au 

nanoparticles on Ag film on the glass prism,261 and vi) nanoparticles on a mirror,259 e) Collapsing 

hot-spot: i) micropillars,266 ii) leaning nanopillars,271 and iii) Self-closing of gold fingers,272 f) 

Responsive hot-spot: i) polymer brush in a cavity of Ag nanovolcano arrays,265 ii) adaptive silver 

films,273 and iii) poly(N-isopropylacrylamide) coated Au nanoparticles on Au/SiO2 coated silicon 

substrate.264 

Further, the plasmonic sensor needs to be adapted to work in complex media, for 

which the surface functionalization to avoid non-specific binding would also consume part 

of the sensitive space above the plasmonic interface. While the plasmonic sensors have 

held high promise for highly sensitive, rapidly responding, and portable configurations, 
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they need significant transversal development cutting across topics beyond fabrication, 

physics, and photonics, to ensure reliable devices that address emerging analytical 

challenges. 

It is important to note that there is a need for rational design structures with a 

nanofabrication route that allows orthogonal control over geometric attributes down to a 

few nanometers as handles in tailoring near-field profile and intensity of EM field. 

Consequently, this may result in possibilities to predict biophysical interactions taking 

place at the surface in nanoscale volumes, using models that can resemble geometric 

features on the surface. 

 

In the biosensing application, the fundamental goal of the analyte is to find the 

answers to the two most important questions: A) What is it? and B) How much is it? 

Answering the first question using the enhanced spectroscopic technique can be very 

efficient. However, quantifying the concentration of molecular biomarkers using enhanced 

spectroscopies requires the ability to achieve spectroscopic signals that can be directly 

related to the concentrations of biomarkers and are least affected by the intrinsic standard 

deviations due to the engineered nanostructures on the biosensing platform, as discussed 

previously. 

 

In the field of biosensors, there is a need for absolute quantification, and technologies 

making this possible have the edge over other technologies to integrate themselves into the 

market. Although the urge to introduce techniques that can offer quantification in less time 

without compromising in their reliability is one of the driving force for the current state of 

research and development in nanoplasmonic biosensors.274 This may be within the context 

of food quality monitoring, where the levels of pesticides or synthetic adulterants need to 

be regulated.275  Within environmental health, while monitoring toxic pollutants,276 or 

within the medical field, to assess the stage of the disease.277 
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Quantitative analysis is principally dependent upon the calibration curve that can 

validate the biosensor response in determining the concentration of an analyte. This can be 

done by applying the most common method relating the spectroscopic signal intensities (or, 

in some cases, signal peak areas) with the known target concentrations to construct a 

calibration curve with linear behavior between the signal intensities and the analyte 

concentrations or sigmoidal (S-shaped) behavior corresponding to Langmuir adsorption 

isotherm (also discussed in next section) depicting molecular adsorption behavior.278 

Sigmoidal calibration curve consists of a) a lower concentration range, above the noise. 

This is also used to calculate limit of detection (LOD) or limit of quantification (LOQ) of 

the system; b) linear range, which demonstrates sensitivity; c) a plateau or decline beyond 

linear range, where the surface sites at the interface are saturated, and no increment in the 

signal is observed. A decline in signal intensities can be observed due to the hook effect at 

high dose, also known as the prozone effect.279±281 The sigmoidal curve serves to depict the 

relationship between fraction of the target analyte in the solution near the sensing surface 

and the adsorbed molecules on the surface. Therefore, sigmoidal behaviour between the 

analyte concentration and the output signal, validates that the signal originating from the 

surface relects the nature of the analyte binding to the surface. Also, it highlights the 

reproducibility and the homogeneity of the surface sites in case of detection based on SES 

for quantitative analysis.  

Most surface-enhanced spectroscopic detection techniques are devoted to 

demonstrate detection capabilities of biomarkers at lower concentrations with ultra 

sensitivities in terms of limit of detection or quantification. However, more important is the 

ability to predict the concentrations accurately in ranges that are relevant to clinical use.282 

The disproportionate enhancements make it particularly difficult to attribute the signal 

contributions  and often can false negative signal outputs. 

 

One important criterion is to reproducibly co-localize the analyte or target biomarker 

into nanostructured regions (EM hot-spots) by identifying appropriate biorecognition 

elements. In most cases, target molecules do not exhibit affinity or specificity with the 

plasmonic substrate that enables direct SERS detection. It is, therefore, essential to regulate 

the surface chemistry in a manner that only the interactions of interest takes place. Although 
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it is challenging, but it also opens various possibilities benefitting from tailored surface 

chemistries to assume a variety of applications. 

 

Figure 1.23. Schematic representation of a) favorable condition of both specific and selective 

binding, and b) unfavorable condition with non-specific adsorption of target and other molecules. 

In order to detect, for example, a specific biomolecule from a complex sample (such 

as blood or urine), the sensor surface chemistries should be should be selective. The surface 

should be able to capture specifically the targeted molecules and prevent the non-specific 

binding events (Figure 1.23). It is particularly challenging considering the lower 

concentration of target biomolecules (nanomolar or lower) and the presence of many other 

biomolecules in excess (higher order of magnitude). Therefore, anti-fouling molecules or 

molecules that are inert to biomolecular bindings can be used as the blocking agents to 

suppress non-specific binding events. This may include organic molecules such as 

Polyethylene glycol (PEG) in the form of PEG-silane, PEG-thiols, or grafter with poly-L-

lysine (PLL-g-PEG) or biomolecules such as Bovine serum albumin (BSA).  

 

It is helpful if the binding of the analyte can be directed at the most sensitive location 

on the sensor. Surface chemistries can allow selectively modifying surfaces to achieve 

efficient binding of the target biomolecules, thus improving sensor performance.283 

Therefore, a wide range of affinity-based agents are available that are specific to target 

species such as antigens, proteins, or cells (Figure 1.24). Methods have been investigated 

in the literature to immobilize functionalities on the plasmonic surface to capture target 

species. These methods are typically based on physical, chemical or biospecific interactions 
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that allow receptor molecules to be anchored and target species or reporter molecules from 

the solution to be captured.283   

 

Figure 1.24. a) Type of Surface interactions, b) Representative examples for general SERS sensing 

schemes: A) Chemisorption-based, b) Affinity-based capture, c) Anchored receptor for Affinity-

based capture, and d) Free-floating affinity agent to attach the target to the surface using schemes 

from A to C. [Reprinted with permission from Szlag et al. (2018) Ref.283. Copyright © 2018 

American Chemical Society]  

Two important factors that are required to consider while selecting biorecognition 

element are a) the length of the affinity agents, which will determine the distance from the 

surface or EM field, and b) spectroscopic cross-section of the affinity agents, biological 

media, and the reporter molecule, which will determine the ability to distinguish the signals 

from the target molecule in case of a complex environment.  

 

Surface coverage of the bound biomolecules in an essential parameter. In fact, the 

sensor response of the most biosensors is directly related to this parameter. However, 

biomolecular interactions with the surfaces at ultra-low concentrations pose further 

challenges due to tailored kinetics of bimolecular adsorptions, which no longer can be 

ignored; this is the thermodynamic limit. That includes factors that are not intrinsic to the 

transduction mechanism but are originating from the biorecognition interface.284±286 

Surface coverage Equilibrium: This can be understood well considering binding 

kinetics and equilibrium conditions of biomolecules adsorbing on the surface. 

Biomolecular interaction is, in most cases, reversible. In case of surface-based sensor, this 
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implies that the targeted molecule will continuously adsorb or desorb to the receptors 

present on the surface. 

The difference in surface coverage ߁ (i.e., bound target molecule per unit area) with 

the time ݐ can be expressed as:  

ሻݐሺ߁݀
ݐ݀

ൌ ݇ܿሾ߁௫ െ ሻሿݐሺ߁ െ ݇߁ሺݐሻ 
Eq. 1.12 

Where,�݇ and ݇ are the reaction coefficients, ߁௫ available number of binding 

sites represents complete coverage, and ܿ is the analyte concentration that sensor surface is 

exposed to. The first and second part of the right side of the equation represents binding 

and unbinding events. When the rates of these two events are equal, the equilibrium is 

reached and relative surface coverage  ୣ߁ ୯ ୫ୟ୶Τ߁  is obtained as:  

߁ୣ ୯

୫ୟ୶߁
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Eq. 1.13 

Where ܭ is the equilibrium dissociation constant. The inverse of ܭ represents the 

affinity and thus strength of the interactions. Figure 1.25 shows that ୣ߁ ୯ ୫ୟ୶Τ߁  obeys a 

sigmoidal behavior with varying concentrations of the target molecule. Adsorption 

behavior of two molecules with different ܭ is represented here. 

  

Figure 1.25. Graphical represenation of the equilibrium surface coverage, following to Eq. 1.13 ( 

where, ߁ ௫Τ߁ ൌ ͳ represents full surface coverage) in relation to concentration o the analyte 

corresponding to two interactions with different values of dissociation constant ܭ. The red curve 
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represents the strong interactions (for example streptavidin to biotinylate surfaces) and dashed curve 

represents weak interactions (for example antigens to antibodies).287 

Reaction Limited Binding: Yet, it is not just straightforward that the detection limit 

down to picomolar concentrations can be reached using pairs with stronger strengths. It is 

not always possible to reach equilibrium binding conditions in reasonable time frames. The 

solution of the Eq. 1.12 representing the binding kinetics for reaction controlled binding in 

solutions takes exponential form also called as Langmuir isotherm,288 (with boundary 

conditions ȞሺͲሻ ൌ Ͳ and Ȟሺλሻ ൌ Ȟୣ ୯),  

ሻݐሺ߁
௫߁

ൌ
ͳ

ͳ  ܭ ܿൗ
ൣͳ െ ݁ିሺିሻ௧൧ 

Eq. 1.14 

While, Eq. 1.12 explains that similar surface coverages (ୣ߁ ୯ ୫ୟ୶Τ߁ ) at specific 

concentrations are obtained from two interactions that have similar ܭ. However, the 

interaction rate can differ with different values of ݇ and ݇. As shown in Eq. 1.14 

interaction rate is governed by the exponential term that consists of ݇  and ݇ .  The time 

to cover the surface of a certain fraction, ݔ  of equilibrium surface coverage can be 

expresses as:  

ݐ ൌ
െ ��ሺͳ െ ሻݔ
݇ܿ  ݇

 
Eq. 1.15 

For instance, considering the Avidin-biotin binding kinetics, it takes an hour to reach 

half the equilibrium surface coverage at picomolar concentration (̱݇ͳͲ଼ିܯ�ଵିݏ�ଵ and 

̱݇ͳͲିସିݏ�ଵ).288 However, only a few seconds are necessary to reach detectable surface 

coverage (assuming detection limit of 0.1 ng/cm2) for a state of the art biosensor such as 

SPR.289 Therefore, rapid detection mechanism with low detection limits can potentially 

dictate the ability of performing fast sensing. Nevertheless, the time scales here only 

consider the limitations set by the reaction kinetics itself. Following this, transport of 

molecules to the surface also poses a great concern, as it limits the uptake of the 

biomolecule which is foreseen in Eq. 1.14 and Eq. 1.15. 

Mass transport limitation: The discussion above was based on the assumption that 

the concentration of the solution in vicinity to the sensor surface is comparable to the 
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concentration in bulk solution and remains constant throughout the interaction. However, 

due to binding interactions, the region near the surface becomes depleted of the target 

molecules, hence reducing the local population of the molecules available for binding. 

Further binding interactions rely on the transport of more analyte molecules towards the 

surface. Specifically, at ultra-low concentrations, the binding rate is limited by the ability 

of the molecule to diffuse through the solution (transport of molecules) to approach the 

sensor surface.286  Also known as diffusion limited reaction, typically occurs at an ultra-

low concentration (nanomolar or below). At static condition (solution above the sensor 

surface is stagnant), the target analyte will reach the surface only by diffusion. Considering 

that all the molecules near the surface bind immediately, the local population of the target 

molecule will become null and gradually increases in the solution with increasing distance 

from the surface until the bulk concentration appears. This so called diffusion limited 

binding to a planar surface can be expressed as,290  

ሻݐሺ߁ ൌ ʹܿඨ
ݐܦ
ߨ

 
Eq. 1.16 

here, ܦ represents analyte PROHFXOHV¶ diffusion coefficient in the sample. Eq. 1.16 

basically relates to the total number of target species reaching the surface from the bulk 

solution per unit area in a definite time. Taking an example of streptavidin (60 kDa) that 

binds to biotin anchored surface (ܭ~1 pM), has a diffusion coefficient of around 6x10-11 

m2/s.289 Under these conditions, it would take years to reach equilibrium surface coverage. 

In addition, the uptake or binding of the target to available sites does not linearly increase 

with time. A sensor surface that has specific number of sites that can host the target 

molecule, would initially be limited by mass transport and undergoes reaction limited 

behavior at some stage due to occupied local binding sites as it reaches equilibrium surface 

coverage. Hence, at various time points, a balance between the availability of molecules 

and surface sites, along with the rate of the reaction, governs behavior of the analyte binding 

to the sensor surface. 

 The use of plasmonic surfaces that are planar (and are not floating like nanoparticles) 

do have much of this challenge. However, few reports have demonstrated that surface 

roughnesses can actually provoke higher densities of proteins to adsorb.246,251,291 When the 

total population of the target analyte at ultra-low concentrations (nanomolar or below) is 
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limited, the capture efficiency of the analyte might stand as a relevant parameter. Here 

capture efficiency would be the fraction of total molecules that bind to the sensor's surface 

where they can be detected. In the case of detection based on SES, these surfaces would be 

further limited to surface sites where EM fields are particularly enhanced (EM hot-spots). 

Making use of the strategies offered by various surface chemistries to increase 

bioreceptor molecules or binding sites at the surface can support higher mass transport in 

one way.292 Another way to deal with such limited kinetics is by reducing the sensor 

footprint, thereby reducing the quantity of analyte that may be necessary for the sensor 

response.Additionally, use of microfluidics environment with careful consideration and 

strategic parameters (such as flow rates/static conditions, channel height, channel length 

and time) can help to improve the surface to volume ratio and hence efficient analyte 

capturing possibilities.293 

Strategically positioned biomolecules in the EM hot-spot geometries on the 

substrate plays a significant role in determining the performance of the molecular 

biosensor based on SES. At the same time, taking advantage of the biotechnologically 

advanced tools to capture bioanalytes efficiently. It becomes necessary to identify a 

substrate that offers consensus about the gap-size in gap hot-spot that can accommodate 

large biomolecules while concentrating EM fields strong enough to exhibit higher 

sensitivities in the range of nM to fM. 

 



Chapter 1. Introduction 

 

46 

 

 

Figure 1. 26. Correlation between the nanofabrication process Ù EM hot-spot geometries enables 

investigation of the correlation between EM hot-spot geometries Ù biomolecular co-localization 

and EM hot-spot geometries Ù Spectroscopic enhancements, that can help to build rationally 

designed molecular biosensor based on SES. 

Many challenges remain ± from the development of efficient and effective biosensors 

to address urgent clinical needs.38,285 The main focus remains to capture the molecules of 

interest specifically, and then to draw relevant information using transduction techniques 

that offer rapid feedback with ultra-high sensitivities. Review of the state of the art 

highlights the need for highly enhancing and uniform EM hot-spots on the sensor surface 

as means to transduce the binding events reliably at very low concentrations. These areas 

should then be functionalized optimally using surface chemistries to improve target capture 

efficiency of the sensor surface. To ensemble such characteristics in the sensor, one would 

need rational approaches along lines of following key objectives: 

9 The ability to fabricate with resolutions down to sub-10nm lengthscales, combined with 

quality and throughput. Fabrication of electromagnetic hot-spots with resolution down 
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to sub-10 nm is a challenge, while assuring the quality over large areas, along with 

scalability and throughput necessary to produce large number of samples for systematic 

investigations. Plasmonic nanoarrays presenting large enough areas can permit probing 

using techniques with large physical footprints. The fabrication process used to produce 

the plasmonic arrays should thus ideally deliver large areas, typically wafers, in a 

reasonable time, ideally in a matter of a few minutes to an hour. 

9 Orthogonal Control over geometric variables. Systematic investigations require robust 

correlation between process parameters Ù structural characteristics of the EM hot-

spots Ù optical/spectroscopic properties Ù biosensing performance. This would 

require process handles to control one variable at a time. This remains often a non-

trivial challenge.  

9 The ability to design/model the EM hot-spots. This requires the ability to achieve 

geometries of hot-spots experimentally that are close to the idealized models used for 

calculations. Thus, we will need a technique with well defined geometric features and 

has low standard deviation in characteristic geometric variables.  

9 The ability for reliable and reproducible signals. Reliable and reproducible signals are 

one of the significant factors that limit their application for commercial biosensing 

based on SES. This requires homogeneity in geometries across a given sample and over 

multiple batches of samples produced. This is critical to ensure quantitative detection 

of biomolecular analytes, and to assure reliability in detection.  

9 Quantifying the molecular concentrations on plasmonic nanoarrays. The signal 

contribution to the plasmonic sensor is disproportionately dominated by the 

concentration of analytes present at the hot-spots as function of EM enhancements at 

the hot-spots. Rational design would require ability to separate the contribution from 

the overall molecular concentration from those that are present at the EM hot-spots. 

This would help optimizing the assays to maximize the presence of molecules at the 

EM-hot spots.  

 

Nevertheless, confronting challenges that were discussed above and rationally 

designing the nanoplasmonic biosensing platform can eventually support the attempt to 

integrate SES based detection schemes within quantitative biosensing applications. The 
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next chapter (Chapter 2) of this thesis focusses on the nanofabrication technique that 

enables possibilities to address the gap in the EM hot-spot fabrication technology. Chapter 

3 to 6 demonstrates the application of fabrication techniques in understanding the impact 

of biomolecular sensing behavior with varying EM field distribution in and around the hot-

spots. 
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Some parts of this chapter are based on the book chapter published in Intechopen, 

8.�³1DQRSODVPRQLF�$UUD\V�ZLWK�+LJK�6SDWLDO�5HVROXWLRQV��4XDOLW\��DQG�7KURXJKSXW�IRU�

4XDQWLWDWLYH� 'HWHFWLRQ� RI� 0ROHFXODU� $QDO\WHV´�� LQ� Nanoplasmonic R. Rastogi, M. 

Beggiato, P. Michel-Adam, S. Juodkazis, S. Krishnamoorthy. DOI: 

10.5772/intechopen.89064. 

The nanofabrication process of the plasmonic nanostructures was performed in the 

cleanroom (class 100) facilities of the Materials Research and Technology Department, 

Luxembourg Institute of Science and Technology, Luxembourg. The ambient humidity was 

maintained between 45% and 55%, monitored by a hygrometer inside the cleanroom. 

In section 2.4, I discussed characterization tools are that include atomic force microscopy 

(AFM), and scanning electron microscopy (SEM) for closely following geometric features 

with varying process controls. Nanoparticle hydrodynamic diameter was observed using 

dynamic light scattering (DLS). The optical response of geometries, their plasmonic 

coupling behavior were analyzed using a UV/visible spectrophotometer and a home-made 

extinction optics set-up at Light, Nanomaterials & Nanotechnologies (L2N) lab, the 

University of Technology of Troyes, France. The spectroscopic measurements employed 

microscopic Raman spectrometer for SERS and MEF measurements. Quartz crystal 

microbalance (QCM), and surface plasmon resonance (SPR) were employed for the 

analysis of (bio)molecular interactions with nanostructured. 

 

Figure 2.1. Illustration of the correlation between Nanofabrication, surface-enhanced 

spectroscopies and Bio-nano interactions + 
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The substrate was cleaned every time before starting coating the substrate with the 

polymeric template. Organic and inorganic contaminants on the surface of the silicon 

dioxide (SiO2)  present on Quartz, Glass, or Silicon (with native oxide) were removed using 

three solvents Aceton, Ethanol, and Isopropanol (solvent cleaning) in the same sequence 

and drying the surface with Nitrogen (N2) immediately after. Furthermore, the substrate 

was exposed to three minutes of Oxygen plasma in the reactive ion etching chamber at low 

pressure,294 or ten minutes of UV/Ozone (depending upon availability),295 to oxidize the 

surface. For full wafer coatings, CO2  snow jet cleaning helped further remove hydrocarbon 

contaminants and the nanoscale dust particles. The cleaning process helps to improve the 

wettability of the surface, and adhesion of the polymeric template with the surface.  

 

One of the key challenges is to be able to produce surfaces with nanoscale sensing 

surfaces reliably, at low cost, using manufacturing compatible techniques. This section 

specifically discusses all the aspects of the nanofabrication technique based on molecular 

self-assembly of block copolymers to deliver wafer-level fabrication of nanoplasmonic 

interfaces with spatial resolutions down to a few nanometers, assuring high quality and low 

costs. The approach permits systematic variation to different geometric variables 

independent of each other, allowing the significant opportunity for the rational design of 

nanoplasmonic sensors. 

 

Polymers are long chains of repeating subunits known as a monomer. Polymers that 

contain similar types of monomers can be called homopolymers, while a mixture of two or 

more types of monomer chains (polymers) are called copolymers. Block copolymer (BCP) 

is a type of copolymer in which two or more homopolymer chains are connected end-to-

end, providing different functionalities with their distinctive chemical nature (Figure 2.2). 

Diblock copolymer, which has two dissimilar polymer chains covalently linked to each 

other are the simplest form of BCP. 
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Figure 2.2. Structural representation of linear homopolymer and block copolymer (di-block). 

Microphase separation in block copolymers gave rise to several advantages in 

obtaining lithographic patterns for nanofabrication of three-dimensional architectures.296±

298 With the help theoretically and experimentally developed phase diagram, these 

morphologies can be predicted, as well as modulated as per requirement.299,300  

 

Figure 2.3. Phase diagram for diblock copolymers representing typical mesophases: face-centered 

cubic (FCC), body-centered cubic (BCC), hexagonal (HEX), bicontinuous gyroid (GYR) and 

lamellar (LAM) phase. [Adapted with permission from Gromadzki (2010) Ref.301, Copyright © 

2010, Springer Nature]  

The assemblies are determined by a set of parameters such as volume fraction of the 

blocks (݂), the polymerization degree of the copolymer (ܰ), and the Flory-Huggins 

interaction parameter that reflects the enthalpic interaction amongst the blocks (߯). As 
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shown in Figure 2.6, ߯ܰ is the segregation power that relates to the immiscibility of the 

two blocks. Above order-disorder transition (ODT), at a higher value of ߯ܰ, the 

morphologies are known to exist in five ordered microphase structures. The role of matrix 

shifts from one block to another depending on the ݂ values of each block. The Flory-

Huggins parameter can be expressed as a function of temperature ܶ in the form of: 

߯ሺܶሻ ൌ ߯ௌ �߯ு ܶΤ  Eq. 2.1 

Where the ߯ௌ is assumed to be the contribution originating from the entropy and is 

independent of ܶ, and ߯ு ܶΤ  is presumed to be the contribution originating from the 

enthalpy of the polymer. For chemically dissimilar blocks in a BCP, ߯ is directly 

proportional to cohesive energy density between the blocks. Therefore, at higher values ߯, 

the driving force for demixing or phase separation is higher.302,303 Self-assembled structures 

due to enthalpic modulation in apolar BCPs  have been used as templates to grow nanoscale 

tubes, porous materials, or nanopillars.304±308 However, phase-separated thin films of BCL, 

limit the freedom to manipulate further into their periodicities a.k.a. center-to-center 

spacing without changing the polymer size and composition. Templates made of BCPs are 

therefore limited to the possible arrangements that the BCL of that composition allows 

physically on the surface. On the other hand, kinetically driven structures from the 

micellization of BCP in the solution phase allow orthogonal control over various geometric 

attributes without needing to change the polymer compositions. Thin-film templates 

formed out of BCP reverse micelles are kinetically trapped structures on the surface. They 

are advantageous from the point of view that their size, width, and separation can be 

orthogonally controlled by modulating solvent quality, concentrations, or evaporation 

speeds. 

 

Amphiphilic di-block copolymers are those polymers in which one end is 

hydrophobic and the other end is hydrophilic. Micellization of BCP in solution occurs when 

the solvent selectively dissolves one of the chains and leading to kinetically driven 

structures in which one block constitutes the core and the other constitutes the corona such 

as micelles or reverse micelles. They can arrange themselves into structures such as 

spherical, rod-like, or vesicle (Figure 2.4). 
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Figure 2.4.  Different micelle structures resulting from micellization of amphiphilic di-block 

copolymer.309 

The micellization process is highly dependent upon the solvent and the polymer 

concentration micellization process starts when the concentration of the BCP in the solution 

is above critical micelle concentration (CMC). Micelles are formed d in polar solvent such 

as ethanol, or water and the reverse micelles are formed in an apolar solvent such as toluene, 

or xylene. The shape of the molecule can be determined by its packing parameter, ߚ. 

ߚ ൌ ுܸ�
ܣܮ

 
Eq. 2.2 

where ுܸ is the volume occupied by a hydrophobic chain, ܮ  is the hydrophobic chain 

length, and ܣ is the surface area of the hydrophilic chain.310 Spherical micelles are formed 

when the packing parameter is above zero and below ~ 0.33 (Ͳ ൏ ߚ ൏ �ͳ ͵Τ ) (Figure 2.6). 

The overall size of the micelle is, however, proportional to the total size of the BCP. 

 

Figure 2.5. Representation of the aggregation number of a spherical micelle in relation to polymer 

compatibility with the solvent and packing parameter.310 
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Amphiphilic di-block copolymers can self-assemble into reverse micelles when 

dissolved in a solvent that selectively dissolves only the apolar block of the copolymer. 

These reverse micelles can be obtained or be induced into attaining a spherical morphology, 

with a feature size determined by their aggregation number. The micelle aggregation 

number is not only a function of the molecular weight and composition of the copolymer 

but also the quality of the solvent used and the presence of additives (Figure 2.5).  As a 

consequence, the size can be varied independent of the molecular weight, using solvent 

quality and concentration of additives, as useful drivers to fine-tune template geometries 

and eventually those of resulting plasmonic arrays. The spherical micelles are colloidal 

structures which can be readily organized on a variety of surfaces to yield a 2D hexagonally 

ordered dot-array templates. These templates are subjected to physical or chemical means 

of pattern transfer to produce nanopatterns of desired materials. Pattern formation on 

surfaces using copolymer reverse micelle approach is fundamentally different from that of 

microphase separation in BCP thin films.311±313 The size of reverse micelles in solution, 

which eventually determines the feature sizes on the surface, is independently varied by 

engineering the solvent quality or the use of additives. The standard deviation of the 

templates on the surface is determined by that of the micelles in the solution phase before 

deposition, which in turn is governed by the inter-micellar exchange process. The exchange 

process is slow due to the slower diffusion for larger molecular weight polymers or when 

solvent with high selectivity to the corona-forming blocks is employed.314 

 

 

Figure 2.6. Schematic representation of the self-assembly of amphiphilic diblock copolymer into 

reverse micelles and their subsequent assembly to form two-dimensional arrays on the surface.244 

During the spin-coating process, the solvent-laden micelles in solution deform on the 

surface to assume an ellipsoidal shape, with partial fusion of corona from adjacent reverse 
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micelles resulting in the globally continuous organic film presenting periodic contrast in 

topography with an ultrathin film (<5 nm) in the background. The pitch of the ensuing 

pattern on the surface can be varied in steps <5% of its mean value, through control over 

the evaporation rate or the concentration of the micelles in solution. The evaporation rate 

can be controlled using spin or dip coating speeds (discussed later in this section).  The 

ability to vary the lattice periodicity within a certain window is attributed to a range of 

distances for which the PS blocks from the corona of adjacent micelles can still meet upon 

deformation and film formation. When this condition is not met, namely, at low solution 

concentrations or high spin speeds, the reverse micelles are spaced too far apart, resulting 

in patchy coverage. On the other hand, at high solution concentrations or at low spin speeds, 

the excess concentration beyond what is necessary toward a monolayer appears as 

multilayers, as shown in Figure 2.7.245 The topography of the reverse micelle film is a 

variable that can be determined by the relative humidity in the ambient environment during 

the coating process. This is attributed to the change in moisture that is likely to concentrate 

at the polar core-forming PVP and consequently increasing the interfacial tension resulting 

in resistance to collapse and as a result a higher topography. Under optimal conditions of 

coating, micelle arrays can be produced with a standard deviation of <10% in geometric 

attributes across a complete wafer. 

 

Figure 2.7. AFM images of a) multilayered template and b) patchy template after spin coating 

In a specific example shown in Figure 2.6, reverse micelles of polystyrene-block-

poly (2-vinyl pyridine) (PS-b-P2VP) obtained from dilute solutions of m-xylene. Here, a 

copolymer with a molecular weight of 81.5 kDa, and a PDI of 1.10, at a concentration of 

0.5%w/w in m-xylene is spin-coated on a clean silicon surface at 5000 rpm resulting in a 

hexagonally ordered array with feature heights of 20 nm and pitch of 69 nm with typical 
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standard deviations <15% in all geometric variables. During the spin-coating process, the 

solvent-laden micelles in solution deform on the surface to assume an ellipsoidal shape, 

with the corona from adjacent reverse micelles coming together resulting in the globally 

continuous thin film presenting periodic topography and ultra-thin film (<5 nm) in the 

background. The center-to-center distance or the pitch of the template arrays could be 

systematically decreased in steps of <5 nm between 50 - 69 nm by increasing the solution 

concentrations from 0.6 ± 1 w/w % at a fixed spin-speed of 5000 rpm or decreasing spin-

speeds from 9000-2000 rpm at a fixed concentration of 0.7%. The ranges were found to 

constitute an optimal window of conditions where a continuous uniform film was obtained. 

The multilayers above 1 w/w% and patchy layers below 0.5 w/w% were observed, as shown 

in Figure 2.7. 

 

Among key limitations encountered by self-assembly-based approaches, in general, 

is the scaling up to practically large areas while ensuring high consistency and 

reproducibility. The issues of reproducibility arise mainly due to the sensitivity of the 

process outcome to environmental parameters. Such sensitivity also limits process 

scalability, due to inconsistencies encountered when coating large areas like full wafers and 

to limited batch-to-batch reproducibility. These issues are true also for the case of self-

assembly of amphiphilic copolymers, and this can be addressed only by adequate 

investigations directed at mapping the impact of different environmental variables on the 

process outcomes. Several sources of variability were identified and addressed for the self-

assembly of amphiphilic copolymers, including the presence of moisture and contaminants 

in solution; the history of preparation (agitation and incubation), temperature, and 

humidity; differences in surface roughness or surface energy (e.g., due to organic or 

particulate contaminants on the surface); changes to solution concentrations due to solvent 

evaporation during use; and inadequate mixing of the polymer. Under optimal conditions, 

the assemblies of reverse micelle feature exhibit standard deviations lower than 15% across 

full wafers. 



Chapter 2. Nanofabrication And Characterization Methods 

 

57 

 

Figure 2.8. Demonstration of scalability combined with uniformity on full wafers of optimized 

coatings (a) Schematic of radially separated points from center to the edge of 100 mm wafer, (b) 

where tapping mode AFM measurements are performed (image indicated for point a), (c) The 

distribution of height and pitch across the full wafer, (d) with mean values plotted as a function of 

radial distance from the center, and error bars showing standard deviation in corresponding feature 

dimensions at a single point, (e) Histogram of nearest neighbors showing predominantly six nearest 

neighbors as expected for hexagonal assembly, maintained across the wafer and (f) representation 

of nearest neighbors using Voronoi analysis with the features colored corresponding to the number 

of nearest neighbors as indicated in (e). 

A specific outcome of optimization of the templates represented in Figure 2.6c on a 

100 mm silicon wafer can be seen in Figure 2.8, which shows the distribution for height, 

diameter, pitch, and nearest neighbors, in different regions of the wafer. Typical 

characterization involves AFM topography for heights and diameters (within errors of 
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AFM tip-convolution) and SEM top view and image analysis using ImageJ or MATLAB. 

A representative AFM image recorded in the tapping mode is shown in Figure 2.8b. The 

characterization is critical for each batch of samples, and it is possible to scale the process 

to several batches of wafers.252 Points A, B, C, and D correspond to four positions 

representing systematically increasing radial distances from the center to the edge of the 

wafer. AFM measurements at these points show a standard deviation of <15% for 

geometric variables and <10% variation of their mean values across the full wafer. Voronoi 

analysis of the AFM images shows a predominance of six nearest neighbors as expected 

for hexagonal packing, which is uniformly maintained across the wafer (Figure 2.8e, f). 

The outcome demonstrates the feasibility of reliable scaling up of the technique to cater to 

nanostructures over large areas. 

 

Anhydrous m-Xylene solvent was utilized to prepare the reverse micelles of PS-b-

P2VP BCP, at concentrations ranging from 0.3 w/w% to 2 w/w% for different molecular 

weights. The solutions were prepared in a small pre-cleaned vial with Teflon cap and left 

overnight for stirring at low speed to ensure equilibrium. Freshly cleaned substrates were 

mounted on to the chuck held by a low vacuum in the spin coater. 20 to 40 Pl of the polymer 

solution was poured on to the substrate and was coated at the spin speeds between 2000 to 

9000 rpm for 60 seconds. The spin speeds and the concentration were varied depending on 

polymer size to avoid multilayers or patchy coatings of the polymeric features on the 

surface.  
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Figure 2.9. Graphical representation of diameter (d) and standard deviation obtained from AFM 

analysis of each type of polymer coating showing the proportional relationship of diameter of 

diffused ellipsoids with the molecular weight of the polymer.  

As discussed self-assembly based on molecular arrangements, open possibilities to 

manipulate geometric attributes of the assemblies at the molecular level. The aggregation 

number of the micelle is also a function of the molecular weight of the BCP, hence the size 

of the micelle. To start with,  four different PS-b-P2VP BCP sizes (81.5, 105, 199, and 443 

kDa) were compared based on the diameter of diffused micelle structures on the surface 

using tapping mode AFM images, shown in Figure 2.9. Depending on their size there exists 

the range of periodicities (center to center spacing) that are possible to achieve during the 

fabrication of the organic templates. In figure Figure 2.10, calibration curves are shown 

with varying periodicities as a function of the concentration of the polymer in the solution 

and/or the spin speed while coating. The periodicity ranges from ~50 to ~200 nm from BCP 

of different sized used here. However, the aspect ratio of the diffused features differs from 

one to another. This also governs the space between the features and can be tuned as per 

the requirement with sub-5 nm steps. 
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Figure 2.10. Demonstration of orthogonal control over nanoscale geometries using the fabrication 

process. 

After the coating of the organic template on the substrate with the desired geometric 

properties (such as period, height, and diameter), the size of the diffused spherical micelle 

structures could also be modified by exposing them to oxygen plasma. The height 

systematically decreased to ~0 nm with a gradual increase in time of exposure (Figure 

2.11). In the reactive ion etching chamber, the templates were etched at the rate of 0.3nm/s. 

This was an important factor to consider when the thickness of the polystyrene was needed 

to be decreased (for transferring pattern to SiO2) or to expose PVP core (for stronger 

attraction between negatively charged negative particles and positively charged PVP), 

discussed in section 0. 

 

Figure 2.11. Control over dimensions using oxygen plasma etching with etch rate ~0.3 nm/s shown 

for polymer template#B (443 kDa). Scale bar: 200 nm 

The interest of optimization was to identify periodicities or separations ranges 

associated with the polymer types to define coating conditions to obtain defined templates 

or masks to investigate various factors that are necessary to achieve high sensitivities 

(discussed in chapter 3 to 6). Throughout the thesis, two types of nanostructures were 

deduced from these high-resolution polymeric templates, a) Nanoparticle Cluster Arrays 

(NCA),315 and b) Nanopillar Arrays (NPA).316 However, there exists a variety of possible 

structures that are possible to fabricate using the pattern transfer process from these organic 

templates of high resolutions, shown briefly in the next section. 
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Figure 2.12. Fabrication of plasmonic nanoarrays with different profiles, size, and distribution of 

metal nanostructures can be attained by control over pattern-transfer processes. In all cases, the 

advantages of the original templates including the uniformity and scalability are preserved.316±318 

Scale bar: 100 nm 

Fabrication of plasmonic nanoarrays starting from organic templates relies on pattern 

transfer approaches, for example, template-guided growth, deposition, or etching, to define 

noble metal nanoarrays with the conservation of pitch from the original template. The 

pattern transfer approaches offer large flexibility in the geometry of the individual features, 

thus making it possible to fabricate plasmonic nanoarrays of different types, for example, 

nanoparticle cluster arrays, nanopillars arrays, nanorods, or nanodiscs. The pattern transfer 

parameters provide independent control over the size, shape, and aspect ratio of the features 

and should be optimized to ensure that they do not affect the spatial arrangement, 

uniformity, and reproducibility from the original template. Although the pattern transfer 

approaches are common in semiconductor fabrication, extending them to work at the scale 

of few nanometers requires rigorous optimization and quality assurance to ensure low 

standard deviations and reproducibility in geometries. Further in this section different 

pattern transfer methods to reach such three different plasmonic nanoarrays have been 

discussed in detail (Figure 2.12). 
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Figure 2.13. Different reported instances in literature of nanoparticle aggregates. Randomly 

arranged,82,319±321  and periodically arranged.322±324 

&OXVWHUV� �XVHG� LQWHUFKDQJHDEO\� ZLWK� ³DJJUHJDWHV´� LQ� WKLV� UHSRUW�� RI� PHWDO�

nanoparticles behave differently from their isolated counterparts due to the collective 

optical behavior arising out of plasmonic coupling between the constituent 

nanoparticles.325±330 Clusters of nanoparticles are known to behave as hot particles, with 

significantly enhanced electromagnetic fields at the inter-particle junctions.331±334 

Consequently, clusters exhibit higher extinction cross-sections, with hot spots that can be 

excited at lower energies than the isolated particles. The aggregation-induced color change 

of gold nanoparticle suspensions caused by the analyte of interest has been the basis of 

several biological assays.335 Such random aggregation typically results in a large 

distribution in the number of particles per cluster, with a distinct lack of control over those 

numbers. To achieve clusters with desired optical properties, it is essential to be able to 

produce them with a narrow distribution in the size, shape, and spatial arrangement between 

nanoparticles within the cluster and between clusters in an array. Such clusters were 
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demonstrated using templates fabricated by electron- beam lithography 

(EBL)170,326,327,333,336±338  and controlling the size of the template to obtain dimers, trimers, 

quadromers, and multimers. Since EBL is time-consuming and expensive to achieve high-

resolution patterns spanning large areas, other low-cost means to achieve controlled 

nanoparticle aggregates using template-assisted means have been reported in the literature. 

These include the use of DNA,339 surfactants,340 block copolymers,340±342 carbon 

nanotubes,341 cylindrical micelles,342 or microorganisms like bacteria or viruses343 as 

templates to attach nanoparticles. While the template-assisted cluster formation allows 

creating clusters with the desired size (or a number of particles per cluster) and shape, they 

often fall short of abilities to control inter-cluster arrangement within an array. Such an 

arrangement is important to ensure reproducible inter-cluster plasmonic interactions as well 

as an ability to engineer them to achieve desired optical properties. In this direction, block 

copolymers are an excellent solution, as they allow effective control over the spatial 

arrangement of eventual clusters. Microphase separation of BCP in thin films, as well as 

BCP reverse micelles, has been utilized as templates to attain clusters of metal nanoparticles 

on surfaces. These techniques have exploited the BCP templates either to organize one or 

more particles from solution phase,344±346 or to drive selective complexation of metal ions 

and in situ reductions to form clusters.347 However, these fall short of opportunities for the 

rational design of the cluster properties. The approach based on copolymer reverse micelle 

template allows preparing clusters based on electrostatic self-assembly of preformed gold 

NP from the solution phase on to the features on the surface. The cluster dimensions (the 

number of NP per cluster) and the inter-cluster separation were controlled by control over 

the template size and their separation. The low standard deviation of the template enables 

low standard deviation in the geometric attributes of the clusters as well.315 

 

Gold nanoparticle was synthesized using the citrate reduction method developed by 

Turkevich et al. and improved by Frens.348,349 Gold chloride (HAuCl4) was reduced by 

sodium citrate at high temperatures, generating fairly monodispersed gold NP. In this 

method, citrate plays the role of reducing agents as well as a capping agent for gold. The 

size of the nanoparticle can be tuned by changing the ratio of the salt and the capping agent. 
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The diameter of  ~11 nm of Au NP with optical extinction spectral peak at 520 nm, which 

corresponds to the spherical shape (Figure 2.14a-b). 

 

Figure 2.14. a) Schematic representation of the setup used for synthesizing Au NP via wet chemical 

route, b) Statistical analysis of size distribution of Au NP from SEM images, c-d) Schematic of the 

fabrication of gold nanoparticle cluster arrays by electrostatic attraction of negatively charged Au 

NP to positively charged templates on the surface, e) AFM image of the polymeric template,  and 

Au-NCA f) without short oxygen plasma etching (before NP adsorption), and g) after oxygen 

plasma etching (before NP adsorption). 

In a typical experiment, the reverse micelle arrays prepared from PS-b-P2VP with a 

molecular weight of 443 kDa and PDI of 1.1 were spin-coated from m-xylene solutions and 

subsequently exposed to an aqueous suspension of gold NP (Figure 2.14c). Due to the 

presence of the pyridyl groups of PVP in the core of the features, the reverse micelle 

features are positively charged, and attract negatively charged citrate-stabilized gold NP 

from the suspension (Figure 2.14d-g). The electrostatic attraction between the NP occurs 

locally on the features, and not in-between them, therefore resulting in a patterned array of 

nanoparticle clusters. The number of NP in each feature is a function of its size.  The inter-

cluster separations are controlled by the control over the periodicity of the template. 
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Extinction spectra of the nanoparticle clusters showed a peak at 647 nm (discussed in the 

next chapter), which was over 100 nm red-shifted from the plasmon resonance band of 

isolated Au NP. This is attributed to the strong plasmonic coupling between the NP within 

the cluster. Further, the absence of a strong contribution at 520 nm would confirm the 

geometric observation of the absence of isolated NP. The substrate was exposed briefly to 

oxygen plasma (10 to 30 s) before nanoparticle attachment. This ensured, stronger spatial 

confinement of the NP adsorbed electrostatically on the positively charges ellipsoidal 

features of the template (Figure 2.14f-g). 

 

 

Figure 2.15. Nanopillar geometries are obtained from different nanofabrication techniques. SCIL: 

Substrate Conformal Imprint Lithography,350 PS-BCP: Phase separated BCP,306 VLS: Vapor-Liquid 

Solid,351 EBL: E-beam lithography,352 RIE: Reactive ion etching,353 LIL: Laser inductive 

lithography,354 UVL: UV lithography,355 NSL: Nanosphere lithography,356 AAO: Alumina-Anode 

Oxide,357 NIL: Nanoimprint lithography.358 

Nanopillar shapes offer a unique opportunity to control and enhance EM field profiles 

and enhancements.359 Nanopillar arrays for plasmonic sensing have been reported 

previously in the literature, for detection of disease markers and identification of bacteria 

as well as environmental pollutants.267,316,360,361 Such configurations can be obtained by 

metal deposition of optimal thickness on top of high aspect ratio dielectric pillars that can 

be produced by different approaches, namely, VLS growth,351 pulsed laser deposition,362 
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black Si production by RIE with gas plasmas,363 and patterned wet or dry etching with 

templates produced by other means, for example, photolithography, soft-lithography, EBL, 

NIL, NSL, and molecular self-assembly.174,364±368 Nanopattern of pillars offers an 

advantage over stochastically arranged counterparts due to a better definition of the spatial 

relationship between the pillars that help rational enhancement to sensing performance. The 

stochastic arrangements, despite promising results, rely largely on empirical optimization 

and suffer from difficulty in identifying issues when they arise. Another aspect to consider 

is the stability of the pillar arrays, which is especially a concern for high aspect ratio 

structures.188,266,369,370 High aspect ratio pillars can capture analyte between the pillars when 

they collapse by drying that may offer interesting means to trap analyte potentially at EM 

hot spots,201,371 the approach, however, gives less control over the collapse nor the 

concentration of analyte that is trapped, thus offering a limited opportunity for rational 

design. The irreversible nature of such collapse would make it difficult to subject the pillars 

to solvent-based washing and drying steps, limiting them to a single time or single-step 

usage. Pillars of smaller aspect ratios would solve many of these issues, however, it will 

need to be produced with high spatial resolutions to ensure a large number of EM hot spots 

and preferably with good geometric definition allowing rational optimization toward both 

enhancing EM hot spots and analyte capture on the surface. An approach based on colloids 

of amphiphilic copolymers allows the possibility to generate nanopillars that are stable and 

reusable while allowing significant opportunities to rationally engineer the optical 

properties toward high plasmonic sensing performance. 

Organic reverse micelle templates can be transferred into the underlying Si by 

adopting nanolithography processes based on reactive ion etching with halogen gas 

plasmas. Given the low template thickness (typically less than 30nm), and small widths 

(sub-100nm), nanolithography using these templates requires significant process 

optimization to ensure high selectivity to the underlying substrate, minimum undercut, and 

high anisotropy. It is possible to substitute the organic templates with a harder inorganic 

template to improve the selectivity and durability. This is achieved by transferring the 

organic template pattern into a thin dielectric film to generate harder dielectric masks for 

the next step of pattern-transfer into Si. We had earlier shown a high degree of control over 

the incorporation of the organometallic precursor by using atomic layer deposition, with 

the resulting oxide nanostructures enabling nanolithography down to sub-10nm regime.243 
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This was followed by several other investigations in literature focusing on vapor phase 

incorporation of metal-organic precursors within different BCP domains using ALD 

processes.304,372±375 The nanolithography process must be optimized to not widen standard 

deviations between the features or across the wafer. The optimization processes across the 

full-wafer level should take into account the ³loading effectV´, which impacts the outcome 

of the reactive ion etching process depending on the proportion of exposed surface area 

available for etching. 

 

 

 

Figure 2.16. a) SEM image is taken from a random position on the wafer with nanopillar arrays. 

(c) SEM images of different shapes of nanopillars obtained by varying etching conditions.243 

In a specific example, organic templates prepared using PS-b-PVP with a molecular 

weight of 80.5 kDa was spin-coated on a 100 mm Si wafer consisting of a 25 nm film of 

thermally grown SiO2 layer. The coating is exposed to brief O2 plasma to remove the thin 

residual layer between the template features and expose the substrate beneath. The resulting 
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organic template is then transferred into an underlying SiO2 thin film using C4F8/CH4 gas 

plasma. The resulting SiO2 islands provide high selectivity in etching underlying Si using 

SF6/C4F8 plasma to yield Si nanopillars and the remaining SiO2 was removed using 

HF/H2O2 solution (Figure 2.16a). The RIE conditions employed resulted in silicon pillars 

with a positively tapered profile with a feature size of 40nm (at half-width), and a pitch of 

78nm and height of 120nm, as measured by SEM (Figure 2.16b). The RIE process 

conditions can be varied to obtain pillars with other shapes as well (Figure 2.16c). The 

pillar arrays were found to be uniform throughout the wafer, as qualified by uniform color, 

with a variation of < 10% as measured by reflectance spectroscopy.243 

 

 

Figure 2.17. a) Fabrication process involved in pattern transfer from polymer template to fabricate 

silicon nanopillar arrays, b) AFM image of the polymeric template, Top view SEM image of the c) 

Si-NPA (inset: tilt view), and d) Au coated silicon Si-NPA  (inset: tilt view). 

Nanopillar arrays that are shorter and closer allows all advantages of the other 

reported approaches, while also conserving the metal to be deposited. Nanopillar arrays of 

silicon obtained by the molecular self-assembly approach (Figure 2.17) can subsequently 

be coated with gold or silver to prepare plasmonic nanopillar arrays. The conditions of the 

coating, including the choice of evaporation versus sputtering, the respective deposition 

parameters are critical to the structure and property of the resulting plasmonic arrays. The 

thickness of the films deposited in relation to the geometry of the underlying silicon pillars 

would be a key process parameter that determines the aspect ratio and the separation 

between the metal pillars. Both aspect ratio and the feature diameters increase, while the 
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feature separations decrease systematically as a function of the thickness of metal 

deposited. The observed film growth is strongly anisotropic with slow growth laterally as 

compared to vertically. The growth on top of the silicon pillars correlates well with the 

thickness of the metal deposited, while, the increase in diameter occurs much slower. The 

challenge in the processing includes the conformal deposition of metal, with good step edge 

coverage, especially when the deposition is made on top of closely separated high aspect 

ratio nanopillars.  

 

Figure 2.18. Gold metal-coated silicon nanopillars using a) E-beam evaporator, and b) Sputter 

coater. 

In a specific example, silicon nanopillars were prepared using the method described 

above on a whole wafer Figure 2.17, and were diced into pieces to test for conformal 

coating of gold metal. The e-beam evaporation of gold metal on the pillar resulted in a 

flower-like coating of metal layers on the top of the pillars. On the other hand, sputtered 

films under specific conditions (described in chapter 6), as shown in Figure 2.18a-b. 

 

 

Structural characterization tools, allow us to relate the changes in the fabrication 

process to the changes resulting in the geometric features. The process Ù structural 
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correlations were monitored at every step to validate the process and ensure the 

homogeneity between batches. The commonly used tools such as SEM and AFM were most 

frequently used during the project due to their simplicity and ability in providing physical 

interpretation of geometries. 

 

 

Figure 2.19. a) Dynamic Light Scattering Instrument, and b) Optical configurations of the Zetasizer 

Nano series for DLS measurement.376 

DLS provides a statistical analysis of the average hydrodynamic size distribution of 

the NP in the suspension by intensity. This technique measures the Brownian motion of the 

particles in the solution and then relates the information to their to size. The velocity of the 

Brownian motion is higher for small particles and the knowledge of viscosity and the 

particular temperature of the solution is very important for the correct interpretation. The 

velocity of the Brownian motion is defined by the property called translational diffusion 

coefficient, ܦ. The hydrodynamic diameter, ݀ሺܪሻ, of the particle is determined by ܦ using 

Stokes-Einstein Equation, 

݀ሺܪሻ ൌ
݇ܶ
ܦߟߨ͵

 
Eq. 2.3 

where ߟ is the viscosity, ݇, the Boltzman constant, and ܶ, the temperature. It is 

important to note that the diameter values measured by DLS refer to how particle diffuses 

within a fluid, hence called as hydrodynamic diameter. It is a diameter that is obtained from 

 which depends not only on the diameter of the core (particle) but also on the surface ,ܦ
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structure, concentration, and type of ions surrounding in the medium. The polydispersity 

and the size distribution of the gold NP synthesized in the house were characterized using 

Zetasizer Nano Z (Malvern Panalytical, Malvern, UK). 

 

 

Figure 2.20. Atomic Force Microscopy Instrument. b) Schematic diagram of AFM. 377 

AFM (Innova, Bruker, USA) is an important feedback tool that enables to probe 

surface morphology based on the physical interaction of the AFM probe with the nanoscale 

structures on the surface at a very high resolution. The scans were performed using peak-

force tapping mode in AFM, where the probe periodically taps the surface and measures 

changes in the force caused by the deflection of the cantilever when it comes in contact 

with the surface. The AFM tip is mounted on the reflective cantilever (together known as 

probe) and the interaction takes place between the tip and the sample surface. The tip 

material and type need to be compatible with the sample surface to avoid artifacts or 

misinterpretation in the surface morphologies.  

 



Chapter 2. Nanofabrication And Characterization Methods 

 

72 

Figure 2.21. a) SEM image of the super sharp silicon ± Non-Contact/Tapping mode - High 

Resonance Frequency - Reflex Coating (SSS-NCHR) AFM tip (Nanoandmore, Germany), and b) 

AFM image of the polymer template (inset ± periodicity and height distribution of the organic 

template features) 

With the help of AFM, we followed the impact of the fabrication process that was 

tailored to vary morphological dimensions of the self-assembled polymeric features on the 

surface. The high resolution scanned image of the template (soft/hard) was obtained using 

super sharp silicon tips and the processing of the image was performed using Nanoscope 

Analysis (Bruker, USA) software. The power spectral density function (2D-PSD) function 

was used to analyze the distribution of the mean distances between spherical features from 

the center to center, known as pitch (called here as periodicity). The height distributions 

were estimated using particle analysis function taking into account the shape of the tip and 

features, where necessary (for example in closely packed features, where the diameter of 

the tip is comparable to the separations between them). Additionally, step measurement 

function to analyze the scratched template (in case of a soft mask) were made as validation. 

 

 

Figure 2.22. a) Scanning Electron Microscope Instrument, b) Schematic of the components that are 

needed to focus e-beam and the components of SEM instruments.378 

SEM is an imaging technique, that can visualize the surface morphology or 

topography with high quality and spatial resolution using high energy focussed beam of 

electrons. Upon interaction of the incident electrons with the surface, they emit secondary 
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electrons and the backscattered electrons, which are then used to create a visual image 

corresponding to the exposed area on the sample. 

 

Figure 2.23. Exemplary SEM image of silicon nanopillars in top-view (TV) and a cross-sectional 

view (CX). 

Helios Nanolab 600i (FEI, Oregan, US) was used to acquire images of the surface 

topography for the polymeric templates or nanoscale geometries after the pattern transfer 

step. Using ultra-high resolution images, structures were visualized and analyzed for 

statistical information of the geometric feature dimensions to validate tailored fabrication 

processes and ensure homogeneity over large areas. The SEM images further supported the 

rationally designed geometric models.  

 

The use of optics to characterize nanostructured surfaces is common. Due to sub-

wavelength geometric dimensions, the interaction of nanostructures with the light is 

distinctive. The optical characterization techniques that measure the ability of the 

nanostructures to absorb or reflect light are often used for comparative studies. 

 

Absorbance Measurement: Absorbance is measured for the attenuation of 

monochromatic light when transmitted through the sample. Absorbance � is expressed as,  

� ൌ ���ଵ
ܫ

௦ܫ
 

Eq. 2.4 
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where, ܫ is the intensity of light from the reference sample, and ܫ௦ is the 

intensity of light from the sample. The light attenuated due to localized surface plasmon 

resonance at the surface of nanoparticle results in increase absorbance at resonance 

wavelength. This absorbance spectra can provide information about the absorbance modes, 

and thus the tendency of the shape and arrangements of the NP. 

 

 

Figure 2.24. a) Extinction Measurement - Optics bench-top setup 

Optical measurement for NCA on glass sutrates was performed in extinction mode in 

a homemade set-up on an optical table. The sample was illuminated with a white light 

source and polarized through a 50x/0.42 NA objective. The transmitted light was collected 

using a 20x/0.28NA objective which was followed by the beam splitter to direct 8% of the 

collected light to a CCD camera to visualize the area under investigation and the remaining 

part of the light is sent to the spectrophotometer via multimode optical fiber. 

Reflectance Measurement: The absolute reflection measurements for NPA were 

taken from UV/Visible spectrometer (Perkin Elmer L1050) in an integrated sphere 

configuration using reflectance diffusive Teflon reference standard (WS-1, Ocean Optics). 

The resulting reflectance was automatically corrected with respect to the reference 

standard. 
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Figure 2.25. a) Integrating Sphere Ultra-Violet/Visible Spectrometer, and b) Lightpath for 

Reflectance Measurement in an Integrating Sphere set-up. 

UV/Visible spectroscopy is a type of absorption or reflectance spectroscopy, that rely 

on the interaction of light with the matter (sample). The spectrophotometer measures the 

extent of light absorbed or reflected by the sample upon interaction with the UV/visible 

range of the electromagnetic spectrum. The integrating sphere is used for samples that have 

GLIIXVH� UHIOHFWDQFH� FRPSRQHQWV� IRU� H[DPSOH�� µURXJKHQHG� VXUIDFH¶�� SRZGHUV�� HWF�� XQOLNH�

mirror or highly reflective surfaces. Samples are placed in one end of the sphere and the 

light that reflects from the sample upon illumination is collected by the sphere. Typically, 

it measures absolute % reflectance, which means it is in relation to the reference signal. 

The light and dark reference signals are obtained using reference materials (as 100 % R) 

and from the sphere (as 0 % R). 

The UV/visible spectrometer was used to measure absolute % reflectance (%R) of 

the nanopillar arrays and planar silicon substrates (with and without gold coating)  using 

calibrated Spectralon standard (from Ocean Optics) as the reference. The calibration sheet 

(known reflectance values) of the reference sample allows us to calculate the absolute 

reflectance of the sample. The reflectance measurement is crucial in assessing the surface 

for optical, optoelectronic, and electro-optical applications. Nanostructures arrays are often 

judged based on their anti-reflective properties, due to their high aspect-ratio they tend to 

absorb a large portion of light from wide range incident angles.379 The loss of light within 

the anti-reflective part of the surface occurs due to change or gradience in the refractive 

index in the environment within the nanostructured surface. The behavior of the light can 

be explained using the thin-film interference effect (Figure 2.26). 
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Figure 2.26. a) Propagation of incident light through a single layer film on a substrate (ns > n). (b) 

Multiple internal reflections of incident light in a microstructure array. (c) Interaction of incident 

light with the sub-wavelength-size nanoarray. (d) Schematic illustration of the refractive index 

change corresponding to (c).379 

 

 

Figure 2.27. Micro-Raman Instrument, b) Schematic diagram of a Renishaw Raman Microscope.380 

In principle, Raman signals are generated from inelastically scattered incident 

photons when they interact with Raman active molecule. The incident photon loses energy 

to the molecule, to shift the molecule from the ground state to its excited vibrational state 

(Stokes Raman Shift) or vice ² versa (anti-stokes Raman Shift). The Raman signal 

intensity is proportional to the Raman cross-section of the molecule. The scattered photon 

consists of the information related to vibrational modes of the molecules they interact with, 

which are their unique energy signatures, allowing easier identification. Raman signal 

generated from analyte can be written as: 
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ோܲ ൌ  Eq. 2.5 ܫோߪܰܭ

Here, ோܲ (photon/s) is the Raman signal power measured by the detector, K 

accounts for a fraction of the photons scattered from the molecule (stokes shifted) converted 

to electrons by the detector, N is the number of molecules illuminated, ߪோ 

(cm2/sterade.molecule) is the Raman-cross section of the molecule. The Raman set up 

(Figure 2.27) is similar to an optical microscope where the incoming wavelength is 

focussed on the sample and the scattered light is captured by the detector passing through 

Rayleigh filters. The setup is completely automated for laser wavelengths, gratings, as well 

as filters. 

 

Figure 2.28. Calibration curve to check the linear increase in counts with systematically increasing 

a) power, and b) time. 

The instrument is maintained by internal calibration using internal silicon and 

periodic automated alignment procedures. However, validation of power vs counts and time 

vs counts from internal silicon as calibrations were performed to validate their linear 

behavior. Also, the power of the incident laser was determined to consider the actual 

incident powers when calculating intensity (counts mW-1 s-1) from counts. 

SES measurements were carried out using a micro-Raman system (Renishaw InVia, 

UK) attached with the microscope, a peltier cooled CCD, and an excitation LASER of 633 

nm. The system was preattached to a microscope (Leica), and the Laser was coupled 

through an objective lens of 50x with 0.5 N.A. Before each experiment, internal Silicon 

calibration was performed with a peak centered at 520 cm-1.  Data processing was 

performed using WIRE 5.0 software provided by the manufacturer of the system. Default 



Chapter 2. Nanofabrication And Characterization Methods 

 

78 

parameters were used for baseline subtraction to remove background noise from the signals. 

The measurements were acquired in an autofocus mode at 10 different positions at the same 

sample for observing standard deviations. After importing spectra into the OriginPro, all 

the spectral signals were then normalized with respect to exposure time and incident 

powers, to be able to follow the dependency of the signal intensities over analyte 

concentration. The spectral ranges were chosen according to the most intense peak, 

marking the presence of the analyte molecules. 

 

Biomolecular interactions involve a combination of multiple species with each other 

to form functional complexes. To follow their interaction kinetics with each other or 

surface, two techniques have been widely utilized commercially due to their sensitivity and 

dynamic interrogation capabilities. Although, both the techniques, namely quartz crystal 

microbalance (QCM) and surface plasmon resonance (SPR) use similar sensor surfaces to 

detect mass changes, they differ in their mode of interrogation.  

 

 

Figure 2.29. a) Quartz Crystal Microbalance Instrument, and b) Design of quartz crystal (grey) 

with electrodes (yellow); (i) top view (ii) bottom view. (iii) A schematic illustration of the strain-

induced in an AT-cut crystal on the application of AC voltage. (iv A schematic illustration of how 

the amplitude of vibration (A(r)) varies with the distance (r) from the center of the sensor. The area 

of vibration is called the active surface area and is sensitive to mass changes.381 
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A QCM-D instrument is a mass balance that monitors the change in mass at the 

molecular level in real-time based on the piezoelectric response of the quartz which acts as 

a sensor. The quartz sensor is often coated with gold on both sides of the sensor, which 

works as electrodes. The quartz sensor is then excited from the bottom electrodes to 

oscillate at its resonance frequency by applying an alternating voltage. The top gold surface 

is then exposed to the analyte solution or sample which can adsorb on the surface either 

electrostatically or covalently to induce mass change on the surface of the sensor. The 

resonance frequency depends upon the total mass of the sensor and the adsorbed layers. 

Hence the small increase (due to adsorption) or decrease (desorption) in mass can result in 

the decrease or increase in the frequency, respectively. However, depending on the nature 

or the thickness of the adsorbed layer, the shift in the frequency can be governed by either 

the Sauerbrey model equation or a viscoelastic model (such as the Voigt model) (Figure 

2.30). 

 

Figure 2.30. (Left) Rigid layers that follow Sauerbrey Equation for mass calculations, and (right) 

soft layers that follow the viscoelastic model for mass calculations. 

When the adsorbed layer is thin and rigid, the change in the frequency, ο�, is 

proportional to the change in mass, ο�, at the surface of the sensor. Therefore, following 

a simple Suerbrey equation which is expressed as,  
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ο� ൌ െሺ� כ ο�ሻ
݊ൗ  Eq. 2.6 

here, � = 17.7 ng Hz-1 cm-2 for a 5 MHz quartz crystal, and  ݊ is the overtone number.  

On the other hand, if the layers are soft and do not adhere to the surface strongly they 

do not couple with the oscillating frequency of the sensor. Consequently, the change in 

mass changes frequency as well as the amplitude of the oscillations. The damping can be 

observed with the change in energy dissipation, ܦ. This is where the Sauerbrey equation 

becomes invalid and the viscoelastic model (such as Voigt Model) is used. 

 

 

Figure 2.31. Surface Plasmon Resonance Instrument, and b) Illustration of the basic principle of 

an SPR measurement. 

SPR instrument is an optical biosensor that enables sensitive detection of molecular 

interactions in real-time. SPR technique relies on free oscillating electron knows as surface 

plasmon (SP) at the interface of the metal and dielectric (negative and positive permittivity 

material) stimulated by incident light. Under specific conditions of irradiation angle (SPR 

angle) and wavelength, these surface plasmons resonate, hence are known as SPR.102 Under 

SPR conditions, surface plasmons propagate parallel to the metal surface and generate 

exponentially decaying electromagnetic field (decay length ~ 400 nm) above and below the 

metal surface, known as an evanescent wave. Therefore, making this technique sensitive to 

changes in the refractive index at the vicinity of the metal surface. 
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Figure 2.32. Kretschmann configuration103,382 Surface Plasmon Resonance. 

SPR sensor is a gold-coated glass chip that is placed in contact with the prism of the 

high refractive index corresponding to the Kretschmann configuration, as described in 

Figure 2.31b. Prism coupling in Kretschmann configuration represents the most commonly 

used method to optically excite the surface plasmonsFigure 2.32a. In this configuration, a 

polarized light wave passes through the prism and is reflected at the base of the prism, 

where the SPR sensor is positioned. At the SPR angle, the absorption of light is maximum, 

therefore the reflected light intensity is significantly reduced. However, changes in the 

refractive index of the environment due to the presence or absence of molecules 

(association or dissociation) near the metal surface within the range of evanescent waves, 

causes a shift in the SPR angle. The SPR instrument measures this shift of the SPR angle 

at which the reflected light is minimum and is recorded as a sensogram (Figure 2.32b). 

 

Molecular self-assembly using amphiphilic copolymers and colloids derived thereof 

can deliver nanoplasmonic interfaces with high spatial resolutions, with control over 

geometric variables in steps of only a few nanometers. The approach enables metal 

nanoarrays with spatial coherence between features, orthogonal control over the different 

geometric attributes, and standard deviations below 10%. These characteristics can be 

leveraged to better understand and predict the optical properties of these arrays, allowing 
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rational routes to maximize plasmonic sensing performance. The self-assembly parameters 

at both the template production and pattern transfer stages could be rigorously controlled 

to ensure high uniformity, reproducibility, and scalability of the resulting plasmonic arrays 

on full wafers. The homogeneously distributed hot spots over large areas present an 

opportunity to not only detect but also quantify the concentration of analytes, with large 

dynamic range with promisingly low limits of detection. 

 

Figure 2.33. Schematic representation of process involved in fabrication of a) nanocluster arrays  

and b) nanopillar arrays from soft organic template. 

Benefiting from such spatially resolved nanofabrication methods, plasmonic 

nanoarrays were rationally designed to achieve EM hot-spots corresponding to different 

geometric attributes. Plasmonic nanoarrays presenting a large number of gap hot spots, with 

gap distances down to sub-10 nm length scale, were studied in the case of nanoparticle 

cluster arrays and nanopillar arrays. Systematic variations in spatially resolved EM hot-

spots were investigated to correlate their sensitivities in detecting molecules with small and 

large dimensions. Analyte molecules that are smaller in size, are well aligned with the 

spatial requirements for the gap between adjacent metal nanostructures presenting strong 

EM fields. However, to exploit these confined EM fields for biomolecular sensing, it is 
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essential to take into account the spatial requirement of the biomolecule, which can range 

from few nanometers to a few tens of nanometers.  

The nanocharacterization tools such as SEM, AFM plays important roles in probing 

morphologies of the resulting nanoscale geometries with high resolution and assessing their 

optical properties using absorbance and reflectance properties. SPR and QCM based 

analysis gave an insight into understanding the biomolecular behavior while interacting 

with surfaces that are engineered at the nanoscale. Biomolecular interaction kinetics along 

with the surface densities were then correlated to the spectroscopic response of the sensor 

surface. Therefore, in the following chapters, the correlation of the geometry ֞ optical ֞ 

SES performance is demonstrated with a combination of experiments and numerical 

simulations. 
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This chapter LV�EDVHG�RQ�WKH�SXEOLVKHG�SDSHU�LQ�>-RXUQDO�1DPH@�³Gold Nanoparticle 

Cluster Arrays with Engineered Nanoscale Geometries for Quantitative Plasmonic 

Bioassays´��5��5DVWRJL��(��$��'RJEH-Foli, R. Vincent, S. Poovathingal, P. Michel-Adam, 

S. Krishnamoorthy. [DOI]. 

High sensitivity in plasmonic biosensors results from non-linear enhancement of 

electromagnetic (EM) fields at the vicinity of nanostructured metal surfaces as well as the 

ability to leverage on these enhancements via optimal attachment of analyte to the EM hot-

spots. However, EM hot-spots such as nanogaps are spatially restrictive for adsorption of 

larger analytes such as proteins. This ensures a trade-off between the geometric 

requirements to drive high EM enhancements and to accommodate analyte binding. We 

investigate nanoparticle cluster arrays (NCA) presenting dual length scale electromagnetic 

hot-spots, viz. interparticle (<1 nm) and inter-cluster hot-spots (sub-10 nm), on the 

sensitivity of plasmonic bioassay based on surface-enhanced Raman and Fluorescence 

spectroscopies. The sensitivity of the bioassays was found to be dependent on the size of 

the analyte in relation to the gap distance at the interparticle and intercluster EM hot-spots. 

With an accurate measure of the surface concentrations of NP and analyte molecules using 

a  quartz crystal microbalance, it was possible to attribute a higher sensitivity of plasmonic 

assays to the ability to leverage on, inter-cluster EM hot-spots in case of proteins, and both 

interparticle and intercluster EM hot-spots in case of small organic analytes. The 

investigation demonstrates the need to factor in the size of the analyte into the design of the 

plasmonic nanoarrays to better leverage the EM hot-spots. Further, the ability to decouple 

the signal contributions due to EM field enhancements from the analyte surface 

concentrations allows significant opportunities for the rational design of the plasmonic 

sensors. 
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Reliable and quantitative detection of bio-analytes with high sensitivity down to few 

molecules, response times within few minutes and miniaturized volumes is key to 

advancing a range of diagnostic goals including detection of diseases at an early stage, 

predicting disease risk, identification of infections for the point of care and delivering 

therapies tailored to the individual patients.34 Nanoplasmonic sensors that control and 

enhance EM fields at length scales of the order of biomolecules provide a clear edge over 

other techniques due to high surface selectivity, ultra-low detection limits, response times 

of few seconds, and miniaturized form factors.285 Plasmonic sensors have been used to 

detect analytes either by monitoring the variation in the localized refractive index or by 

their spectroscopic fingerprint. Spectroscopic detection relying on EM fields allows unique 

identification of analytes using plasmon-enhanced Raman or Fluorescence, with 

competitively low limits of detection compared to other techniques.55 These EM fields on 

a nanostructured metal surface are heterogeneously distributed and are concentrated in 

nanogaps or sharp corners of metal nanostructures that act as EM hot-spots.147 Gap hot-

spots are known to be stronger than curvature hot-spots, 143,151,383 and several studies have 

shown an exponential rise in the enhancement as the function of the closing gap between 

the metal nanostructures. 137,151,152,384 To attain the best sensitivities, the analyte needs to be 

co-localized within the EM hot-spots where these EM fields are concentrated.169 However, 

these gaps are typically in the order of few nanometers and can permit only those analytes 

with dimensions smaller than the gap themselves.  This is a challenge for bioassays as the 

length scale of typical biological interactions including hybridization of oligonucleotides, 

or immunosandwich assays extends up to few tens of nanometers. To address the inevitable 

trade-off between the geometric requirements for highly enhancing EM hot-spots, and 

spatial needs for biomolecular adsorption, it would be necessary to design plasmonic arrays 

to drive co-localization of larger analytes such as proteins, within the EM hot-spots.  

Different approaches have been explored to date to co-localize analytes within EM 

hot-spots. They include sandwiching the analyte at the hot-spot formed between a 

nanoparticle and an underlying planar or nanostructured metal surface,148,385 trapping 

analytes at the inter-pillar hot-spots formed upon collapsing of high-aspect-ratio metal 

nanopillars under the influence of capillary forces,371 and selective polymerization at EM 
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gap hot-spots.386,387 The sandwich configurations with analyte located at the EM hot-spot 

between a nanoparticle and an underlying metal film is limited by the gap distances 

determined by the thickness of the sandwich, is favorable for smaller molecules, but less 

interesting for bioassay configurations like immunoassays or nucleic acid assays that have 

dimensions of 20-40 nm. Mechanical trapping of analyte at inter-pillar hot-spots suffers 

from an inability to support washing-drying steps as used in standard wet (bio)chemical 

functionalization, thus of limited support in multi-step sequences in bioassays. Further, the 

random collapsing of the pillars offer less to support rational engineering of the resulting 

EM hot-spots. The strategies for efficient analyte co-localization at EM hot-spots thus, 

continue to be an unsolved challenge especially when it concerns bioassays.  

The molecules present at EM hot-spots can disproportionately dominate the signal 

contribution as compared to those present in other sites.169 This makes it particularly 

difficult to rationally engineer nanoplasmonic surfaces containing EM hot-spots to perform 

reliably for quantitative assays. Thus, for the rational optimization of plasmonic bioassays, 

it would be necessary to know the actual analyte surface concentrations that contribute to 

the final plasmonic signal.  This would enable the rational design of metal nanoarray 

geometries that offer the analyte better leverage of EM enhancements. To accurately 

measure the analyte concentrations on a plasmonic surface is however a non-trivial 

challenge. Sensors that are capable of such measurements, e.g. quartz crystal microbalance 

(QCM) or surface plasmon resonance (SPR) require that the plasmonic arrays be 

reproduced on the QCM or SPR sensor surface, spanning uniformly across the entire sensor 

footprint (~1 cm2). Very few processes can deliver plasmonic nanoarrays with highly 

resolved EM hot-spots, in areas spanning square centimeters, with a reproducibility across 

batches.  In the current investigation, we employ such a process, to produce periodic 

nanoparticle cluster arrays of gold,presenting dual-lengthscale EM gap hot-spots with gap 

distances in the sub-10 nm regime (Figure 3.1a-b). The dual lengthscale hot-spots offer 

the advantage of high sensitivity towards small (<1 nm) as well as larger (bio) analytes. 

Quantitative plasmonic assays of proteins based on surface-enhanced Raman spectroscopy 

and metal-enhanced Fluorescence (MEF) are obtained. Accurate measurement of the 

protein surface density by QCM served to rationalize highly sensitive nanoparticle cluster 

arrays configurations as those that offered bio-analytes to better leverage over EM hot-

spots. 
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Figure 3.1. (a,b) Templates with smaller (Template#A) and larger size (Template#B) used to define 

(c,d) gold nanoparticle cluster arrays, NCA#A and NCA#B respectively. High degree of control 

over the periodicity of the templates with e) quadratic dependence on spin-speeds or f) linear 

dependence on polymer solution concentrations. g) comparative view of the geometric attributes of 

Template#A and Template#B. h) comparison of the number of inter-cluster junctions in NCA#A 

over NCA#B as function of periodicity. 

 

Materials: Polystyrene-block-poly(2-vinylpyridine) (PS-b-PVP) (40500-b-41000 

g/mol and 248-b-195 g/mol) was purchased from Polymer Source Inc. (Montreal, Canada). 

Quartz substrates were purchased from Siegert Wafer (Aachen, Germany). 1-

napthalenethiol (ͻͻΨ), m-Xylene (99%), sodium citrate dihydrate (99%), Hydrogen 

tetrachloroaurate(III) trihydrate (HAuCl4.3H2O) (99.9%) were purchased from Sigma- 

Aldrich. Biotin-PEG-Thiol (400 g/mol) was purchased from Nanocs, New York, USA. 

Phosphate Buffer Saline (PBS) and Bovine Serum Albumin (BSA) solution (10x) was 

purchased from R&D Systems, Abingdon, UK. Streptavidin Conjugated with Cyanine-5 

dye (60 kDa) was purchased from Rockland, Limerick, PA. Gold-coated QCM-D sensors 

(5 MHz, AT-cut Gold electrode) were purchased from LOT Quantum Design, Darmstadt, 

Germany. Supersharp, AFM tips (SSS-NCHR-50) were purchased from Nano and more 

(Paris, France). 
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NCAs were fabricated on the chosen substrates (glass and QCM sensor chips) with 

identical geometric characteristics as confirmed by the AFM and FESEM measurements. 

The substrates were cleaned by ultrasonicating them in acetone followed by rinsing with 

Ethanol and 2-propanol and then subjecting them to Oxygen plasma in the Reactive Ion 

Etching chamber (Plasmatherm 790 RIE) for 3 minutes. Freshly cleaned substrates were 

immediately spin-coated of PS-b-PVP solutions in m-Xylene at 5000 and 3000 rpm for 

Template A and B, respectively. Template#A was coated from 0.75% (w/w) solution of 

PS-b-PVP with a molecular weight of 81.5 kDa. Template#B was coated using a 2% (w/w) 

solution PS-b-PVP with a molecular weight of 443 kDa. The coated layer was subjected to 

controlled exposure of oxygen plasma for 0 s for polymer A and 30 s for polymer B to 

avoid non-specific adsorption and increasing the gap between nanoclusters. These coated 

chips were immersed in a citrate-stabilized gold nanoparticle solution (pH 5.8) for 2 h 

followed by rinsing with deionized water. The 10.3 nm ±0.5 nm gold NP were prepared 

according to the method reported previously.388 The AFM images of the templates were 

measured in tapping mode using super sharp AFM tips. Gaussian fit to the height and the 

periodicity histogram were used to determine the mean and standard deviations. In-built 

particle analysis functions in Nanoscope Analysis software was used for this purpose. 

 

For NT Raman probe detection, an average of 10 scans per spot was acquired and an 

average of 10 different spots on each sample, to calculate the standard deviations. Each 

scan was taken with a total exposure of 9s with a 633 nm He-Ne LASER at a power of 1.9 

mW under 50x/0.5 N.A. objective. For bio-molecular detection using fluorescent-dye Cy5 

conjugated to Streptavidin, each measurement was recorded at 10 different places 

throughout the functionalized surface, with 15 s of total exposure time at 50% power to 

prevent the saturation of the CCD due to Fluorescence background. 

 

For functionalization with NT, the NCAs were immersed into an ethanolic solution 

of systematically varying concentrations (PM to pM range) of NT overnight, and 
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subsequently washed with ethanol and dried before SERS measurements. For protein 

assays on NCAs supported on glass substrates, a PDMS well of 5 mm diameter, and an 

aspect ratio of 1 was prepared  allowing a volume of  20 µL used for the experiments 

performed in the well.  NCAs were exposed for 2 hours in a 1mM solution of Biotin PEG 

thiol, followed by 1% BSA in PBS solution was used as a blocking agent to avoid non-

specific adsorption, and subsequently exposed to freshly prepared solutions of SA-Cy5 of 

different solution concentrations through PDMS wells. The substrate was rinsed with PBS 

between each step to remove loosely bound molecules. The calculation of the limit of 

detection (LOD = LOB + 1.645 [SD low concentration]) was done considering limit of blank 

(LOB = [mean blank] + 1.645 [SD blank])  for each case.389 

 

QSense Explorer (Biolin Scientific, Sweden) was employed to measure mass density 

of molecules adsorbed on the nanostructured surfaces by directly fabricating nanocluster 

arrays on to the QCM-D sensor (5 MHz quartz crystal with gold coating). Modified sensors 

were functionalized with BPT followed by BSA and SA-Cy5  at high concentrations of 

800nM to assure saturated densities. The solution were injected at 10 Pl/min until stable 

baseline was observed, with the steps separated by rinsing with PBS. Flow module with a 

minimum sample volume of 40 Pl, mounted with sensor chip was connected to a bubble 

trap through tubings and a four-channel peristaltic pump (IPC Ismatec, Germany) for 

controlling flow rates, precisely. The validity of Sauerbrey approximation was confirmed 

through the low observed dissipation and invariance of the response of the frequency 

overtones. The 5th overtone was followed to calculate mass density values using Sauerbrey 

equation.390 

 

Numerical simulations were performed using the finite-difference time-domain 

method using a commercial software package from Lumericals Solution, Inc (Vancouver, 

Canada). A perfectly matched substrate layers were considered and then a periodic 

boundary condition is considered at the sides. Measurements were recorded with a mesh 

size of dx = 0.1 nm, dy = 0.1 nm, dz = 0.4 nm were chosen during the convergence analysis 

in order to guarantee the stability of the calculations of near field and absorbance. An 
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unpolarized excitation wavelength of 633 nm is used to incident normally through the air 

medium. The simulated models were constructed by matching the best possible 

arrangements as measured from AFM and SEM images. NCAs were modeled by 

distributing 12 or 48 NP (taken as gold nanospheres with material data from Robert 

L.Olmon et al.)391  with a diameter of 11.5 nm distributed in layers (2 layers for A and 4 

layers for B) around the features of the template A and B (Table 3.1 and Figure 3.2). 

Template#A was modeled periodic array of organic features with the diameter of 25.5 nm, 

the height of 15 nm and pitch of 50 nm. Template#B was modeled with a diameter of 59 

nm, a height of 37 nm, and a pitch of 90 nm. The NP were considered submerged to a depth 

of 1 nm into the polymer templates. The plane wave excitation in the excitation range 600 

nm - 800 nm was considered. 

Table 3.1. Geometrical Values obtained experimentally for the model in FDTD Simulation. 

Parameters NCA#A 
[Model] 

NCA#A 
[Experimental] 

NCA#B 
[Model] 

NCA#B 
[Experimental] 

Wavelength Incident 633 633 633 633 

*Micelle Height (h) 15 19.6 ±1.9 37 38.3 ±3.8 

NCA Height, H 23 
 

47 [8r+1 
from 
script] 

- 

*Micelle Width, w 25.5 38.4 ±3.8 59 69 ±6.9 

Nanoparticle Radius (r) 5.75 5.15 ±0.5 5.75 5.15 ±0.5 

NCA Diameter, D 48 46.5 ±5 80 85.6 

Periodicity, P 50 57 ±5 90 92.9 ±19 

*Inter-cluster distance 
(P ± NCA Diameter) 

~9 10.5 10 7.3 

Inter-particle distance 0.75 
 

0.75 
 

*No. of 
nanoparticle/cluster 

12 11 48 42 

*Overlapping of 
Nanoparticle inside 
polymer micelle, L 

~1.5 - ~1.5 - 

Absorbance Peak 635 648 641 653 
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*Adjusted values to make a structure model with low randomness and defined 
arrangements. 

 

Figure 3.2. Layered crown arrangement of the NP used to model the optical response of NCAs. 

 

 

Gold nanoparticle cluster arrays (NCA) exhibiting periodic arrays of the gold 

nanoparticle clusters giving rise to dual length scale EM hot-spots were obtained by 

molecular self-assembly approach, we reported earlier.315  The approach involves self-

assembly reverse micelles of polystyrene-block-polyvinylpyridine deposited under 

controlled conditions to produce periodic arrays of nanoscale templates (Figure 3.1). The 

reverse micelle features acquire a positive charge in neutral or acidic aqueous media due to 

the basicity of the pyridyl group of the core-forming PVP blocks. This transforms the 
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template into arrays of polyelectrolyte features that enable spatially selective attachment of 

negatively charged gold NP to form an array of gold nanoparticle clusters. The nanoparticle 

cluster arrays conserve the periodicity (or pitch) of the original templates, while their 

feature width increases by a distance equivalent to the diameter of two NP.315 The control 

over coating conditions is used to fine-tune the periodicity of the array, or in other words, 

the separation between the adjacent nanoparticle clusters (Figure 3.1).  

 

Figure 3.3. A comparative view of (a) Plasmon resonance peak positions of NCA#A (red), NCA#B 

(black) and  (b) Gold nanoparticle, (c) Fluorescence excitation (blue) and emission (green) peaks 

of SA-Cy5 and (d) the characteristic Raman peak of Cy5 used for assays. The dotted line indicates 

the excitation wavelength of 633 nm used for SERS and Fluorescence measurements. 

By nature of the formation, the NCAs present EM hot-spots between NP within a 

cluster (or, inter-particle hot-spots), and between adjacent clusters (or, inter-cluster hot-

spots).  NCAs with two different dimensions were optimized for the current study, with 

difference only in the size of the cluster, while ensuring a fixed inter-cluster separation 

distance (Figure 3.1). To assure these geometric requirements, the NCAs were derived out 

of spherical reverse micelle templates produced from polystyrene-block-polyvinylpyridine 

copolymers of two different molecular weights, namely, 81.5 kDa (for NCA#A) and 443 

kDa (for NCA#B).  
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Figure 3.4.  (a,b) Schematic illustration showing better leverage of (a) SA-Cy5 over inter-cluster 

hot-spots and (b) NT over inter-particle and inter-cluster hot-spots. The relative molecular 

dimensions are shown. (c,e) SERS Assay (c) SA-Cy5 and (e) 1-NT showing evolution of 

characteristic peak intensities at 583 cm-1 and 1371 cm-1 respectively. (d) SERS intensities 

corresponding to the saturated densities of SA-Cy5 and NT on NCA#A and NCA#B. (f, g) SERS 

spectral evolution on the NCAs at different concentrations of SA-Cy5 and NT. 

The feature separations in the templates were systematically varied in steps of few 

nanometers at a time by varying spin-coating speeds and concentration. Template#A and 

template#B with equivalent feature separations of ~30 nm were subsequently chosen for 

preparation of NCA#A and NCA#B respectively.  The chosen templates were subsequently 

exposed to an aqueous suspension of citrate-stabilized gold NP with ~10.3 nm diameter to 

produce NCAs. The feature separation (inter-cluster gaps) in NCAs reduced further by ~20 

nm, corresponding to the diameter of two gold NP from adjacent clusters. Thus, the 



Chapter 3. Nanoparticle Cluster Arrays 

 

95 

optimization of the template spacing allowed producing both the NCAs (NCA#A and 

NCA#B) with the same inter-cluster gap of 10 nm ± 2 nm. However, the inter-particle 

distances in both NCAs are in the sub-5 nm length scales and exhibit variability which is 

characteristic of random sequential adsorption of particles.392,393  Thus, the two NCAs 

exhibit inter-particle and inter-cluster distances that are equivalent, with the only difference 

being the size (width and height) of the NCAs, which is larger for NCA#B as compared to 

NCA#A. As a result of this, NCA#A has a greater density of features compared to NCA#B 

(Figure 1g-h). The highly resolved inter-particle and inter-cluster separations set the 

expectations for strong plasmonic coupling between particles within the clusters and 

between adjacent clusters. This is confirmed by the appearance of plasmon resonance peaks 

for NCA#A and NCA#B at ~648 nm and ~653 nm respectively, both of which considerably 

red-shifted from the plasmon resonance at ~522 nm for isolated gold NP (Figure 3.3). It 

can be seen that the tools offered by the self-assembly approach enabling variation of the 

array pitch in steps of only a few nanometers, without affecting the size of the templates, 

was critical to deriving NCAs with desired geometric attributes. 

 

The performance of NCAs towards plasmonic bioassays based on surface-enhanced 

Raman (Figure 3.4) and metal-enhanced Fluorescence (Figure 3.5) spectroscopies towards 

the quantitative measurement of Biotin-Streptavidin interactions were investigated. The 

interaction between biotin and streptavidin is amongst the strongest of non-covalent 

biological interactions known with dissociation constants in the femtomolar range.394,395 

The interaction is also widely used to tag biotinylated antibodies or oligonucleotides to 

streptavidin conjugates of enzyme, fluorophores, or NP in different bioassay schemes.396,397 

The pair also exhibits good resistance against denaturation and proves beneficial as model 

interaction for evaluating the performance of plasmonic assays.394,395,398 The NCAs were 

first functionalized using PEG biotin thiol (0.4 kDa) (BPT) followed by Bovine Serum 

Albumin (BSA) to block non-specific binding sites, and subsequently to Streptavidin (SA) 

conjugated to Cyanin-5 (Cy5). Cy5 can be excited at 633 nm, which corresponds to its 

excitation wavelength (Figure 3.3) and serves as a useful reporter to follow the 

concentration of SA-Cy5 by both Raman and Fluorescence spectroscopies.399 Each NCA 

is exposed to SA-Cy5 for 2 hours at different concentrations in the range of 1 - 800 nM. 
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This was followed by several cycles of washing with the buffer solution and drying with 

nitrogen before the acquisition of SERS and MEF spectra. SERS spectra show a good 

match with peak positions of Cy5 reported in the literature.399 The intensity of the 

characteristic peak of Cy5 at 583 cm-1 was followed to quantify SERS spectral dependence 

as a function of the concentration of SA-Cy5. The SERS assay was found to be well-

behaved and quantitative as revealed by an excellent fit to the Langmuir-Hill adsorption 

isotherm. The standard deviation in intensities obtained across multiple areas on-chip 

separated by several square millimeters was found to have variability below 10 %. An 

observable signal intensity was obtained down to 6.5 nM for NCA#A and 25 nM for 

NCA#B revealing higher sensitivity of NCA#A. The presence of a highly enhanced EM 

field from the underlying nanoparticle clusters together with the spacer layer from the 

biotin-streptavidin interaction pair provides a favorable situation to experience metal-

enhanced fluorescence (MEF).  Evolution of fluorescence intensities under 633 nm 

excitation show strong fluorescence enhancements on both NCAs. Comparison of the 

evolution of signal intensities with concentration of SA-Cy5 show higher intensities for 

NCA#A as compared to NCA#B, as observed in the SERS assays.   

 

Figure 3.5. Comparison of (a) fluorescence spectral evolution as a function of the concentration of 

NCA#A and NCA#B. (b) Fluorescence assays of SA-Cy5 on NCA#A and NCA#B acquired with 

633 nm excitation shown in (left) linear and (right) logarithmic scale, fitted with Langmuir-Hill 

isotherm. (c) comparison of the fluorescence intensities corresponding to a saturated density of SA-

Cy5 on both NCAs. 
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To rationalize the higher sensitivity of NCA#A compared to NCA#B, it is important 

to assess the local amplification of electromagnetic fields by the clusters. The EM profiles 

and the absorbance of the NCAs were simulated numerically using calculations in the time 

domain of finite differences (FDTD). The choice of geometries for the template and the 

nanoparticle dimensions were followed from the experimentally determined from AFM and 

SEM measurements. The number of NP per cluster was obtained following the distributions 

obtained from SEM. The inter-particle distance inside the cluster is considered as a variant 

between zero (contact) to a few nm for both configurations, in line with the observation of 

the random distribution of NP within the cluster. The NCAs are modeled as NP distributed 

in the layered crown (Error! Reference source not found.Table 3.1 and Figure 3.2) as 

shown by Zhang et al.257 The inter-particle distance inside the cluster is fixed at S = 0.75 

nm and that the micelles are arranged in a hexagonal periodic network with a period of 50 

nm for NCA#A and 90 nm for NCA#B. The simulations were performed using a mesh of 

0.1 nm in the x and y directions and 0.4 nm in the z-direction, adopting the Yu-Mitra 

method400 to refine the mesh. 
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Figure 3.6. (a,b) Simulated electromagnetic field profiles on a) NCA#A and b) NCA#B at 633 nm 

excitation, and (c,d) simulated absorbance spectra of (c) the two NCAs and (d) comparison of 

response for 3 different interparticle separations (S) using 4x4 hexagonal nanoparticle network. 

The near field simulations (Figure 3.6), confirm the presence of inter-particle and 

inter-cluster hot-spots with similar enhancement in the two NCAs. The normalized 

absorbance calculation is given in Figure 3.6 and indicates plasmon resonance peak at 543 

nm for NCA#A and 559 nm for NCA#B (Figure 3.6b), which do not agree with the 

experimental spectra (Figure 3.3). However, a simulation-based on a cluster plan of 16 NP 

established in a 4x4 hexagonal nanoparticle network on substrate reproducing the study of 

Nadeyalkov401 with our material and the size parameters offers further insights to 

rationalize the higher shifts in observed plasmonic peak wavelengths. (Figure 3.6d) The 

simulated absorbance for 4x4 configuration, and S = 0, shows broad resonance peak and a 

shift around 600 nm, which indicates the possibility of touching particles within the NCAs 

to contribute to the observed peak wavelengths. The gap distance is a critical parameter 

contributing to the amplification in dimers and nanoparticle-chain.402±404 The observed 

experimental data for the nanoparticle cluster morphologies point to similar inter-particle 

and inter-cluster gaps in both the NCAs (Figure 3.1). 

 

 

Figure 3.7. Comparison of the geometric attributes of the Template#A on fused silica chip and 

gold-coated QCM sensor, showing tapping mode AFM topography images, and the distribution in 

periodicities show variation below 5%.  
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The NCAs have two types of EM hot-spots, one at the junction between NP within 

the cluster (inter-particle hot-spots), with dimensions <1 nm, and other that is between the 

nanoparticle clusters (inter-cluster hot-spots) with dimensions <10 nm. Taking into account 

the dimensions of Biotin PEG thiol (2.2 nm long), and SA-Cy5 (4.2 nm x 4.2 nm x 5.8 

nm),405 the length of the interaction pair is expected to be around 6.6 ± 8 nm. While the 

inter-cluster hot-spots are capable of accommodating the interaction, the inter-particle hot-

spots cannot. Thus, it is reasonable to expect that the SA-Cy5 molecules would leverage 

only the inter-cluster EM hot-spots as illustrated in Figure 3.4.  Given that the inter-cluster 

separations are maintained the same between the NCAs, (Figure 3.1e), the smaller size of 

NCA#A (diameter 38 ±5 nm) compared to NCA#B (diameter 86 ±5 nm) manifests as lower 

values for lattice periodicity. The periodicity directly determines the feature density and the 

binary junctions between the features. Thus, smaller size in case of NCA#A (diameter 

~38±5 nm) results in a larger density of features (density~350 /µm2) as compared to 

NCA#B (diameter ~86±5 nm, density ~100 /µm2) (Figure 3.1g,h). This would result in a 

greater number of inter-cluster hot-spots in the case of NCA#A as compared to NCA#B. 

(Figure 3.1g) Since the SA-Cy5 can leverage only the inter-cluster hot-spots, which in turn 

occurs in greater numbers in NCA#A would explain the higher sensitivity of NCA#A.  

 

Figure 3.8. QCM-D measurement showing adsorption kinetics for NP on polymer template A 

(black) and B (red). 

However, this hypothesis cannot be confirmed unless the concentration of the protein 

molecules in both the NCAs are known. To determine this, the templates A and B were 

coated on a QCM sensor, and the different steps including the deposition of the NP, and 

the bioassay was performed while monitoring the mass changes measured by the QCM.  
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The geometric characteristics of the templates on the QCM sensors were confirmed to be 

the same as those obtained on glass chips (Figure 3.7). This allows extrapolating the QCM 

measurements of nanoparticle. QCM-D measurement showing adsorption kinetics for NP 

on polymer template A (black) and B (red) and SA-Cy5 (Figure 3.8) densities to those 

obtained on glass chips. 

 

Figure 3.9. QCM-D measurement showing adsorption kinetics for a) Bare QCM-D sensor, b) 

NCA#A coated QCM-D sensor, and c) NCA#B coated QCM-D sensor. 

The saturated density of NP, as well as the SA-Cy5 molecules after the bioassay 

completion, is plotted in Figure 3.10a-b. The saturated surface density of Au NP as well 

as SA-Cy5 is found to be higher for NCA#B as compared to NCA#A (Figure 3.8 and 

Figure 3.9b-c). The SA-Cy5 concentrations are expected to follow the concentration of 

BPT attached to gold by thiol-gold interactions. However, an estimate of the surface sites 

available on the NCA rules out the possibility to account for the observed density of 

proteins. This strongly points to the adsorption of SA-Cy5 also in the polystyrene matrix 

between the features. A control experiment performed on polystyrene coated QCM sensors 

confirm the adsorption of biotin and Streptavidin with densities on par with those observed 

on the gold surface. We did not find prior work in literature explaining the strong adsorption 

of biotin to polystyrene, the origin of which needs further investigation and will be pursued 
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within a different study. The adsorption to PS confirms the distribution of SA-Cy5 in the 

space between the NCAs and thus co-localized with the inter-cluster EM hot-spots.  

 

Figure 3.10.  Saturated surface densities of (a) Au NP and (b) SA-Cy5 bound to biotinylated NCA 

show higher values for NCA#B compared to NCA#A. (c) Higher SERS intensities observed for 

NCA#A, aligned to trends for d) the density of inter-cluster EM hot-spots. 

The observation of lower Au nanoparticle densities, as well as lower analyte surface 

concentration in the case of NCA#A, rules out the role of analyte concentrations towards 

its higher sensitivity. This supports well the hypothesis that the NCA#A derives its higher 

sensitivity from the greater number of inter-cluster hot-spots that the SA-Cy5 can leverage 

on. To further confirm the above arguments, the NCAs were compared for their SERS 

sensitivity towards the detection of 1-napthalenethiol (NT), which is a much smaller probe 

molecule. The dimension of a molecule of NT is only 0.3 nm, which unlike SA-Cy5, is 

expected to occupy not only inter-cluster EM hot-spots but also inter-particle hot-spots. 

Comparison of the SERS intensities of the concentrations of NT for NCA#A and NCA#B 
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shows a much-reduced difference in sensitivity for both. This aligns well with the 

expectation of outcome that would follow based on the assumption that the NT molecules 

would leverage both inter-particle and inter-cluster hot-spots. The reason for marginally 

higher SERS intensities for NCA#A over NCA#B despite the higher density of NP in 

NCA#B remains unclear at the moment. Yet, the higher sensitivity of NCA#A regardless 

of the lower analyte surface densities together with the dependence of the assay sensitivity 

on the dimension of analyte strongly highlights the opportunity to design plasmonic arrays 

taking into account the distribution of analyte in relation to the EM hot-spots.  

 

Nanoparticle cluster arrays (NCA) of gold, exhibiting dual-lengthscale EM hot-spots 

were fabricated by hierarchical self-assembly based on block copolymer colloids. The dual-

lengthscale EM hot-spots provided a unique opportunity to accommodate both small 

organic molecules, as well as large biomolecular analyte such as proteins. The NCA 

geometry that presented a greater number of inter-cluster junctions provided greater 

opportunities for co-localization of the larger protein analytes with the (inter-cluster) EM 

hot-spots.  This was found to deliver higher sensitivity in SERS and MEF based plasmonic 

bioassays, delivering sensitivity down to 1 nM in highly sensitive assays. The convenient 

handles from the self-assembly approach, to control size and separation between the 

nanoparticle clusters was critical to identifying high performing geometry for plasmonic 

biosensing. The use of quartz crystal microbalance to measure the surface density of 

analytes on the NCAs was important to de-correlate the relative contributions due to the 

electromagnetic enhancements and analyte surface concentration towards the sensitivity of 

plasmonic assays. The findings open new opportunities to the rational design of plasmonic 

sensors by factoring in the dimensions of analyte molecules into the geometry of 

nanoplasmonic assemblies.  
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This chapter LV� EDVHG� RQ� WKH� SXEOLVKHG� SDSHU� LQ� >-RXUQDO� 1DPH@� ³Engineering 

Electromagnetic Enhancements in Gold Nanoparticle Cluster Arrays on Reflective 

substrates for High Sensitivity in (Bio)molecular detection´��5��5DVWRJL��(��$��'RJEH-Foli, 

R. Vincent, P. Michel-Adam, S. Krishnamoorthy. [DOI]. 

Nanoplasmonic sensors based on surface-enhanced spectroscopies are capable of 

delivering sensitivity down to few molecules. Harnessing their potential for sensing 

requires producing highly electromagnetic (EM) hot-spots with high EM fields with 

configurations that encourage analyte co-localization with EM hot-spots. Here we report 

nanoparticle cluster arrays supported on gold substrates as capable of delivering high 

sensitivity in detection of large and small molecular analytes with limits of detection down 

to picomolar concentrations. Numerical simulations reveal both inter-particle and inter-

cluster EM hot-spots, with such enhancements strongly dependent on the size of the clusters 

and the presence of gold film. Presence of gold film increased inter-cluster enhancements 

resulting in over 2 orders of magnitude for NCAs on gold as compared to NCAs on glass 

substrates. Sensitivity towards molecular detection was found to be higher for the larger 

NCAs (define, by NP numbers) on gold, and smaller NCAs on glass. The results show the 

rational design of plasmonic nanoarrays to play an important role in enabling analyte co-

localization at EM hot-spots, suitable for biomolecular detection, and NCAs on gold to be 

a favourable configuration in this direction. 

 

Noble metal nanostructures have been used to harness light-matter interactions in 

different contexts including photovoltaics,132 optoelectronics,131 catalysis and molecular 

detection.55,130,134 The high EM field enhancements in hot-spots, whose spatial dimensions 

are typically of the order of the molecules themselves, provide unique opportunity to 

enhance sensitivity in molecular detection by plasmon-enhanced spectroscopies. High EM 
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enhancements at the hot-spots are known to disproportionately dominate the signal 

contributions from analyte that are strategically located within the hot-spots.169 EM 

enhancements at the hot-spots are dependent on the geometry of the nanoplasmonic 

interface, and are often strongly pronounced at the junctions between adjacent metal 

nanostructures. The EM enhancements at the junctions have shown non-linear decrease 

with increasing gap distance at the junction. This makes it necessary to produce ultra-low 

separations of the order of a nanometer to realize EM enhancement factors over 108.60,61  

Attaining large number of highly enhancing EM hot-spots within areas easily addressable 

by spectroscopic tools are amongst significant objectives in the fabrication of 

nanoplasmonic sensors for plasmon-enhanced spectroscopies. While most of such 

approaches have shown plasmonic arrays presenting hot-spots that can be leveraged for 

small molecules, they are inherently incompatible for large molecular analytes such as 

biomolecules. Engineering highly enhancing EM hot-spots in a configuration that can be 

readily leveraged by larger analytes, spanning few nanometers to few tens of nanometers 

remains a hard challenge to address.  

Different configurations are explored in literature to achieve analyte co-localization 

at EM hot-spots, including responsive structures,264,265,273,406 configuration with mechanical 

instabilities,266,271,272 and NP separated from metal thin films.259,261 Nanoparticles (NP) on 

metal thin films (MTF) are particularly interesting considering the ease of production 

without using complex lithographic tools. The optical response from NP-dielectric-MTF 

interfaces can be tuned by controlling the distance between the dielectric thickness,149,407±

412 interparticle distance,413 polarisation and the incident angle,414 or the choice of metal.415 

The hybridization between localized surface plasmons of NP and delocalized surface 

plasmons from the metal thin film can result in EM enhancements at NP-MTF gap, and the 

inter-NP gaps.416 The localized EM fields at the NP-MTF gaps can be used to enhance 

sensitivity in detection of analyte that can be accommodated at the gap.414,417  In NP 

assemblies, strong inter-NP plasmonic coupling at high NP density, and thus low inter-

particle distances was found to result in decrease in EM field at NP-MTF gaps.411  This was 

attributed to the increased scattering and absorption of incident light by the dense array of 

NP. The intense EM fields were achieved in any case at ultra-low separations close to a 

nanometer, which is impractical to leverage for large bio-molecular analytes. 
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While the studies of inter-particle coupling has focused so far on isolated NP and 

nanoparticle assemblies on MTF, they do not investigate the EM field distribution in 

nanoparticle clusters supported on MTF. Nanoparticle clusters have shown to exhibit 

specific EM field enhancement characteristics of high advantage compared to stochastic 

nanoparticle assemblies, viz. control over EM field profiles through the size and separation 

between nanoparticle clusters, and the possibility of two different types of EM hot-spots, 

one between NP within the cluster, and those between adjacent clusters. We have earlier 

shown periodic nanoparticle cluster arrays (NCA) by self-assembled molecular templates, 

with capability to produce controlled inter-cluster separations that are large enough to 

accommodate larger analytes. Enhancing EM enhancements at the inter-cluster space 

would thus result in higher sensitivity in detection of larger molecular analytes such as 

biomolecules. Here we demonstrate strong dependence of the EM fields on the presence of 

gold substrate and the size of the nanoparticle clusters, delivering configurations show 

picomolar sensitivity in detection of proteins (Figure 4.1). 

 

Figure 4.1. (a,b) Nanoscale templates, a) Template#A and b) Template#B that direct the formation 

of nanoparticle cluster arrays c) NCA#A and d) NCA#B. The insets show the illustration of the 

cross-section of the templates and the NCA. 
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Materials: Polystyrene-block-poly(2-vinylpyridine) (PS-b-PVP) (81.5 kDa and 443 

kDa) was purchased from Polymer Source Inc. (Montreal, Canada). Quartz substrates were 

purchased from Siegert Wafer (Aachen, Germany). 1-napthalenethiol (ͻͻΨ), m-Xylene 

(99%), sodium citrate dihydrate (99%), Hydrogen tetrachloroaurate(III) trihydrate 

(HAuCl4.3H2O) (99.9%) were purchased from Sigma- Aldrich. Biotin-PEG-Thiol (400 

g/mol) was purchased from Nanocs, New York, USA. Phosphate Buffer Saline (PBS) and 

Bovine Serum Albumin (BSA) solution (10x) was purchased from R&D Systems, 

Abingdon, UK. Streptavidin Conjugated with Cyanine-5 dye (60 kDa) was purchased from 

Rockland, Limerick, PA. Supersharp, AFM tips (SSS-NCHR-50) were purchased from 

Nano and more (Paris, France). 

 

Polymer templates were fabricated as described in chapter 3, using 81.5 kDa and 443 

kDa PS-b-P2VP polymer for NCA#A and NCA#B, respectively. Substrate were pre-coated 

with 100 nm gold coated quartz substrates with 5 nm chromium adhesive coating and bare 

quartz substrate. Freshly cleaned substrates were spin coated at 5000 rpm with 0.75 % w/w 

of polymer#A and 3000 rpm with 2 % w/w of polymer#B in m-xylene. After 30 s of oxygen 

plasma exposure (RIE Plasmatherm 790 RIE) for polymer#B coated sample only, both the 

samples were immersed in gold nanoparticle (diameter = 10.3 ±0.5 nm) solution 

synthesized in house using method reported earlier,388 for 2 hours. Then the samples were 

rinsed thoroughly and dried to perform molecular assays. Topographical images were 

acquired through AFM (in tapping mode) and SEM. Gausian fit to diameters, heights and 

periodicities from Nanoscope analysis for AFM images and ImageJ analysis for SEM 

images were peformed to validate geometrical features used for modelling. 

 

For NT Raman probe detection, an average of 10 scans per spot was acquired and an 

average of 10 different spots on each sample, to calculate the standard deviations. Each 

scan was taken with a total exposure of 9 s with a 633 nm He-Ne LASER at a power of 1.9 

mW under 50x/0.5 N.A. objective. For bio-molecular detection using fluorescent-dye Cy5 
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conjugated to Streptavidin, each measurement was recorded at 10 different places 

throughout the functionalized surface, with 3 s of total exposure time at 1% power to 

prevent the saturation of the CCD due to Fluorescence background. 

 

 

 

Figure 4.2. Comparison of atomic force microscopy images of the (above) template#A and (below) 

template#B fabricated on (left) glass and (right) gold. 

NCAs were fabricated on gold thin films using electrostatic attachment of negatively 

charged gold NP on self-assembled block copolymer colloids containing polycationic 

blocks as reported earlier.315 Solutions of polystyrene-block-polyvinylpyridine (PS-b-PVP) 

in xylene were spin-coated on the gold-coated quartz (fused silica) substrates to obtain 

quasi-periodic arrays of semi-ellipsoidal features of reverse micelles on surface. The 

features contain polystyrene exposed outside and the polyvinylpyridine buried within it. 

When exposed to aqueous solution of gold NP with acidic or neutral pH renders the PVP 

groups polycationic, resulting in the spatially selective electrostatic attachment of NP The 
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resulting NCA retain periodic organization of the original templates, with the size of the 

NCA (or, the number of NP per cluster) defined by the surface area available on the 

templates.  

NCA of two different dimensions, NCA#A and NCA#B were fabricated using 

templates#A  and B formed out of PS-b-P2VP with molecular weight of 81.5 and 443 kDa 

respectively. The resulting NCA#A and NCA#B exhibit a constant feature separation, 

albeit lower than that of the templates, due to presence of gold NP. The constant average 

inter-cluster separations of NCA#A and NCA#B assures attributing the optical and 

spectroscopic response to only the size, and free from impact of the feature separations.  

 

Figure 4.3. Comparison of scanning electron microscopy images of the NCAs fabricated on (a,c) 

glass and (b,d) gold. 

The NCAs exhibit height, diameter and periodicity of 23 nm, 46.5 and 57 nm for 

NCA#A and 47 nm, 85.6 nm, 92.9 nm for NCA#B. The feature separations were manually 

obtained by histograms obtained out of 50 features, from high resolution scanning electron 

microscopy images with a magnification of at least 100kx. Control substrates with the 

NCA#A and NCA#B on fused silica substrates were made in order to compare the effect 

of the underlying substrate. The geometric attributes of the templates A and B, and that of 

the resulting NCAs were characterized using AFM and SEM, and were found to exhibit 
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variation below 5% (Figure 4.2 and Figure 4.3). Attaining geometrically equivalent NCA 

on glass (NCA@Glass) and gold substrates (NCA@Au) assures the investigation to 

attribute the observed differences solely to the effect of the substrate, and independent of 

the geometry of the NCAs.  

 

 

Figure 4.4. (a) Reflectance spectra w.r.t. planar gold film and b) absorbance spectra of NCA 

supported on a) gold and b) glass substrates.  

The optical properties of the NCA@Au substrates were investigated by their 

reflectance spectra that show a dip at wavelengths corresponding to 647 nm for NCA#A 

and 669 nm for NCA#B. respectively. The absorbance spectra of NCA@Glass substrates 

show absorbance peak 646 and 648 nm respectively. (Figure 4.4) The strongly red shifted 

plasmon resonance peaks for NCAs as compared to isolated gold NP (~520 nm) can be 

attributed in part to the strong inter-particle and inter-cluster plasmonic coupling in the 

NCAs supported on the substrates. This was further confirmed from EM field maps that 

were simulated using FDTD calculations.  

Numerical simulations based on finite difference time domain (FDTD) were 

performed with the NCAs geometrically modelled with values supported by experimental 

observations (as also discussed in section 3.3.5). Numerical simulations on NCA@Au 

reveal EM field enhancements in the inter-particle gaps and inter-cluster gaps for both 

NCA#A and NCA#B (Figure 4.5). However, the EM field profiles in the inter-cluster space 

was much more pronounced in NCA#B as compared to NCA#A. In comparison, the EM 

field profiles of NCA@Glass show lower enhancements than observed for NCA@Au for 

both NCAs.  
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Figure 4.5. FDTD simulation of electromagnetic field profiles of (a,c) NCA#A and (b,d) NCA#B 

compared for (a,b) gold and (c,d) glass substrates. 

The higher enhancements in NCA@Au can be attributed to role of underlying gold 

film in increasing field strength close to NCAs. The strong localized field strength close to 

the NCA observed in the EM field maps at 633 nm corroborate with dip in reflectance 

spectra at this wavelength. For NCA@gold, the field maps show greater inter-cluster 

enhancements for NCA#B than NCA#A, indicating strong inter-cluster plasmonic coupling 

in NCA#B. This field maps corroborates with the observation of the reflectance dip for 

NCA#B appearing at a higher wavelength as compared to that of NCA#A.  In case of 

NCA@Glass, EM field maps show show similar inter-cluster EM enhancements for 

NCA#A and NCA#B. This shows a similar inter-cluster coupling irrespective of the cluster 

size. The simulated EM field maps corroborate with the similar absorbance peak position 

for both the clusters on glass substrate. 

 

The sensitivity of NCA@gold towards molecular detection by surface-enhanced 

Raman spectroscopies was tested under 633nm excitation using two different molecules. 

One of the molecules is 1-naphthalenethiol, which was chosen on basis of its ultra-small 

size < 1 nm and the ease with which a conformal SAM layer can be obtained on gold 
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surface. The ultra-small dimensions of NT would allow it access inter-particle and inter-

cluster EM hot-spots in the NCA. The second molecule tested is a protein, namely 

streptavidin labelled with Cy5 (SA-Cy5), interacting with biotinylated NCA surface. 

Biotin-Streptavidin interactions have been used as a model interaction due to its high 

affinity. NCA is easily biotinylated using self-assembled monolayers of biotin-PEG-thiols 

(BPT) to render them specific to binding with SA-Cy5. The dimensions of BPT (~2.2 nm) 

and SA-Cy5 (5.8 nm) would make the render the pair too large to be accommodated within 

inter-particle hot-spots, but easily enough accommodated in the inter-cluster gaps. Further, 

the choice of Cy5 as label can help enhance signal intensities due to resonance Raman 

effect due to alignment of the excitation wavelength with molecular absorbance of Cy5. 

 

Figure 4.6. Assays of (a-c) NT on NCA and (d-f) SA-Cy5 on biotinylated NCA, compared for 

NCA#A and NCA#B on gold and glass substrates respectively. The illustration of molecular 

structure and dimensions for NT and SA-Cy5 are shown as inset.  

The sensitivity of the NCA#A and NCA#B towards detection of NT was tested by 

following the intensity of characteristic vibrational Raman bands of NT at 1372 cm-1 as 
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function of their concentration between 0.07 nM - 71.5 PM (Figure 4.6). The assays of SA-

Cy5 were performed by biotinylated NCA, by following the intensity of characteristic 

Raman band of Cy5 at 583 cm-1  between 0.1 ± 800 nM.399 The assays were performed 

under identical conditions for both NCA@gold and NCA@glass samples. The NCA@gold 

show greater signal intensities as compared to NCA@glass counterparts by at least an order 

of magnitude in NT assays and at least 2 orders of magnitude in case of SA-Cy5 assays. 

The comparison of the NCA#A versus NCA#B also shows significant difference between 

the NCA@gold and NCA@glass samples. In case of NCA@gold, the NCA#B show higher 

sensitivity compared to NCA#A for both NT and SA-Cy5. However, the NCA@glass 

samples exhibited an inverse trend, with NCA#A exhibiting distinctly higher sensitivity for 

SA-Cy5, with reduced difference in sensitivity of NCA#A versus NCA#B for NT. 

 

Figure 4.7. (a,b) MEF spectral evolution with concentration of SA-Cy5 on biotinylated NCAs for 

(c) plot of the peak intensity and (d) comparison of saturated NCA#A and NCA#B on gold and 

glass substrates.(d) bar plots comparing the saturated signal intensities for NCAs on gold and glass.  
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The binding of SA-Cy5 to biotinylated NCA can be monitored by the fluorescence 

signal from Cy5. The fluorescence assays show strong enhancement of fluorescence signals 

for the NCA@gold, with an enhancement 2 orders of magnitude greater than on 

NCA@glass controls (Figure 4.7). Metal enhanced fluorescence (MEF) is expected to arise 

for fluorophores at an optimal distance from nanostructured metal surfaces. The presence 

of the biological interaction can serve as such spacer to positioning the fluorophore away 

from the surface and avoid fluorescence quenching due to direct fluorophore-metal contact. 

As observed with SERS, the MEF enhancements were found to be higher for the larger 

clusters, in case of NCA@gold samples, and smaller clusters for the NCA@glass samples.  

The trends in sensitivity seen in the SERS and MEF assays for the NCA@gold as 

compared to NCA@glass are well aligned to expectations set by the EM field profiles 

obtained from numerical simulations. Overall, NCA@gold has clear increase in signal 

intensity enhancement compared to NCA@glass. The presence of gold film is found to 

result in greater EM enhancements on NCA#B as compared to NCA#A. In case of 

NCA@glass samples, the inter-cluster EM field enhancements were found to be similar for 

both NCA#A and NCA#B. However, NCA#A has a clear advantage due to higher density 

of inter-cluster hot-spots, which is over 3 times greater than that of NCA#B. Given that the 

SA-Cy5 could effectively leverage only the inter-cluster hot-spots, the greater number 

density of inter cluster hot-spots in NCA#A renders it more sensitive in protein detection 

(as discussed in previous chapter). However, for NT molecule that can leverage both inter-

particle and inter-cluster hot-spots, the difference in SERS signal intensity between the 

clusters is considerably reduced. Thus, while the EM enhancements on NCA#B determines 

its higher sensitivity on gold substrates, the higher density of inter-cluster hot-spots 

determines higher sensitivity of NCA#A on glass.  

Table 4.1. Comparison of LOD in detection of NT and SA-Cy5 on NCAs on glass and gold 

 Substrate NCA@glass NCA@gold 
Nanospectroscopy Analyte NCA#A NCA#B NCA#A NCA#B 

SERS 
NT 6.8 48.2 0.6 0.6 

SA-Cy5 2 9.6 0.4 0.4 

MEF SA-Cy5 6.2 12.9 0.3 0.4 
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The limit of detection (LOD), or the lowest concentrations at which the molecules 

could be detected, was found to be at least an order of magnitude lower in case of NCA@Au 

as compared to the best performing arrays in case of NCA@glass substrates (Table 4.1). 

The NCA@gold substrates delivered a LOD of 400 pM in case of SA-Cy5 and 600 pM in 

case of NT for SERS based detection. The LOD for MEF assays were similar to those of 

SERS assays. 

 

Periodic nanoparticle cluster arrays were fabricated on gold substrates were 

investigated for the differential advantages over glass substrates, for the resulting 

sensitivity towards detection of molecular analytes by surface enhanced Raman and 

Fluorescence spectroscopies. The presence of gold film under the NCAs was found to have 

a profound impact on the optical response and resulting spectroscopic enhancement during 

molecular sensing. Numerical simulations predict significant enhancement in 

electromagnetic field in the NCA@Au samples as compared to NCAs @ glass counterparts. 

This is well aligned to the observed higher sensitivity in case of NCA@Au samples. In 

addition, the larger clusters, namely NCA#B were found to exhibit greater EM 

enhancements in the inter-cluster region, over the NCA#A, which also explains the 

observation of greater signal enhancements observed for the larger clusters in SERS and 

MEF assay. The NCAs supported on glass substrates were found to have similar 

enhancements in both smaller and larger clusters. The observations based on the sensitivity 

of the NCA#A and NCA#B towards molecular analytes smaller and larger than the inter-

particle hot-spots show how the larger protein analyte stands to benefit from the inter-

cluster region. The NCA that provided the best advantage in terms of leveraging the inter-

cluster enhancements by the protein was found to be greater number of inter-cluster 

junctions in case of NCA#A on glass, and greater electromagnetic enhancements in case of 

NCA#B on gold. The results strongly point to the significance of rational engineering of 

the geometry of plasmonic nanoarrays to best leverage EM hot-spots for larger bioanalytes. 

The unique geometry of NCA, the ease of production, and the different geometric variables 

to tune their optical behaviour provide unique opportunity for rationally engineering of EM 

hot-spots. 

.  
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This chapter LV�EDVHG�RQ�WKH�SXEOLVKHG�SDSHU�LQ�>-RXUQDO�1DPH@�³Combining Quartz 

Crystal Microbalance and Metal-Enhanced Fluorescence to Quantify Analyte Surface 

Concentration in Plasmon-Enhanced Spectroscopic Bioassays´, R. Rastogi, M. Beggiato, 

C. Dupont-Gillain, P. Michel-Adam, S. Krishnamoorthy. [DOI]. 

Nanoplasmonic sensors based on surface-enhanced Raman or Fluorescence 

spectroscopies carry profound promise in the highly sensitive detection of molecular 

analytes within miniaturized measurement footprints. Despite decades of progress in the 

fabrication and investigation of plasmonic sensors, it remains a challenge to determine the 

surface concentration of molecules that contribute to the spectroscopic signal. This limits 

the ability to rationalize the observed plasmonic signal intensities by assessing the relative 

contributions due to analyte surface concentrations and electromagnetic enhancements 

presented by the surface. Lack of this information makes it difficult to rationally optimize 

plasmonic bioassays, through the design of plasmonic sensors that present highly 

enhancing electromagnetic hot-spots, while also favor analyte localization at these hot-

spots. In this direction, we demonstrate a combination of metal enhanced fluorescence 

(MEF) detection of Streptavidin-dye conjugate on ordered gold nanoparticle cluster arrays 

fabricated on a Quartz crystal microbalance (QCM) sensor surface, enabling precise 

determination of the analyte surface densities responsible for given fluorescence intensity. 

The knowledge of analyte surface densities provides important insights into molecular 

distributions with respect to electromagnetic hot-spots. The combination is effectively 

leveraged to demonstrate the sensitivity of the in-situ MEF assays down to ~2 zeptomoles 

of protein within measurement footprints that are 8 orders of magnitude smaller than that 

of the QCM. 
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Plasmonic sensors based on surface-enhanced spectroscopies (SES) relying on 

vibrational Raman or Fluorescence have proven capable of highly sensitive and rapid 

detection of molecular analytes within miniaturized footprints. The advantages can be 

leveraged in a range of sectors including food,418,419 environment,420,421 health,422,423 and 

space.424 In healthcare, SES sensors are especially valuable as their ultra-high sensitivity 

can be applied to early-stage detection of infectious or chronic diseases, or detect disease 

risk, that demand detection of molecular biomarkers down to few molecules. Signal 

enhancement in SES sensors results from a non-linear enhancement of the electromagnetic 

fields, which in turn are concentrated in EM hot-spots that are nanoscopic regions such as 

curvatures or junctions present in plasmonic nanoarrays. Analytes that sit at the EM-hot-

spots make a disproportionately high contribution to the signal intensities, and enabling 

detection limits down to a few molecules.169 Thus, the SES sensors present often a large 

heterogeneity in the signal contributions from molecule to molecule, depending on its 

location in relation to the EM hot-spots. Currently, SES assays relate Raman or 

Fluorescence signal intensities as a function of solution concentrations, while remaining 

blind to information of surface concentrations. The lack of information on surface 

concentrations makes it particularly difficult to separate the relative impact of the molecular 

surface concentrations and EM enhancements towards the sensor signals. This limits 

capability to rationally engineer the sensitivity of plasmonic bioassays, taking into account 

not only the EM enhancements, but also the molecular characteristics of analyte and their 

binding behavior. The latter determines the density and spatial distributions of analyte on 

the nanoplasmonic interface, which often presents heterogeneity in topography and surface 

chemistry down to the length scales of the analyte. In this direction, we demonstrate a 

combination of SES based on metal-enhanced fluorescence (MEF) with real-time 

monitoring via Quartz crystal microbalance (QCM) as means to enable correlation between 

MEF signals and the analyte surface concentrations. The MEF derives its sensitivity from 

plasmonic enhancement to the fluorescence signals from the fluorophores that are separated 

at an optimal distance from the plasmonic interface.88,425±427 In combination with QCM, 

MEF assays would have information to rationally design the sensor interface to maximize 
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its leverage over plasmonic enhancements and consequently drive greater sensitivity 

(Figure 5.1). 

 

Figure 5.1. (a) Plasmonic arrays composed of gold nanoparticle cluster arrays fabricated on the 

QCM sensor. The picture of 5MHz QCM sensor chip and the SEM top-view measurements are 

shown along with an illustration of the cross-section; (b) Configuration of bio interaction 

configuration used for plasmonic bioassays based on biotin PEG thiol (BPT) functionalized 

nanoparticle cluster arrays interacting with SA-Cy5; (c) (left) illustration of correlative QCM-SES 

sensing, (right) (i) picture of the set up with QCM sensor placed under the objective of a confocal 

microscope; (ii, iii) close up of QCM microfluidic module with optical window enabling optical 

access during QCM measurements.  

The information of surface concentrations of the analyte can be obtained by surface-

sensitive chemical analysis tools such as X-ray photoelectron spectroscopy (XPS) and mass 
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spectrometry (MS). However, they do not allow correlative measurements in real-time and 

require extrapolating information a large number of separate measurements. The samples 

further require drying before being probed, which makes it difficult to investigate the 

outcome of complex multi-step bioassays. Correlative measurements that combine two 

label-free sensing approaches, most commonly, an optical with acoustic transduction has 

been shown in the literature,428 with examples that include QCM-surface plasmon 

resonance (SPR),429,430 QCM- localized surface plasmon resonance (LSPR),431±434 and 

QCM-Electrochemical impedance (EIS),435 QCM-Ellipsometry,436 SPR-Surface acoustic 

wave (SAW) devices.437±440 These combinations allow multimodal real-time information 

of the binding of biomolecules, yet, essentially combine information from two label-free 

techniques, thus do not carry analyte-specific information. A combination with SES would 

provide differential capabilities including spectroscopic information specific to the analyte 

or its reporter, with sensitivity down to sub-nanomolar detection limits, within miniaturized 

microscopic footprints. QCM is particularly attractive in the direction, as the QCM 

transduction remains complementary to the spectroscopic transduction by SES. Further, 

QCM as a tool is quite versatile by the virtue of flexibility it offers in terms of sensor 

dimensions, surface functionality (bare gold, or with different dielectric layers) and 

potential for portability and lowering costs.441,442 In combination with SES, QCM would 

gain from an orthogonal validation of its label-free response through the spectral signature 

of the analyte. Spectral multiplexing by SES can further enable parallel detection of 

multiple reporters and pave way to constructing hybrid QCM-SES assays of greater 

complexity. However, fabricating a plasmonic sensor based on SES directly on a QCM 

sensor is not straightforward, as it requires uniform high-quality fabrication on a large area 

(several mm2) of a rather fragile sensor chip. The process should further take into account 

the measures to achieve high sensitivity in SES, which often requires pushing spatial 

resolutions of EM hot-spots down to sub-10 nm lengthscales, and maximizing the density 

of such hot-spots. In this direction, we show highly resolved plasmonic nanoparticle cluster 

arrays realized on QCM sensor chips enabling hybrid QCM-SES assays that correlate 

highly sensitive metal±enhanced fluorescence with a mass density of proteins derived from 

QCM. 
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Materials: Amphiphilic block copolymers (polystyrene-block-2-vinyl pyridine, Mw = 

443kDa) used to create gold nanoparticle cluster arrays were obtained from Polymer Source 

Inc (Montreal, Canada). Gold-coated quartz crystals (5MHz, AT-cut) were obtained from 

Quartzpro (Järfälla, Sweden). Biotin-PEG-thiol (BPT, Mw = 400Da) was purchased from 

Nanocs Inc. (New York, US). Phosphate Buffer Saline (PBS), and Bovine Serum Albumin 

(BSA) solution 10x was purchased from R&D System (Abingdon, UK). Polystyrene (PS, 

Mw = 280kDa) was purchased from Sigma Aldrich (Overijse, Belgium). The Streptavidin-

Cy5 conjugate was purchased from Rockland (Limerick, PA). Sodium citrate dihydrate 

�������� +\GURJHQ� WHWUDFKORURDXUDWH�,,,�� WULK\GUDWH� �+$X&O4.3H22�� ���������� WKH�

spectroscopic grade of isopropanol, ethanol, and m-xylene were obtained from Sigma 

Aldrich (Overijse, Belgium). Water was filtered before any usage through a purification 

system (Milli-Q®, Merck) and used within the same day. 

 

Nanoparticle cluster arrays (NCA) of gold were prepared using the procedure we had 

reported earlier on silicon 443 and glass surfaces 444. Briefly, the gold surface of the QCM 

crystal was first cleaned with organic solvents (ethanol and isopropanol) and air-dried. The 

sensors were exposed to Oxygen plasma in the Reactive Ion Etching Chamber 

(Plasmatherm 790 RIE) for 3 minutes and spin-coated with a 2%w/w solution of PS-b-

P2VP (443kDa) in m-Xylene. The substrate as obtained was then again briefly treated with 

Oxygen plasma for 30 seconds and immersed in a suspension of citrate stabilized gold NP 

having an average diameter of 10.3nm at S+�RI������SUHSDUHG�DFFRUGLQJ� WR�7XUNHYLFK¶V�

method 388) for 2 hours for the nanoparticle to form nanoparticle cluster arrays (diameter 

~102±10nm, density ~100/µm2) due electrostatic attraction from positively charged 

polymeric templates (Figure 5.2). Polystyrene thin films used for the control experiments 

were spin-coated from 1% solution of the polymer in m-Xylene. The film was subsequently 

treated with O2 plasma RIE for 30 seconds, resulting in a final thickness of 4 nm, as 

confirmed by AFM. 
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The Quartz Crystal Microbalance with Dissipation monitoring (QCM-D) from Biolin 

Scientific (QSense Explorer E1 system, Gothenburg, Sweden) was used for the QCM 

assays. QCM mass per unit area data was obtained from the conversion of the fifth overtone 

IUHTXHQF\�IROORZLQJ�6DXHUEUH\¶V�HTXDWLRQ��ο݉ ൌ െܥ� ο݂ ݊ൗ  where C = 17.7 ng/(cm2 Hz) 

for the employed sensors and n is the odd overtone. The linear frequency-mass function 

was employed for mass calculation, since the additional layer over the specified quartz 

sensor is thin, rigid and firmly attached to the sensor surface, fulfilling the basic 

requirement to follow 6DXHUEUH\¶V�HTXDWLRQ 390. Also, the validity of the 6DXHUEUH\¶V model 

was assured by low dissipation and invariance of the response as a function of the 

overtones. 

 

A QCM microfluidic module with an optical window was used  to acquire 

fluorescence spectra.445 The module was injected with the reagents with flow speed 

controlled via a peristaltic pump (Ismatec, Germany). Fluorescence measurements were 

acquired by placing the QCM module on the microscope stage of a confocal micro-Raman 

system using the Invia Raman system. The fluorescence spectra were obtained at 633nm 

excitation at 1.9mW (Pmax) for varying durations to prevent saturation of the CCD (1.5s - 

25s) averaging 5 times for each scan using long working distance objective (50X, NA 0.55). 

 

The NCA coated QCM sensor was functionalized with biotin-PEG-thiol (1mM in 

milli-Q) for 2 h, followed by thorough rinsing with Milli-Q water to remove all the loosely 

bound molecules, blow-dried and used immediately afterward. In the next step, the sensor 

chip was exposed to BSA as a blocking agent at high concentration (1% in PBS) for 30 

minutes to block any remaining un-functionalized surface, to prevent non-specific 

adsorption of SA-Cy5 molecule. The biotin coated sensor chip is exposed to PBS buffer 

followed by sequential injections of 600µl of SA-Cy5 at progressively increasing solution 

concentration in the range of 1.5nM - 400nM in PBS. At each concentration, the QCM 

response was allowed to reach equilibrium, followed by injection of 300µl of buffer to get 

rid of loosely bound SA-Cy5 molecules. A stable frequency was reached before the 
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fluorescence measurements were acquired. The flow rate is maintained constant throughout 

the experiments at 10 µL/min. 

 

 

 

Figure 5.2. The distribution in the (a) size of gold NP (~10.3 nm) used and (b) number of NP (~42) 

per cluster determined from the peak of Gaussian fit to the histogram obtained by hand counting 

NP from SEM images of ~40 NCAs. 

Table 5.1. Geometric attributes of the templates used. 

Polymeric Template Geometry Dimension 

Template Period (nm) 110 ±19 

Template Radius (nm) 34.5 ±3.2 

Template Height (nm) 38.3 ±1.8 

Template Density (/mm2) 100 

NCA Diameter (nm) 102 ±8.5 

Nanoparticle cluster arrays (NCA) were fabricated directly on 5 MHz QCM sensor 

with its bare gold surface using approaches we had demonstrated earlier.443,444,446 Colloidal 

particles with pyridyl containing core and polystyrene exterior were prepared using 

amphiphilic copolymer based on polystyrene-block-polyvinylpyridine, with a molecular 
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weight of 443 kDa from m-Xylene. The technique has been extensively investigated in 

prior literature to prepare well-defined geometries suitable as a template for creating 

nanopatterns.243,244,446,447 The pyridyl groups acquire a positive charge in neutral aqueous 

medium enabling electrostatic self-assembly of negatively charged citrate stabilized gold 

NP. The resulting gold nanoparticle clusters exhibit well-defined geometries, in terms of 

the number of NP per cluster, and their periodicity (Figure 5.2 and Table 5.1). The tools 

of molecular self-assembly allow control over the periodicity in steps of few nanometers 

enabling the possibility to push the inter-cluster separations down to the sub-10nm regime. 

The inter-particle gaps (<5 nm) within the clusters and the inter-cluster gaps are capable of 

supporting and enhancing electromagnetic fields (EM) through the coupling of localized 

surface plasmon resonances from the adjacent metal nanostructures. The EM field 

enhancements can be advantageous within detection schemes that could leverage the 

vibration Raman or fluorescence enhancement of the analyte or its reporter down to trace 

levels. The clusters were demonstrated earlier for highly sensitive detection of small 

organic molecules, down to sub-nanomolar detection limits.444 Their use was not so far 

explored for assays based on metal enhanced fluorescence (MEF). MEF assays are 

particularly at an advantage while exploring assays directly in solution, without having to 

dry the films before analysis. Performing plasmonic bioassays in solution are especially 

helpful while combining with real-time analysis using QCM, as the process remains 

seamlessly correlated, without interruption in the assay. This assures retaining the 

biological activity of the receptors on the surface, and that there is no adverse evolution of 

conditions on the surface, e.g. denatured receptors, increase in non-specific binding 

pockets, which can contribute to lowering the sensing performance.  

 

In this direction, the NCA coated QCM sensor was used to perform hybrid QCM-

MEF bioassays based on streptavidin-biotin interactions. Streptavidin is a tetrameric 

protein, known to exhibit a strong interaction with biotin,448 and is quite promising as a 

model interaction to mimic protein-ligand interactions on the surface.394 The system has 

been studied in-depth in literature and is well-suited to demonstrate the value of combining 

the QCM with SES. The QCM measurements were performed using a flow cell that allowed 

optical interrogation through a transparent optical Sapphire window (7.1mm x 13.9 mm). 
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The NCA coated QCM sensors were coated with self-assembled monolayers of biotin-

PEG-thiol to define the receptor layers for the subsequent interaction with Streptavidin. 

The surface was flown with BSA at high concentrations to block any non-specific binding 

sites in the BPT SAM layer. BSA has a high affinity for the gold surface and is small 

enough to occupy any non-specific binding pockets.449 In the subsequent step, the QCM 

sensor with the BPT layer is exposed to different concentrations of streptavidin. The 

Streptavidin was labeled with Cy5 dye, to enable fluorimetric detection by MEF. The QCM 

sensor was sequentially injected with Streptavidin-Cy5 conjugate (SA-Cy5) of 

progressively increasing concentration in the range of 1.5 - 400nM. At each concentration, 

the evolution in the surface density of SA-Cy5 was monitored in real-time using QCM. 

(Figure 5.3a) Upon saturation of the frequency response, the sensor was flown with PBS 

to remove the SA-Cy5 solution and any loosely bound SA-Cy5 on the surface prior to 

performing fluorescence measurements. Following this, the sequence was repeated with 

the next higher concentration of SA-Cy5. The Fluorescence spectra were acquired without 

interruption to the QCM interrogation, with the buffer in place at the time points 

corresponding to the saturated response of the isotherms at each solution concentration. 

(Figure 5.3a) The Fluorescence spectra show progressive increase in intensities with 

increase in SA-Cy5 concentrations, as expected. (Figure 5.3b) The match of excitation 

wavelength (633 nm), the absorbance peak of Cy5 (650 nm), as well as the plasmonic 

resonance of the nanoparticle clusters317 provides favorable conditions to enhance MEF 

intensities.450,451 
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Figure 5.3. (a) Evolution in mass density as observed in QCM as a function of sequential injection 

of increasing concentrations of SA-Cy5 on biotinylated nanoparticle cluster arrays. The solution 

concentration values are indicated at the saturated response of respective isotherms; (b) 

Fluorescence spectral evolution as a function of SA-Cy5 concentration; (c) plot correlating 

Fluorescence (black) and QCM (red) assays, with fit to Langmuir-Hill function shown in dotted 

lines (d) plot of the estimated saturated surface density of molecules as a function of their molecular 

dimensions, expressed (left-Y) per cm2 and (right-Y) per µm2. The top-X axis shows the molecular 

mass of protein with an equivalent radius as in bottom-X. The vertical block arrow indicates the 

equivalent surface densities of SA-Cy5 as measured in the QCM assay in (c). Cartoon 

representations of BPT, SA-Cy5, and an antibody (immunoglobulin, IgG) molecule is shown for 

reference. 

 

The Fluorescence and the QCM assays on the NCA when plotted together, enable 

quantifying surface densities of SA-Cy5 that contribute to a given MEF intensity (Figure 



Chapter 5. In-Situ Quantification of Surface-Concentration Of Analyte In 
Plasmonic Bioassays 

 

125 

5.3b). The surface density enables useful insights into the analyte surface distribution on 

the plasmonic sensors. To rationalize the observed surface density, on the NCA coated 

QCM sensor surface was modeled to estimate the surface sites available for adsorption. 

The BPT is expected to form a self-assembled monolayer on the gold surface guided by 

thiol-gold interactions, subsequently directing the attachment of SA-Cy5 through 

biospecific interactions. The portion of the nanoparticle surface available for adsorption of 

SA-Cy5 (A) can be modelled as a spheroidal cap, taking into account the radius of the 

nanoparticle together with the thickness of the BPT layer and height (h) of the cap, as 

calculated using Eq. 5.1. (Figure 5.5a) The h can be obtained from the nanoparticle radius 

(R) and inter-particle separations (s) from Eq. 5.2��7KH�UDGLXV�RI�WKH�VSKHURLG��5¶��DOVR�WDNHV�

into account the radius of gyration of SA-Cy5, to account for the limited ability of the 

molecule to access the areas that are closest to point of contact between the particles.  

ܣ ൌ ሺܴߨʹ   ்ሻ݄ Eq. 5.1ܮ

݄ ൌ ሺܴ  ்ሻܮ െ ܽ ൌ ሺܴ  ்ሻܮ െ ඥሺܴ  ்ሻଶܮ െ ܴԢଶ Eq. 5.2 

where ܴᇱ ൌ ܴ  ௦
ଶ
െ ܴ  

οܯே ൌ ቆ
ܣ

ௌି௬ହܣ
ቇ ൈ ܰ ൈܯௌି௬ହ 

Eq. 5.3 

The mass density of SA-Cy5 on NCA (οܯே) can be estimated from Eq. 5.3, taking 

into account the area per SA-Cy5 molecule (ܣௌି௬ହ), number of molecules per 

nanoparticle, the number density of NP (N) and the mass per molecule of SA-Cy5 

 Given the high density of NP per cluster, the Au NP are expected to be in close .(ௌି௬ହܯ)

proximity and separated by distances that are a fraction of the dimensions of SA-Cy5. 

Given the radius of gyration of SA of ~2.5 nm,452 and mass density of a typical SA 

monolayer on the biotinylated surface to be 450-550 ng/cm2,453,454 the maximum possible 

adsorption onto the NCAs can be estimated to be ~71-87 ng/cm2. This however is less than 

the observed mass density at the saturation of 414 ng/cm2, strongly pointing to adsorption 

of the SA-Cy5 also occurring between the NCA features (Figure 5.5b).  
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Figure 5.4. Pixel percent analysis of an SEM image of the NCA fabricated on QCM-D sensor chip. 

The area around the NCA features (or the matrix) corresponds to ~ 52.5% of the 

surface, as obtained from the analysis of the electron microscopy images of the NCA coated 

QCM sensor (Figure 5.4). The matrix has a thin layer of polystyrene formed by the fusion 

of the coronal blocks of the reverse micelles when they are deposited on the surface. The 

BPT or SA-Cy5 are not expected to adsorb to the matrix under the conditions of the 

experiment. To clarify the possibility, a control experiment was set up to repeat the assay 

on the QCM sensor coated with a thin film of polystyrene. The results show the BPT to 

adsorb well onto the polystyrene (PS) surface, with densities of ~400 ng/cm2, followed by 

a negligible quantity of BSA and 690 ng/cm2 of SA-Cy5. Based on the exposed PS area, 

this would correspond to a density of 362 ng/cm2 between the NCA. The strong affinity of 

biotin-streptavidin interactions on PS supports well the contribution from the matrix 

towards the observed mass densities of SA-Cy5. This brings the total mass density from 

the model to be 433 - 449 ng/cm2, which agrees closely with the observed value of 414 

ng/cm2. The geometric model however can deviate from the experimental scenario due to 

standard deviations in nanoparticle size, separations, NP/NCA, and the density of NCA on 

the QCM sensor, which can certainly vary the relative distributions of molecular densities 

on and between the NCAs. Nevertheless, these standard deviations were experimentally 

found to be < 15% of the mean values, allowing the construction of a model that closely 

represents the experimental scenario. While the results support the conclusion of the 

presence of SA-Cy5 on both the NCA and in the matrix, the relative proportions are still 

indicative. The consequences of the availability of the SA-Cy5 between the NCAs would 

allow them to benefit from inter-cluster electromagnetic hot-spots, enabling high sensitivity 

in MEF assays. 
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Figure 5.5. Illustration of the (a) geometric model used to estimate the molecular densities on 

NCAs, and (b) molecular distributions of SA-Cy5 on the NCAs. The polystyrene block of the 

template is shown in red. The molecular structure of BPTand the cartoon representation of the SA-

Cy5 is shown in the inset. 

 

The MEF assays were performed using streptavidin concentrations down to 1.5 nM. 

The lowest detection limits (LOD) for MEF assays can be estimated to be 800 pM, taking 

into account the limit of blank and the standard deviation of the intensities of the blank, and 

at the lowest concentration.389 The equivalent mass density corresponding to the solution 

concentration of 800 pM can be extrapolated from the Langmuir-Hill fit the QCM response 

to be ~0.13 pmol/cm2, which corresponds to 7.9 ng/cm2 or ~780 molecules/µm2. 

Considering the footprint of 1.55 µm2 (laser spot size under 50x objective with NA of 0.55 

for 633 nm excitation) this would correspond to a signal from approximately 1209 

molecules. The mass sensitivity of the QCM sensor with 5 MHz crystal under liquid is ~1.8 

ng/cm2, which however is not always met during practical measurements in liquid. 455 

Under conditions of measurement, LOD of ~4.6 ng/cm2 was obtained taking into account 

a value corresponding to 3 times the standard deviation of the response under buffer. This 

mass density corresponds to 6.4 x 1010 molecules of SA-Cy5 within the QCM footprint of 

1.4 cm2. Although the lowest detection limits from MEF is close to that of the QCM, the 

MEF signals are acquired from the absolute molecular concentration on the surface that is 

8 orders of magnitude lower than that of the QCM. The ability to detect low concentration 

of molecular analytes is critical to realizing diagnostic platforms of practical utility, e.g.  

analytical sensitivity as low as few hundrd copies of viral RNA is necessary to detect an 
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asymptomatic patient infected with SARS-CoV-2 during earliest phase of infection.456 

Typical concentrations of antibodies marking acquired immunity in patients exposed to the 

viral infection, or biomarkers for early-stage detection of life-threatening diseases lie in the 

pico-femtomolar regime.457  

Figure 5.3a shows a plot of the estimated number of molecules per unit area of the 

surface at their maximum density, as a function of the molecular dimensions (radius of 

gyration, molecular mass).452 The number of molecules per square centimeters (left-Y) is 

typically the order encountered for macroscopic sensors (as in case of the QCM sensor), 

while micro spectrometry (as in case of SES) would probe molecular concentrations that 

are 8 orders (a factor arising out of conversion from cm2 to µm2) of magnitude lower (right-

Y). For most proteins, the upper limit of a monolayer of molecules within the footprint of 

the SES measurement would be ~104 - 106 molecules (~16.6 zeptomole ± 1.7 attomole) 452 

This highlights the advantage for microscopic sensors as compared with their macroscopic 

counterparts. Thus, MEF, as a microspectroscopic solution would be a particularly 

promising route to miniaturizing sensor footprints to areas equivalent to the measurement 

footprints and with associated opportunity to further improve the detection sensitivity. 

Combination with QCM enables rational understanding of the plasmonic enhancements, 

and to rationally arrive at measures to maximize EM enhancements. 

 

Plasmonic nanoparticle cluster arrays with well-defined geometries, and presenting 

high densities of inter-particle and inter-cluster hot-spots were fabricated directly on the 

surface of a QCM sensor. Quantitative in-situ measurements of the binding of fluorescently 

labelled streptavidin to biotinylated plasmonic arrays could be simultaneously performed 

with MEF and QCM modalities. The combination allowed quantitative measurement of the 

surface density of proteins that contributed to the MEF intensity. The molecular densities 

taken together with the available surface sites predicted by geometric modelling proved 

instrumental in confirming the presence of the proteins on and between the nanoparticle 

clusters. The mass densities predicted by the geometric model show excellent agreement 

with experimental values obtained from QCM. The agreement can be attributed to the low 

standard deviation of the geometric attributes of the NCAs that serves to minimize the 
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deviation of the model from the experimental scenario. The determination of surface 

density of molecules contributing to MEF serves to express its sensitivity in terms of the 

actual number of molecules detected. This makes it particularly interesting to evaluate the 

relative sensitivities of MEF and QCM using surface concentration of molecules as the 

common scale of comparison. While both modalities showed comparable limits of 

detection in terms of the surface densities of proteins,  QCM requires a measurement 

footprint that is 8 orders of magnitude larger as compared to MEF. The measurements show 

that the MEF assays to be sensitive to protein concentration in the range of 1209 ± 4 x 104 

molecules (in 1.55 µm2 probed area) while the QCM sensor would detect in the proteins in 

the range of 6.4 x 1010 ± 5.7 x 1012 molecules (in 1.4 cm2 probed area). The comparison 

presents a convincing case for MEF in driving miniaturization and sensitivity goals for 

future sensors. The approach opens interesting avenues for rational optimization of 

nanoplasmonic interfaces to drive high sensitivity in plasmon-enhanced spectroscopic 

biosensors. 
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This chapter is based on the published SDSHU� LQ� >-RXUQDO� 1DPH@� ³,QYHVWLJDWLQJ 

Analyte Co-Localization at Electromagnetic Gap Hot-Spots For Highly Sensitive 

Biomolecular Detection by Plasmon Enhanced Spectroscopies´��5��5DVWRJL��+��$ULDQIDUG��

S. Juodkazis, D. Moss, P. Michel-Adam, S. Krishnamoorthy [DOI]. 

Colossal enhancement of electromagnetic (EM) field within ultranarrow gaps at the 

junctions of plasmonic nanostructures is capable of driving limits of detection by plasmon-

enhanced spectroscopies down to few molecules. However, leveraging the EM 

enhancements requires access to the gaps, which in turn depends on the size of the analyte 

in relation to gap distances. Herein we leverage a well-calibrated process based on 

molecular self-assembly to deliver large number of uniform nanogaps with gap distances 

systematically varied down to sub-10nm regime. The results show compelling trends of the 

impact of analyte dimensions with respect to the gap distances towards leveraging EM 

enhancements at the inter-pillar hot-spots in surface-enhanced spectroscopic assays. 

Comparing the detection of labelled proteins in surface-enhanced Raman and metal-

enhanced fluorescence configurations further reveal the relative advantage of the two 

configurations while encountering the spatial limitations imposed by the gaps. Quantitative 

assays with limits of detection down to picomolar concentrations is realized for both the 

small organic molecules and the proteins by rational choices over EM hot-spot geometry 

and assay configuration. The findings emphasize the need for the rational design of EM 

hot-spots that take into account the analyte dimensions to drive ultra-high sensitivity in 

plasmon-enhanced spectroscopies. 

 

Optical sensors that employ plasmonic transducers have gained significant attention 

in the last decade, especially due to their ability to detect analytes at ultra-low 

concentrations, in miniaturized volumes, with application to a range of sectors including 
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medical diagnostics,458,459 environmental monitoring,378,460 food safety,461,462 defense,463,464 

and forensics.465,466 Plasmon-enhanced spectroscopies sensors such as those relying on 

electromagnetic enhancement to Raman or Fluorescence intensities of analyte were shown 

to be particularly promising in driving analytical detection down to single-molecule 

level.467±470 However,  despite over four decades of work in the direction, their adoption 

into practical technologies remains limited, especially due to the inability to assure high 

sensitivity without compromising reliability in performance and scalability in 

production.285 Sensitivity in plasmon-enhanced spectroscopy results from a 

disproportionately high enhancement of electromagnetic (EM) field at the vicinity of 

optically excited metal nanostructures, e.g. metal nanogaps, sharp metal ends with high 

curvatures (lightning rod effect).471±473 Fang et al showed that only 63 molecules per million 

were required to achieve a sizeable signal (24% of signal contribution) when present within 

EM hot-spots presenting enhancement factors >109.169 Such high EM enhancements are 

achievable at ultra-narrow gaps or junctions between adjacent metal nanostructures 

typically for gap distances approaching sub-10nm regime.151,162,474,475 While such gaps can 

accommodate analytes smaller than the gap size, they would be incapable of 

accommodating large molecules, e.g. proteins, or oligonucleotides. The ensuing spatial 

constraints towards leveraging the highly enhanced EM hot-spots for biosensing negatively 

impacts the sensitivity of plasmonic bioassays. While there has been intensive research in 

the past decade on approaches to achieve highly enhancing EM hot-spots, their 

performance has often been validated using small molecules, typically with sub-nanometric 

dimensions. While such validation helps to understand the enhancement at the EM hot-

spots, they do not address the challenge of the inability to accommodate larger biomolecular 

analytes. 

Different approaches were adopted in literature to achieve analyte co-localization at 

EM hot-spots. In one of the studies, the irreversible collapse of high-aspect-ratio metal 

nanopillars was used to mechanically trap molecular analytes at the inter-pillar EM hot-

spots.371 However, the mechanical flexibility of the pillars also risks adversely impacting 

their stability, as they cannot be subjected to multiple washing-drying steps, requires 

storage in scrupulously moisture-free conditions, and cannot be subjected to classical multi-

step adsorption sequence typical of most biological assays. Further, the approach is devoid 

of opportunities for the rational design of the geometry of the EM hot-spots.  Another 
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approach includes the formation of vertical 3D hot-spots defined by the analyte sandwiched 

between a metal nanoparticle and a plasmonic substrate.148 The width of the vertical EM 

hot-spots is defined by the size of the sandwiched analyte, and thus is sensitive only for 

small molecules but not large biomolecules whose detection relies on receptor-ligand 

complexes with dimensions spanning several tens of nanometers.476 In an instance that 

resembles this strategy, plasmonic sensing of a cancer biomarker was demonstrated by 

sandwiching an antibody-antigen complex (~30-40 nm) between detection antibody labeled 

with gold nanostars and gold nanotriangle array.477 The approach, however, gains largely 

from a high concentration of highly sensitive dye reporters trapped within the gold 

nanostars, rather than the EM enhancements between the nanostars and the metal 

nanoarray. Alternative configurations have been shown using dynamic plasmonic 

nanostructures that can swell and collapse in response to the presence of an analyte. These 

configurations have been typically demonstrated for the detection of physiological 

changes478±481 such as temperature and pH, or small molecules such as water (moisture), or 

glucose, but not been exploited for sensing larger molecules.265,479 These evidences 

reinforce the challenge of configuring EM hot-spots that take into account the large 

dimension of biomolecules. The advancement in this direction requires the ability to 

perform reliable investigations of the sensitivity of plasmonic transducer as a function of 

the geometry of the EM hot-spot while taking into account the molecular dimensions. This 

will however require producing well-defined EM hot-spots with geometries precisely 

controlled down to sub-molecular dimensions to serve as good models to derive robust 

correlations. Further, the EM hot-spots should be obtained on large enough numbers to 

allow systematic investigations, and over macroscopic areas that may permit use of 

alternative characterization tools with a macroscopic footprints (e.g. XPS, Ellipsometry) if 

so desired.  Herein we show a clear impact of the molecular dimension of analytes in 

relation to that of EM hot-spots in the ability to leverage EM enhancements at inter-pillar 

hot-spots for SERS and MEF assays. The choice of geometry and assay configuration is 

shown to deliver analytical sensitivities down to picomolar concentration for analyte 

smaller and larger than the EM hot-spots. 
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Materials: Polystyrene-block-poly(2-vinylpyridine) (PS-b-PVP) (102000-b-95000 g 

mol-1) was purchased from Polymer Source Inc. (Montreal, Canada). Silicon (Si) substrates 

with thick Silicon Oxide (SiO2) coatings were purchased from Silicon Valley 

Microelectronics (Santa Clara, CA). 1-1DSWKDOHQHWKLRO� ��������m-;\OHQH� �������ZHUH�

purchased from Sigma- Aldrich. Biotin-PEG-Thiol (BPT) (400 g mol-1) was purchased 

from Nanocs, New York, USA. Phosphate Buffer Saline (PBS) and Bovine Serum Albumin 

(BSA) solution (10x) was purchased from R&D Systems, Abingdon, UK. Streptavidin 

Conjugated with Cyanine-5 dye was purchased from Rockland, Limerick, PA. AFM Tips 

were purchased from Nanoandmore, Germany. Polydimethylsiloxane (PDMS) was 

purchased from Dow Corning along with the activator to form PDMS blocks. 

 

The pillar arrays were prepared using a protocol that was reported earlier.  The 

coating solution was prepared using PS-b-PVP with a molecular weight of 197 kDa in a p-

Xylene organic solvent (0.8% w w-1). These organic templates were spin-coated at 6000 

rpm over freshly cleaned 100 mm Si wafer consisting of 25 nm SiO2 film. C4F8/CH4 gas 

plasma to transfer the template pattern into the underlying SiO2 layer. Resulting SiO2 

pattern behaves as a highly selective pattern for Si etching using SF6/C4F8 plasma to obtain 

silicon nanopillars. The center-to-center periodicity of 105.8 nm (coefficient of variation 

below 10%  from chips to chips) of the features was preserved from the polymeric template, 

confirmed using AFM and SEM images from the template and nanopillar arrays. Edge 

separations between the gold-coated pillars was determined by subjecting the SEM images 

of the Au-NPA to image analysis using ImageJ.482 The silicon nanopillars were sputter-

coated while rotating at 10 rpm continuously with a 5 nm ±1 nm adhesive layer of 

Chromium at 100 W (60 sccm) of Argon (Ar) Gas under 10-2 mbar pressure for 14 s (0.36 

nm s-1). The desired thickness of Gold was deposited under similar conditions at 0.86 nm 

s-1 rate with a standard deviation of 6%. 
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For NT Raman probe detection, an average of 10 scans per spot was acquired and an 

average of 10 different spots on each sample, to calculate the standard deviations. Each 

scan was taken with a total exposure of 10s with a 633 nm He-Ne LASER at a power of 

1.9 mW under 50x/0.5 N.A. objective. For bio-molecular detection using fluorescent-dye 

Cy5 conjugated to Streptavidin, each measurement was recorded at 5 different places 

throughout the functionalized surface, with 3 s of total exposure time at varying power 

(0.0095 to 0.095 mW) to prevent the saturation of the CCD due to Fluorescence 

background. 

 

For NT assays, the Au-NPA were incubated overnight in the ethanolic solution of NT 

at a varying concentration from nM to µM range and were then rinsed thoroughly with 

absolute ethanol before drying and recording Raman spectra. Biotin-Streptavidin 

Interactions: Au-NPA was immersed in the 1 mM solution of Bi-functional PEG molecule 

(Biotin-PEG-Thiol, 0.4 kDa) for 2 hours. Then, the substrate was left for 30 minutes in 

BSA (1%) in PBS to block all the rest of the available sites on the gold-coated surface. 

These substrates are then coYHUHG�ZLWK�WKH�IUHVKO\�PDGH�3'06�EORFN�SXQFKHG�ZLWK�³ZHOOV´�

RI� �PP� GLDPHWHU�� 7KHVH� ³ZHOOV´� ZHUH� WKHQ� ILOOHG� ZLWK� ��� Pl of Streptavidin protein 

FRQMXJDWHG�ZLWK�&\��G\H�LQ�YDU\LQJ�FRQFHQWUDWLRQV�DQG�OHIW�IRU���KRXUV��/DWHU��WKHVH�³ZHOOV´�

were rinsed properly with PBS and water before removing the PDMS block. PDMS block 

was prepared using the SYLGARDTM 184 Silicone Elastomer (Dow Corning). The wells 

allowed selectively functionalizing the regions on the same substrate maintaining low 

reagent consumption and ease of washing. The LOD was determined from the mean and 

standard deviation of the blank and the standard deviation of the signal at the lowest 

concentration.389 

 

 

The gold-coated nanopillar arrays exhibiting high density well resolved EM hot-spots 

were obtained by molecular self-assembly approach, reported earlier.316,483 Ordered 

nanopillar arrays (NPA) were prepared by lithographic pattern-transfer of nanoscale 
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polymer template obtained from soft colloidal particles of polystyrene-block-

polyvinylpyridine into underlying silicon surface. The self-assembly approach gives 

control over template separations down to sub-10 nm length scales with uniformity 

spanning full wafers, and produced at high throughput.252,483  

 

Figure 6.1. Histograms of inter-pillar gap distances as a function of the thickness of sputtered gold 

films, and the SEM images of the nanopillar arrays acquired in the top and tilt view (30º inclination).  

7KH�VFDOH�EDUV�LQGLFDWH�����QP��3LFWXUH�RI��´�XQLIRUP�QDQRSLOODU�DUUD\V�RQ��´ Si wafers is shown 

as an inset. 

Nanopillars with a positively tapered profile with a height of 108 nm ± 5 nm, the 

diameter of 77.5 nm ± 9.8nm, and edge-to-edge separation of 30.6 nm ± 7.3 nm were 

obtained. 100 mm Silicon wafer with silicon nanopillars was diced into 1x1 cm chips for 
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further use. The silicon NPA is subsequently sputter-coated with an adhesive layer of 

chromium followed by gold (Au) with thickness ranging from 20-150 nm to obtain ordered 

Au nanopillar arrays (Au-NPA). Cross-sectional measurements in SEM show conformal 

coating of gold on the silicon nanopillars in all cases resulting in systematic increase of the 

height and diameter, and decreasing inter-pillar separations in the Au-NPA (Figure 6.1). 

The periodicity of the Au-NPA however remained a constant, and in good agreement with 

those of the original self-assembled polymeric template. An asymmetric growth of gold is 

observed, with the preferential increase in feature heights over diameters in steps of ~1.0 

nm and ~0.2 nm respectively for every nanometer increase in thickness of sputtered gold. 

(Figure 6.2) Until a thickness of 40 nm of sputtered gold, the diameter does not change, 

and consequently yielding similar inter-pillar separations. This can be attributed to the 

positively tapered silicon pillars which evolve into Au-NPA with a cylindrical side wall 

morphology with increase in Au thickness. For thickness above 40 nm, the Au-NPA 

separation was found to systematically decrease in steps of ~0.2 nm per nanometer of 

sputtered gold exhibiting values between 30.6 nm - 8.4 nm. (Figure 6.2)  
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Figure 6.2. Plots show systematic variation in a) period, b) height, c) diameter and d) separations 

of Au-NPA as function of sputtered gold thickness. 

The conservation of the characteristic periodicities and the standard deviations of the 

original polymer template into the Au-NPAs and the correlation between the gold film 

thickness and the resulting Au-NPA morphology allow the rational design of desired Au-

NPA geometries, from the start. The well-callibrated changes to feature separations across 

macroscopic areas is critical to assure meaningful correlations in the subsequent 

investigations of analyte co-localization at EM hot-spots by surface enhanced 

spectroscopies. The low standard deviations of the Au-NPA geometry enables geometric 

models that closely resemble the experimental data, assuring better prediction of optical 

properties by numerical simulations 
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Figure 6.3. Comparison of (a) absolute reflectance spectra of the AU-NPAs (continuous line) 

versus planar gold films (dotted curves) on Si substrate, as a function of gold film thickness, and b) 

plot of absolute reflectance at 635 nm compared for AU-NPAs versus bare substrates. 

The optical response of the metal nanopillars was investigated by experiments in 

feedback with numerical simulations. The Au-NPAs were found to reduce reflection 

compared to their planar counterparts for all thicknesses (Figure 6.3). The nanopillar 

structure consists of inter-pillars gaps smaller than the incident wavelength. Therefore, the 

nanopillar arrays are a subwavelength structure that provides an effective refractive-index 

gradient between air and the substrate, which reduces the reflection of incident light from 

the nanopillar surface and improve the transmission of light through the interface.  

 

Table 6.1. Structural parameters value of the nanopillars based on the experimental data used for 

the simulation of the electric field distribution in hot-spots. 

 

Au 
Deposition 

tAu (nm) 

Au-np 
Diameter 

d 
(nm) 

Au-np 
Separation 

S 
(nm) 

Au-np 
Pitch 

p 
(nm) 

Au thickness at 
NP Base 

tt 
(nm) 

Au-np 
Height 

t 
(nm) 

150 104 6 110 44 265 

120 98 12 110 37 235 

100 94 16 110 32 214 

80 90 20 110 28 194 

60 86 24 110 23 173 

40 82 28 110 18 153 

20 78 32 110 13 132 
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0 (SiNP) 74 36 110 0 111 
*np = nanopillar 

The Three-Dimensional (3D) Finite-Difference Time-Domain (FDTD) method is 

used to simulate the electric field distribution for different thicknesses of hexagonal 

nanopillar arrays. The structural parameters of the nanopillar arrays chosen for the models 

were guided by the experimental data from Figure 6.2 (Figure 6.4, Table 6.1).  As can be 

seen in Figure 6.5a, the NPAs formed by gold nanodomes on silicon nanocones. In the 

FDTD algorithm, the anisotropic perfectly matched layer as the absorbing boundary 

condition is set at z boundary and periodic boundary conditions are set at x and y boundaries 

of the simulation domain. The grid sizes of 0.5 nm in the x- and z-directions and 1 nm in 

the y-direction are chosen to ensure numerical convergence. Simulated electric field 

profiles in Figure 6.5(b-c) confirm expectations of EM hot-spots at the inter-pillar gaps, 

with increasing enhancements as a function of decreasing pillar separations. The electric 

field enhancements were found to be maximized at 150 nm gold film thickness, and 

corresponding to an average separation of 6.5 nm. 

 

Figure 6.4.  The plots show comparison of the experimental values for the different geometric 

parameters with those used in the models for FDTD simulations.  

The Au-NPA present a two-fold advantage - First, the silicon nanocones reduce the 

incident light reflection by grading the refractive index mismatch between air and silicon 

(Figure 6.3). Second, the Au-NPA provide high SERS enhancement in inter-pillar gaps 

due to the coupling of localized surface plasmon resonances and efficient light-trapping in 

inter-pillar gaps owing to the anti-reflective effect of the silicon pillars. The simulated 
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electric field distribution in Figure 6.5 are in good agreement with the experimental optical 

measurements and highlight successful engineering of inter-pillar EM hot-spot geometries 

using the gold nanopillar arrays. 

 

Figure 6.5. (a) Refractive index profile in the x-z cross-section of nanopillar structure. (b) Electric 

field profile in the x-z cross-section of nanopillar structure at an incident wavelength of 633 nm, 

and (c) Evolution of electric field profile with increasing gold layer thickness at an incident 

wavelength of 633 nm. The scale bars indicate 100 nm. 

 

The NPA were subsequently subjected to investigations probing the SERS signal 

intensity evolution as a function of separation for two different molecules with molecular 

dimensions that were an order of magnitude apart, viz. a small organic molecule and 

another, a protein. SERS spectra were recorded at 633 nm excitation using 50X objective 

with a numerical aperture of 0.55. 1-Naphthalene thiol (NT) was used as the small 

molecular probe, especially due to the well defined spectroscopic characteristics, sub-

nanometric size, and its readiness to form self-assembled monolayers on gold surface. The 

signal intensity of the ring stretching mode of NT at 1377 cm-1 was followed to quantify 

the SERS enhancements as a function of the Au-NPA geometry, and molecular 
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concentrations. Investigations with a larger molecule were pursued with Streptavidin, a 

tetrameric protein with a molecular weight of 55 kDa, with a dimension of 4.2 nm x 4.2 nm 

x 5.8 nm.405 Streptavidin exhibits strong interaction with biotin and exhibits a high binding 

affinity (dissociation constant of 10-15  M).484 To detect Streptavidin, the NPA surface was 

immobilized with biotin-PEG-thiol (BPT), with biotin head groups to bind to Streptavidin 

(SA) in the solution. The Streptavidin conjugated to Cy5 dye (SA-Cy5) was used for the 

study, to enable the use of Cy5 as a Raman and Fluorescence reporter to follow the impact 

of Au-NPA geometry and molecular concentrations on the surface. The SA-Cy5 has an 

average value of dye to protein molar ratio of 10:1, indicating an on an average 10 Cy5 

molecules conjugated to each SA molecule. The SERS intensities of the characteristic 

Raman peak of Cy5 at 583 cm-1 were followed to ascertain the impact of the Au-NPA 

geometry and the surface concentrations. The biotinylation of the surface was followed by 

a high concentration of BSA to block non-specific binding sites followed by exposure to 

Streptavidin with different concentrations. The Biotin-Streptavidin interaction under 

identical conditions was performed on the bare gold surface was followed using Quartz 

Crystal Microbalance (QCM). This confirmed the protein resistance of BSA, and to 

confirm that the binding response of the assay is as expected.  

The impact of Au-NPA geometries, especially the inter-pillar gap EM hot-spots on 

the SERS intensity evolution of NT and SA-Cy5 was investigated at saturated surface 

densities of NT and SA-Cy5 obtained respectively at 1PM solution of ethanol and 400 nM 

solution in PBS. Under these conditions, the molecular concentrations are large enough in 

solution to assure complete coverage on surfaces. The use of saturated surface density is 

essential to ensure that the changes to the SERS signal intensities can be entirely attributed 

to the Au-NPA geometry. As confirmed by numerical simulations, the Au-NPA present 

EM gap hot-spots at the interpillar gaps with distances that vary from 30.6 nm ± 8.4 nm. 

Given the molecular dimensions of NT (dNT ~ 0.5 nm), and BPT ± SA-Cy5 (dBPT + dSA-Cy5 

~ 7.7 nm), it is reasonable to expect that while NT could access the inter-pillar EM hotspots 

in all cases, the SA-Cy5 would be unable to access the EM hot-spots with gaps smaller than 

the interaction dimensions. 
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Figure 6.6. Comparison of SERS signal dependence on the inter-pillar separation in Au-NPA for 

the NT (black curve) and SA-Cy5 (red curve). The inter-pillar gaps are indicated in the units of 

NT(dNT) and SA-Cy5 (dSA-Cy5) interaction dimensions. The SEM images in top and tilt views of Au-

NPA at lowest and highest separations are shown for reference. (b) schematic illustration of the 

relative dimensions of NT and (SA-Cy5)-BPT pair (c,d) and their expected distribution on Au-NPA 

at (c) low and (d) high separations. 

The SERS intensity response of NT and SA-Cy5 as a function of the inter-pillar 

separations is shown in Figure 6.6. The SERS intensities for both molecules were matched 

at the minimum and maximum separations to follow only the evolution of the response as 

a function of the separation. The inter-pillar separations were further expressed in the units 

of respective molecular dimensions, thus, the experimental Au-NPA separations could be 

represented as  4.9 ± 0.5 units of SA-Cy5, or 65.2 ± 14 units of NT. (Figure 6.6a) The 

interpillar gaps in the case of SA-Cy5 detection take into account the reduced gap due to 

pre-adsorbed self-assembled monolayer of BPT (dBPT ~ 2.2 nm), that reduces the separation 
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further by a distance of 4.4 nm. The response as a function of decreasing inter-pillar gaps 

shows a significant increase in signal intensities below 15.9 nm separations for both NT 

and SA-Cy5. The rise of the SERS signal intensities to the maximum intensity in the case 

of NT is steeper compared to that of SA-Cy5.  (Figure 6.6a) The response of the NT 

continues to increase, but gets less steep between 16.3 nm to 8.4 nm, showing what appears 

to be signs of saturation. The apparent saturation can be attributed to partial fusion of some 

of the features at 150 nm thickness as seen in the electron microscopy images, which results 

from the standard deviation of the pillar periodicities. Despite the low standard deviations 

of the array periodicities, targeting inter-pillar gaps of the order of the standard deviations 

would risk closing gaps of a population of pillars corresponding to the lowest separations. 

The partial fusion reduces the feature densities from 120 µm-2 to 40 µm-2 with consequently 

the density of inter-pillar gaps from ~491 µm-2 to 161 µm-2, which is almost 67% reduction 

in the density of hot-spots. The remaining inter-pillar gaps exhibit lower distances and thus 

greater EM enhancements, which would explain the continued increase in observed signal 

intensities. Unlike in the case of NT, the SA-Cy5 intensities were observed to rise less 

steeply at pillar separations below 15 nm, which, in other words at gap distances that are 

below twice the  SA-Cy5 dimensions. The gradual increase of SA-Cy5 signal intensities in 

comparison to that of NT could result from the inability to leverage the inter-pillar EM hot-

spots, due to the steric hindrance to entering the gaps. As the pillar gaps reduce further to 

8.4 nm, spatial constraints rule out the possibility for any SA-Cy5 at the inter-pillar hot-

spots as the gaps can no longer accommodate the molecule. This favors a transition to SA-

Cy5 occupying entirely the top of the Au-NPA with the possibility to benefit to the extent 

of EM  enhancements at sites closer to the EM hot-spots.  If the arguments were true, the 

NT would leverage best from its co-localization with inter-pillar EM hot-spots, down to the 

smallest separations, and should consequently deliver higher analytical sensitivity over SA-

Cy5. The SA-Cy5 in comparison would be unable to leverage the best performing EM hot-

spots, due to its inability to enter the gaps, and thus should contribute to lower sensitivity 

in detection. To confirm this, the Au-NPA with lowest separations (labeled henceforth Au-

NPA_150) was evaluated for their performance in quantitative assays of both NT and SA-

Cy5. (Figure 6.7)  
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Figure 6.7. Comparison of the SERS assays of (a,c) NT and (b,d) SA-CY5 on biotinylated AU-

NPA_150, showing Raman (a,b) spectral evolution and the (c,d) plot of intensity of characteristic 

peak of (c) NT (at 1377 cm-1) and (d)  SA-Cy5 (at 583  cm-1) as function of concentration. Dotted 

lines show Hill-Langmuir fits. Insets show response with concentration represented in the 

logarithmic scale. 

The SERS signal intensities of the characteristic peaks of NT and SA-Cy5 were 

followed as before as a function of increasing solution concentrations of the respective 

molecules. The assays show the excellent quantitative response of SERS signal intensities 

with low standard deviations, even with multiple repetitions of the assays with sensor chips 

from different batches. The signals for NT on the Au-NPA_150 was observed down to 1nM 

within the experimental range tested, while the lowest detection limits (LOD) taking into 

account the limit of blank was estimated to be 800 pM.  In case of SA-Cy5, the signals 

were observed down to 1 nM concentrations, while the LOD was estimated to be 1.3 nM. 

Considering that each SA-Cy5 has ~10 Cy5 molecules, the LOD corresponds to signal 

contribution from the Cy5 concentrations that is effectively an order of magnitude higher. 

The LOD of SA-Cy5 is thus clearly lower as compared to the NT, which is despite the fact 

that the Cy5 absorption peak (655 nm) is close to that of the excitation wavelength of 633 

nm, and thus is capable of resonance Raman excitation. Resonance Raman excitation has 

the potential to contribute to 3 orders of magnitude higher signal enhancements compared 
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to non-resonant counterparts.399 The greater sensitivity in the detection of NT is consistent 

with the observations of the impact of molecular dimensions over gap size-dependent SERS 

enhancements. 

 

Figure 6.8. a) MEF spectral evolution of saturated coverage of SA-Cy5 on biotinylated AU-NPA 

as a function of gold thickness. The emission spectra of the SA-Cy5 molecule in solution is shown 

for comparison. b) MEF spectra acquired on AU-NPA_150 as a function of SA-Cy5 concentrations 

and d) MEF assay of SA-Cy5 on biotinylated AU-NPA_150. The dotted line indicates fit to Hill-

Langmuir function.  

A strategy to overcome the issue of steric limitation to position molecules at the hot-

spots is to use metal-enhanced Fluorescence (MEF) in place of SERS. Unlike SERS, MEF 

requires the analyte to be positioned at an optimal distance away from the hot-spots to 

benefit from high enhancements.425±427 This plays to the advantage of partially relieving the 

spatial constraints associated with SERS. To investigate this, the assays of SA-Cy5 shown 

in Figure 6.6 and Figure 6.7Figure 6.7. were repeated while measuring the Fluorescence 
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emission intensities of SA-Cy5 as a function of concentrations. The Fluorescence spectra 

show strong enhancement in relation to the bare gold substrate controls and increased as a 

function of gold film thickness with the Au-NPA_150 still exhibiting the maximum signal 

enhancements amongst the Au-NPAs (Figure 6.8a). The plot of Fluorescence peak 

intensities of SA-Cy5 gave a well-behaved quantitative response as a function of the 

concentration of SA-Cy5, with the lowest observable signal at a concentration of 100 pM. 

An LOD of 120 pM was estimated taking into account the mean and standard deviation of 

the blank signal and the standard deviation of the signal intensities at the lowest 

concentration (Figure 6.8b-c). The LOD observed in the MEF assays is an order of 

magnitude lower than that of the SERS assays, mainly benefitting from the compatibility 

of the spatial requirement to the dimension of the molecules. The high sensitivity of the 

Au-NPA_150 in MEF assays can also be seen from the enhancements by 4 orders of 

magnitude higher for the Au-NPA_150 as compared to the bare gold surface under identical 

conditions. The enhancements observed are greater than those reported in the literature, for 

MEF assays based on Cy5427,485±487 or other dyes,488,489 and can be attributed to the large 

number of highly enhancing EM hot-spots attained on the pillar arrays. 

 

Plasmonic nanoarrays consisting of gold nanopillars (Au-NPA) with systematic 

control over inter-pillar electromagnetic (EM) gap hot-spots were achieved down to sub-

10 nm separations. The rational control over the geometric attributes of the NPA, with 

separations, height, and standard deviations was determined at the early phases of 

fabrication, due to robust correlations between the process and structure for the different 

processes used, including self-assembly, pattern-transfer, metal deposition, and surface 

functionalization. The excellent geometric definition allowed modeling the nanopillar 

geometries with low deviation from experimental arrays. The numerical simulations show 

tight confinement of EM fields at the inter-pillar gaps, with maximum enhancements 

observed for the smallest gap distances. This sets expectations that are consistent with 

experimental observations of the impact of the molecular size on gap dependent spectral 

signal evolution. Consequently, the analytical sensitivity in the detection of NT by SERS 

was an order of magnitude better than the labelled protein analyte, despite the opportunity 

for resonance Raman excitation in the latter case. The spatial constraints requiring the 
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analyte co-localization at the EM hot-spots for the best leverage in SERS assays could be 

at least partially relieved by adopting MEF assays. The MEF assays delivered an analytical 

sensitivity that was over an order of magnitude better than the SERS assays pushing the 

lowest detection limits down to 120 pM. The findings provide convincing case for the need 

for rational design of nanoplasmonic interfaces to take into consideration, analyte 

dimensions in relation to EM hot-spots, in order to achieve the highest sensitivities. 
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The thesis dealt with the investigation of rationally designed plasmonic nanoarrays 

to enhance sensitivity for biomolecular detection using surface-enhanced spectroscopies 

(SES). The EM enhancements are strongly pronounced at junctions between adjacent 

nanostructures resulting in gap hot-spots. EM enhancements at these hot-spots increase 

non-linearly as a function of gap distance down to the sub-10 regime. Analyte molecules 

present at these gaps can leverage these EM enhancements, resulting in ultra-high 

sensitivity in detection by surface-enhanced Raman or Fluorescence spectroscopies. 

However, such confining gaps affect the ability of large analytes such as biomolecules to 

enter and thereby leverage EM fields within the gaps. This presents spatial needs to enhance 

EM fields at odds with those for accommodating biomolecular interactions. Therefore, to 

achieve high sensitivity in detecting biomolecules, the surface geometries are required that 

can provide large number of EM hot-spots that also takes into consideration the size of the 

target moelcules. 

This brings in to focus of this thesis where, the EM hot-spots which offers high 

sensitivities and large densities on the surface are fabricated and their geometries were 

tailored in response to the target analyte dimensions to investigate the impact of 

biomolecular detection using molecular self-assembly approach. The work draws 

advantage from the capabilities offered by the molecular self-assembly approach based on 

amphiphilic copolymers. Plasmonic nanoarrays consisting of discontinuous metal 

nanostructures based on nanoparticle clusters and continuous, yet presenting three-

dimensional topographies based on metal nanopillars were focussed to investigate the 

dependence of the sensitivities on the size of the target molecules in relation to the 

diminished gaps between metal nanostrucutres using surface-enhanced Raman 

Spectroscopy (SERS) and surface-enhanced fluorescence (SEF).  

The approach enabled overcoming the challenge of fabricating large densities of EM 

hot-spots with low standard deviations of <15% for the key geometric variables, provided 
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orthogonal control over the size and spacing between the features, and potential options for 

the transfer of the pattern to realize different nanoplasmonic interfaces. Therefore, the 

definition of the resulting nanoplasmonic arrays contributed to the ease of geometric 

modeling to predict and understand optical and spectroscopic properties and estimate 

biomolecular densities based on surface area calcualtions. 

 

Figure 7.1. Cartoonistic representation of the types of nanoplsmonic arrays investigated in this 

thesis. 

Nanoparticle cluster array (NCA) provided unique hybrid geometries allowing both 

EM hot-spots <1 nm between NP within the cluster and <10nm between the clusters. Such 

dual length scale EM hot-spots provided a unique opportunity to accommodate smaller 

(<1nm) analytes in inter-particle hot-spots, while the larger analytes could take advantage 

from the inter-cluster hot-spots. The NCA fabricated on glass substrates that presented a 

greater number of inter-cluster hot-spots provided greater opportunities for the co-

localization of the larger protein analytes. Ensuing, higher sensitivity during the detection 

based on SES. Hence, configurations with higher densities of EM hot-spots can promote 

higher sensitivity. 

Also, EM enhancements observed on NCA on glass substrates could be enhanced 

significantly upon fabrication on the reflective gold metal film. Based on the observations, 

the presence of metallic film (MF) on the substrate below the NCA improved the 

sensitivities. However, the impact of the presence of MF was found to favor more to the 

NCA that were larger in dimensions and presented lower densities of inter-cluster hot-spots. 

Therefore, the enhancement of the EM field at both inter-particle and inter-cluster hot-spots 

served to enhance the sensitivity in the detection of small analytes and larger biomolecules, 

with limits of detection lower by an order of magnitude better than glass. Detection of 
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Naphthalene thiol and Streptavidin-Cy5 was demonstrated with LOD down to picomolar 

concentrations in the case of NCAs on gold films for SERS as well as SEF. 

The flexibility offered by the molecular self-assembly based nanofabrication 

approach enabled the fabrication of NCA over the choice of substrates. This enabled to 

deduce observations that are discussed above. The ability to physically quantify the exact 

surface densities of the NP and biomolecules enabled to correlate the signal contributions 

for each case. Therefore, knowledge of nanoparticle concentrations and the biomolecular 

densities on the NCA by quartz crystal microbalance (QCM) enabled understanding the 

configuration of NCA that contributed to the best sensitivities. For NCAs on glass, the 

smaller clusters that provided greater densities of inter-cluster EM hot-spots, and on gold, 

the larger clusters that provided greater EM enhancements in the inter-cluster hot-spots 

were found to dominate the relative sensitivities between the smaller and larger clusters.  

QCM sensor being versatile in the sense that it can be modified as per requirement, 

the fabrication of NCA on the QCM sensor directly contributed significantly in identifying 

the best plasmonic configurations. The challenge in understanding the surface-

concentration of molecules that contribute to the plasmonic signal was made possible by 

in-situ measurements of QCM together with metal-enhanced fluorescence. The use of MEF 

was particularly helpful for the high signal intensities observed even under the buffer 

environment. The surface concentrations together with geometric modeling enabled clarity 

of understanding of the biomolecular distribution with respect to the inter-cluster EM hot-

spots. This makes it particularly interesting to evaluate MEF and QCM using the surface 

concentration of molecules as the common scale. While MEF was shown to achieve a 

detection range from ~1209 to 4x104 molecules (in 1.55 µm2 probed area) while the QCM 

sensor would detect in the proteins in the range of 6.4 x 1010 ± 5.7 x 1012 molecules (in 1.4 

cm2 probed area). Therefore, this configuration presents a convincing case for MEF driving 

miniaturization and sensitivity goals. The approach also holds the potential to extend its 

application to perform real-time spectroscopic analysis and relate mass transport of the 

analyte on the surface in-situ. The extended approach was also employed during the work 

in the thesis to rationalize the configurations by identifying key contributing factors in the 

detection sensitivities and maintaining control over surface functionalizations to identify 

factors causing standard deviations or signal variations. 
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Continuous metal nanostructures presenting three-dimensional topographies were 

investigated to identify the impact of enhanced EM fields as a function of closing gaps 

between metal nanostructures on the ability of the target molecule to take advantage of 

emerging EM hot-spots. Well defined periodic nanopillar arrays (NPA) with 

anisotropically coated gold were demonstrated to provide spatially resolved sub-10 nm gap 

hot-spots. These gaps were controlled with sub-5 nm steps by systematically controlling 

the sputter-coated metal thickness and their detection sensitivities with decreasing gap 

distances between metal pillars were probed using target molecules of different sizes. The 

sensitivity in the detection of the target analyte shows a strong dependence on the size of 

the target molecule in relation to the inter-pillar gaps. Small and large analytes result in 

higher enhancements with decreasing gaps between the Au-NPA. However, the analytical 

sensitivity for SERS of the analyte molecule with a smaller size was found to be higher 

than that of the larger molecules. The spatial constraints experienced by the larger analyte 

molecule limited its ability to take advantage of the enhanced EM fields for SERS. 

However, this was observed to be a favorable configuration for SEF. Since, SEF 

phenomena benefit from the presence of spacer between the reporter and the metal surfaces, 

which is well-met by the biomolecular dimensions. The analytical sensitivities achieved 

using SEF for larger analyte was further pushed down to an order of magnitude as compared 

to SERS. 

Therefore, this thesis identifies configurations that enhance leverage over EM hot-

spots by configurations drive analyte co-localization with EM hot-spots driving sensitivity 

down to picomolar concentrations. Work demonstrates robust correlations between the 

geometry ó optical/spectroscopic properties ó sensitivity in molecular assays with 

experiments combined with numerically simulated field maps of plasmonic nanoarrays. 

The observations discussed above with engineered EM hot-spots were demonstrated while 

maintaining the ability to quantify analyte detection benefiting from nanofabrication 

technique that enabled homogeneously distributed EM hot-spots over large areas. The 

approaches shown in the thesis could be extended already for preliminary results showing 

high sensitivity in the detection of proteins by immunosandwich assays and 

oligonucleotides. The findings provide a convincing case for the need for the rational design 

of nanoplasmonic interfaces to take into consideration, analyte dimensions in relation to 

EM hot-spots, in order to achieve the highest sensitivities.  
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Further work would benefit from improving the logistics of the measurements with 

on-chip fluidics, and portable spectroscopic measurements. The interfaces need to be tested 

and optimized for functioning in complex media such as sputum, blood, and urine, which 

may pose different challenges. The issue of diffusion limitations arising at ultra-low 

concentrations resulting in the problem of tKH�DQDO\WH�ILQGLQJ�WKH�VXUIDFH�DNLQ�WR�µILQGLQJ�D�

QHHGOH�LQ�D�KD\VWDFN¶��7KHUH�LV�D�QHHG�IRU�LQGHSHQGHQW�DSSURDFKHV�WR�LPSURYH�DQDO\WH�PDVV�

transport that remains compatible with the stability and performance of the nanoplasmonic 

transducers.  While the plasmonic sensors have held high promise for highly sensitive, fast 

responding, and portable configurations, they need significant transversal developments 

cutting across topics beyond fabrication, physics, and photonics, to ensure reliable devices 

that address emerging analytical challenges. 
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Annexe A. Résumé Français  

Introduction 

Les professionnels de santé et des chercheurs du monde entier déploient une 

PXOWLWXGH�G¶HIIRUWV�YDULpV�SRXU�les soins de santé et les diagnostics, notamment pour éviter 

les maladies ou améliorer la technologie actuelle des biocapteurs disponibles pour détecter 

les biomarqueurs moléculaires présents dans le système vivant. Les biomarqueurs 

moléculaires désignent les espèces biologiques capables de rapporter avec précision des 

informations relatives à la santé du patient. Une seule goutte de sang contient des millions 

de cellules, de protéines HW�G¶DFLGHV�DPLQpV�UHQIHUPDQW�XQH�JUDQGH�TXDQWLWp�G¶LQIRUPDWLRQV�

sur la santé du patient qui peuvent tous être considérés comme des biomarqueurs.15 Au 

stade initial de la progression de la maladie, les biomarqueurs présents dans des milieux 

complexes à une concentration aussi faible que la concentration femtomolaire dans le cas 

du cancer, posent des défis essentiels. La capacité de détecter rapidement ces biomarqueurs 

à des niveaux cliniquement pertinents,21 HVW� GHYHQXH� O¶XQ� GHV� REMHFWLIV� SULQFLSDX[� GHV�

technologies de bio-détection. Par conséquent, les biocapteurs qui présentent des 

sensibilités de détection pour des concentrations ultra-faibles (généralement nanomolaires 

et inférieures) avec des temps de réponse rapides sont essentiels aux besoins émergents en 

matière de diagnostic médical.  

Les technologies populaires et les technologies émergentes alternatives pâtissent du 

compromis entre une sensibilité élevée et des temps de réponse rapides dans le cadre 

G¶HPSUHLQtes de détection 

miniaturisées.30,38 Avec une 

VHQVLELOLWp� SURXYpH� MXVTX¶j� TXHOTXHV�

molécules dans des empreintes 

microscopiques et un temps de 

réponse allant de quelques secondes à 

quelques minutes, seules, les 

spectroscopies exaltées de surface 

(SES) peuvent combler cette 

lacune.41±44 Les biocapteurs basés sur 

Illustration A.1. Représentation schématique des 
échelles de longueur biomoléculaire par rapport aux 
espaces géométriques confinés dans les points chauds 
EM. 
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les SES reposent sur des interactions lumière-matière qui se déroulent à proximité des 

formes nanométriques à la surface du capteur. Les champs électromagnétiques (EM) ainsi 

créé sont concentrés  et leurs intensités accrues dans les espaces entre les surfaces 

PpWDOOLTXHV��/HV�PROpFXOHV�SRVLWLRQQpHV�j�FHV�SRLQWV�FKDXGV�(0�EpQpILFLHQW�G¶exaltation 

électromagnétiques ou chimiques pour émettre des signaux spectroscopiques exaltation. 

Les molécules présentes dans les points chauds EM avec une intensité relativement plus 

élevée de champs EM contribuent de manière disproportionnée au signal spectroscopique 

JOREDO�SURYHQDQW�GH�O¶HQVHPEOH�GHV�PROpFXOHV�SUpVHQWHV�VXU�la surface du capteur.169  

En effet, les champs EM existant dans les intervalles nanométriques entre des 

nanostructures de métaux nobles sont connus pour présenter des exaltation de haute 

intensité qui augmentent exponentiellement avec la diminution des distances entre les 

intervalles. Ces intensités améliorées sont maximisées avec des intervalles distants de 

seulement quelques nanomètres, ce qui impose des contraintes spatiales importantes pour 

TXH�O¶DQDO\WH�SXLVVH�SpQpWUHU�FHV�SRLQWV�FKDXGV�(0�HW�HQ�WLUHU�SDUWL�� �&HOD�UHSUpVHQWH�XQ�

compromis entre des séparations fermées, nécessaires pour des exaltation spectroscopiques 

pOHYpHV��HW�OHV�EHVRLQV�VSDWLDX[�SRXU�O¶DGVRUSWLRQ�ELRPROpFXODLUH��HQWUDvQDQW�O¶LQFDSDFLWp�GH�

la molécule cible à bénéficier de ces champs EM exaltés aux points chauds EM. Les 

recherches menées dans le cadre de cette thèse visent à la conception rationnelle de 

nanoréseaux plasmoniques qui présentent une haute densité de points chauds EM et à 

étudier leur structure et leurs fonctionnalités pour améliorer la sensibilité de détection des 

tests biomoléculaires j�O¶DLGH�GH�VSHFWURVFRSLHV�j�HIIHW�H[DOWp�  

2ULJLQH� GH� O¶H[DOWDWLRQ� GHV� SRLQWV� FKDXGV� (0�� Les spectroscopies exaltées de 

VXUIDFH� �6(6�� UHSRVHQW� VXU� O¶H[DOWDWLRQ� GHV� VLJQDX[� VSHFWURVFRSLTXHV� SURYHQDQW� GHV�

PROpFXOHV�GH�O¶DQDO\WH�IL[pHV�DX[�QDQRVWUXFWXUHV�PpWalliques ou à proximité immédiate de 

celles-ci. La présence de nanostructures métalliques capables de concentrer et exalter les 

FKDPSV�(0�HQWUDvQH�XQH�H[DOWDWLRQ�GHV�VLJQDX[�VSHFWURVFRSLTXHV�GH�O¶DQDO\WH��$YHF�GHV�

signaux fortement exaltés, la SES compense la section transversale au signal plus faible des 

PROpFXOHV�GH�O¶DQDO\WH��SHUPHWWDQW�XQH�XWLOLWp�DX-delà de la caractérisation spectroscopique 

dans un outil de détection moléculaire avec des limites de détection (LOD) réduites à 

quelques  PROpFXOHV��3DUPL�OHV�GLIIpUHQWHV�WHFKQLTXHV�G¶H[DOWDWLRQ�GH�VXUIDFH��OD�GLIIXVLRQ�

Raman exaltée en surface (SERS) et la fluorescence améliorée de surface (SEF) sont très 

prometteuses en raison de leur compatibilité avec les gammes de longXHXUV�G¶RQGH�YLVLEOHV��
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de leur capacité à réduire O¶HPSUHLQWH� GHV� FDSWHXUV� HW� GH� OHXU� IDFLOLWp� G¶XWLOLVDWLRQ� HQ�

VLWXDWLRQ�GH�PRELOLWp�� �'DQV� OH�FDV�GH� OD�6(56�RX�GH� OD�6()�� ORUVTXH� O¶DQDO\WH�FLEOH�HVW�

intégré dans un environnement de champ EM exalté, il est soumis à des exaltation 

chimiques et électromagnétiques. Une exaltation des signaux de plus de 108 pour le SERS 

et de 103 SRXU� OD� 6()� D� pWp� UDSSRUWpH� GDQV� SOXVLHXUV� pWXGHV� ORUVTXH� O¶HQYLURQQHPHQW�

immédiat de la molécule cible est modifié en raison de la SUpVHQFH� G¶LQWHQVHV� FKDPSV�

EM.80±83 Cela nécessite bien sûr de respecter un ensemble de conditions, notamment que la 

surface du capteur soit capable de présenter une forte 

localisation du champ EM au niveau des points 

chauds EM et que O¶DQDO\WH� VRLW� j� XQH� GLVWDQFH�

optimale de la surface du métal. Pour la SERS, 

O¶pPHWWHXU�5DPDQ�GRLW�rWUH�j�SUR[LPLWp��JpQpUDOHPHQW�

moins de ~ 10 nm) ou en contact avec la surface 

métallique pour tirer parti des champs EM localisés 

GDQV�O¶HQYLURQQHPHQW�R��LO est intégré et bénéficier, 

autant que possible, des exaltation chimiques 

(Illustration A.2a).68 Pour la SEF, cette distance 

devrait être supérieure à une certaine distance seuil 

(généralement inférieure à ~20 nm), ou le taux de 

GpFURLVVDQFH� UDGLDWLYH� SHXW� SULPHU� VXU� O¶H[WLQFWLRQ��

tout en étant capable de tirer parti des radiations EM 

H[DOWpHV�GDQV�O¶HQYLURQQHPHQW�LPPpGLDW�GH�OD�VXUIDFH�

métallique (Illustration A.2b).86   

Couplage plasmonique aux points chauds 

des intervalles: Les intensités du champ sont 

généralement réparties de manière hétérogène autour 

de la surface des nanostructures et principalement 

concentrées dans de très petits volumes de points 

chauds.144,145 De telles zones peuvent apparaître en 

raison dH� O¶pODERUDWLRQ� GH� FDUDFWpULVWLTXHV� QHWWHV�

G¶XQH� QDQRVWUXFWXUH� LVROpH�� 146 RX� G¶LQWHUYDOOHV�

nanométriques entre des nanostructures 

Illustration A.2 . a) ܩௌாோௌ (GSERS), 
normalisé à la valeur de surface, est 
représenté en tant que fonction d݀ 
pour une sphère de rayon a = 20 nm 
(ligne noire) et pour une sphère de 
rayon a = 40 nm (ligne rouge). 
[Adapté avec la permission de Pilot et 
al. (2017) (réf. 14); Copyright © 
2018 Springer International 
Publishing AG], b) Dépendance de la 
GLVWDQFH�GH�O¶LQWHQVLWp�GX�VLJQDO�0()�
et la surface du métal. [Adapté avec 
la permission de Lakowicz et al. 
(2004) (réf. 15); Copyright © 2003 
par Academic Press] 
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adjacentes.147±149 Cependant, les intensités du champ 

sont plus fortes dans les points chauds des intervalles. 

/¶pPHUJHQFH� G¶un point chaud EM résulte de 

O¶LQWHUDFWLRQ� RSWLTXH� HQWUH� GHX[� QDQRVWUXFWXUHV�

métalliques et le champ EM distribué sur leurs 

surfaces.139±142 Les « points chauds » EM désignent 

les zones situées à proximité des substrats métalliques 

R��O¶LQWHQVLWp�GX�FKDPS�ORFDO�HVW�VXSpULHXUH�j�FHOOH�GX�

champ incident. Malgré les règles de sélection basées 

sur la taille, la forme et les arrangements (dimères ou 

UpVHDX[��� O¶pTXDWLRQ� GH� OD� UpVRQnance plasmonique 

explique que le comportement de couplage entre deux 

ou plusieurs nanostructures est exponentiel par 

rapport à la distance qui les sépare. Par conséquent, il 

est crucial de noter que pour réaliser un couplage 

entre nanostructures, les sépaUDWLRQV� j� O¶pFKHOOH�

nanométrique sont fondamentales. Cependant, les 

intensités de couplage peuvent varier en dessous des 

distances correspondant à la longueur de décroissance du champ κ pour un type spécifique 

de nanostructure (Illustration A.3).151  

Exaltation du signal spectroscopique suivant la taille GH�O¶LQWHUYDOOH��Il est admis 

TXH�OH�IDLW�GH�FRPEOHU�OHV�LQWHUYDOOHV�MXVTX¶j�GHV�GLVWDQFHV�H[WUrPHV�DPpOLRUH�OD�IRUFH�GX�

couplage entre les nanostructures métalliques et aboutit à renforcer les champs EM situés 

entre ces intervalles. 164 Cela a également été observé par Schuck et al. en 2005. 162 Ils ont 

étudié la relation entre la localisation du champ électromagnétique et la diminution des 

GLVWDQFHV�LQWHUSDUWLFXODLUHV�j�O¶DLGH�G¶XQ�GLPqUH�GH�W\SH�QDQRVWUXFWXUH�j�Q°XG�SDSLOORQ�HQ�

or. Les exaltations EM augmentaient de façon exponentielle lorsque les deux 

nanostructures se rapprochaient de ~20 QP�� FRPPH� OH� PRQWUH� O¶illustration A.4.162 

Cependant, on observe que les intensités de champ EM sont distribuées de manière 

hétérogène  dans et autour des SRLQWV� FKDXGV� GH� O¶LQWHUYDOOH�145,163 La forme de la 

nanostructure joue également un rôle essentiel dans la détermination de la force de ces 

interactions de champ EM,163,165 ainsi que les modes plasmoniques qui apparaissent dans 

Illustration A.3. Relation entre le 
décalage de la longueur d'onde et la 
distance interparticulaire, où entrent 
en jeu le décalage fractionnaire de la 
longueur d'onde de résonance 
plasmonique, l'amplitude du 
couplage dipolaire, la séparation 
interparticulaire bord à bord, le 
diamètre de la nanoparticule 
sphérique, et la longueur de 
décroissance du champ 
électromagnétique à partir de la 
surface. [Adapté avec la permission 
de Jain et al. (2007) (réf. 117) ; 
Copyright © 2007 American 
Chemical Society] 
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OHXUV� VSHFWUHV� G¶H[WLQFWLRQ�166 Par exemple, il a été 

démontré que les nanostructures sphériques 

SUpVHQWHQW� GHV� IDFWHXUV� G¶Hxaltation plus faibles si, 

isolées, elles subissent un couplage plus fort au sein 

du réseau de longue distance organisé aléatoirement, 

ce qui entraîne des intensités EM très élevées aux 

points chauds EM.167  

,O� HVW� SRVVLEOH� G¶REWHQLU� GHV� IDFWHXUV�

G¶H[DOWDWLRQ�pOHYpV�VXIILVDQWV�SRXU�OD�GpWHFWLRQ�G¶XQH�

seule molécule, avec les points chauds des intervalles. 

Cependant, il manque actuellement des techniques 

pouvant offrir un contrôle précis pour créer 

HIILFDFHPHQW�GHV�SRLQWV�FKDXGV�G¶LQWHUYDOOHV�j�KDXWH�

UpVROXWLRQ� MXVTX¶j� PRLQV� GH� �� nm à des endroits prédéterminés, ou pour positionner 

stratégiquement une molécule donnée sur le point chaud. 

Interactions Nano-Bio: Dans O¶DSSOLFDWLRQ�GH�ELRGpWHFWLRQ��O¶REMHFWLI�IRQGDPHQWDO�

GH� O¶XWLOLVDWLRQ� G¶XQ� DQDO\WH� HVW� GH� WURXYHU� OHV� UpSRQVHV� DX[� GHX[� TXHVWLRQV� OHV� SOXV�

importantes : A) 4X¶HVW-FH� TXH� F¶HVW ? et B) Combien cela coûte-t-il ? Répondre à la 

première question en utilisant la technique spectroscopique exaltée peut être très efficace. 

&HSHQGDQW�� TXDQWLILHU� OD� FRQFHQWUDWLRQ� GH� ELRPDUTXHXUV� PROpFXODLUHV� j� O¶DLGH� GH�

VSHFWURVFRSLHV� H[DOWpHV� QpFHVVLWH� OD� FDSDFLWp� G¶REWHQLU� GHV� VLJQDX[� VSHFWURVFRSLTXHV�

directement liés aux concentrations de biomarqueurs et qui seront moins affectés par les 

écarts-types intrinsèques dus aux nanostructures artificielles de la plateforme de 

biodétection. Les biomolécules stratégiquement positionnées sur le substrat dans les 

géométries des points chauds EM jouent un rôle important dans la détermination des 

SHUIRUPDQFHV�GX�ELRFDSWHXU�PROpFXODLUH�EDVp�VXU�OD�6(6��,O�V¶DJLW�GH�WLUHU�SDUWL��HQ�SDUDOOqOH��

des outils biotechnologiques avancés pour capturer efficacement les bioanalytes. Cela 

comprendrait une variété de moyens physiques et chimiques permettant la 

IRQFWLRQQDOLVDWLRQ�GH�OD�VXUIDFH�GX�ELRFDSWHXU�DILQ�G¶DPpOLRUHU�OD�VSpFLILFLWp�HW�OH�WUDQVSRUW�

GH�PDVVH�GHV�PROpFXOHV�GH�O¶DQDO\WH�j�SDUWLU�GH�OD�VROXWLRQ��,O�GHYLHQW�QpFHVVDLUH�G¶LGHQWLILHU�

un substrat TXL�SHUPHWWH�XQ�FRQVHQVXV�VXU�OD�WDLOOH�GX�SRLQW�FKDXG�GH�O¶LQWHUYDOOH��DILQ�TX¶LO�

Illustration A.4 Dépendance non 
linéaire des exaltations de champ EM 
en fonction de la réduction des 
distances des intervalles montrant des 
exaltations EM élevées à des 
intervalles inférieurs à 10 nm. 
[Adapté avec la permission de 
Schuck et al. (2005) (Réf. 28). 
Copyright © 2005 American 
Physical Society] 
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puisse accueillir de grandes biomolécules tout en concentrant des champs EM 

suffisamment forts pour présenter des sensibilités plus élevées dans la gamme de nM à fM. 

 Conception rationnelle des tests biologiques plasmoniques: De nombreux défis 

restent à relever ± en commençant par le développement de biocapteurs efficaces et 

performants pour répondre aux besoins cliniques urgents.38,285 /¶REMHFWLI�SULQFLSDO�UHVWH�GH�

FDSWXUHU�VSpFLILTXHPHQW�OHV�PROpFXOHV�G¶LQWpUrW��SXLV�G¶HQ�WLUHU�GHV�LQIRUPDWLRQV�SHUWLQHQWHV�

grâce aux techniques de transduction offrant une rétroaction rapide avec des sensibilités 

ultra-pOHYpHV��/¶H[DPHQ�GH�O¶pWDW�DFWXHO�GHV�FRQQDLVVDQFHV�PHW�HQ�pYLGHQFH�OH�EHVRLQ�GH�

points chauds EM fortement exaltés et uniformes sur la surface du capteur afin de pouvoir 

retranscrire de manière fiable les événements de liaison à de très faibles concentrations. 

Ces zones doivent ensuite être fonctionnalisées de manière optimale en utilisant des 

FKLPLHV�GH�VXUIDFH�SRXU�DPpOLRUHU�O¶HIILFDFLWp�GH�FDSWXUH�GH�OD�FLEOH�GH�OD�VXUIDFH�GX�FDSWHXU��

Pour regrouper de telles caractéristiques dans le capteur, il faudrait des approches 

rationnelles en fonction des objectifs clés suivants : 

9 La capacité de produire à des résolutionV� DOODQW� MXVTX¶j� GHV� pFKHOOHV� GH� ORQJXHXU�

inférieures à 10 nm, associée à la qualité et à 

la cadence de production. 

9 Contrôle orthogonal des variables 

géométriques. 

9 Capacité à concevoir/modéliser les points 

chauds EM.  

9 Capacité à produire des signaux fiables et 

reproductibles. 

9 Quantification des concentrations 

moléculaires sur les nanoréseaux 

plasmoniques. 

Illustration A.5. Corrélation entre le 
processus de nanofabrication Ù Les 
géométries des points chauds EM 
SHUPHWWHQW�G¶pWXGLHU�OD�FRUUpODWLRQ�HQWUH�
les géométries des points chauds EM Ù 
colocalisation biomoléculaire et 
géométries des points chauds EM Ù 
Exaltations spectroscopiques, qui 
peuvent aider à construire un biocapteur 
moléculaire conçu rationnellement et 
basé sur la SES. 
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Réseaux nanoplasmoniques avec des résolutions spatiales 

inférieures à 10 nm 

 Le processus de nanofabrication des nanostructures plasmoniques a été réalisé dans 

la chambre stérile (classe 100) du département de recherche et de technologie des matériaux 

GH�O¶,QVWLWXW�OX[HPERXUJHRLV�GHV�VFLHQFHV�HW�GH�OD�WHFKQRORJLH��DX�/X[HPERXUJ��/¶KXPLGLWp�

ambiante a été maintenue entre 45 % et 55 ���VXUYHLOOpH�SDU�XQ�K\JURPqWUH�j�O¶LQWpULHXU�GH�

la chambre stérile. Les outils de caractérisation qui ont été utilisés au cours de ce travail 

comprennent la Microscopie 

à Force Atomique (AFM) et 

la Microscopie Électronique 

à Balayage (MEB) afin de 

suivre de près les 

caractéristiques 

géométriques grâce à 

différents contrôles de 

processus. Le diamètre 

hydrodynamique des 

nanoparticules a été observé 

en utilisant la Diffusion 

dynamique de la lumière 

(DLS). La réponse optique 

des géométries leur 

comportement de couplage 

plasmonique ont été 

DQDO\VpHV�j�O¶DLGH�G¶XQ�VSHFWURSKRWRPqWUH�89�YLVLEOH�HW�G¶XQ�V\VWqPH�RSWLTXH�G¶H[WLQFWLRQ�

DUWLVDQDO�DX�ODERUDWRLUH�/XPLqUH��QDQRPDWpULDX[�HW�QDQRWHFKQRORJLHV��/�1��GH�O¶8QLYHUVLWp�

de technologie de Troyes, en France. Les mesures spectroscopiques ont utilisé un 

spectromètre Raman microscopique pour les mesures de la SERS et de la MEF. La 

microbalance à cristal de quartz (QCM) et la résonance plasmonique de surface (SPR) ont 

pWp� XWLOLVpHV� SRXU� O¶DQDO\VH� GHV� LQWHUDFWLRQV� �ELR�� PROpFXODLUHV� DYHF� OHV� QDQRVWUXFWXUHV�

(Illustration A.6). 

Illustration A.6. Outils de caractérisation utilisés pour 
analyser les topographies physiques : a) AFM, b) DLS, c) 
SEM) ; propriétés optiques : d) spectrophotomètre UV/visible, 
H�� FRQILJXUDWLRQ� GH� O¶RSWLTXH� G¶H[WLQFWLRQ�� I��
spectrophotomètre micro-Raman ; interactions bio-nano : g) 
QCM-D, h) SPR ��HW�L��/¶DXWHXU�GDQV�OD�FKDPEUH�VWpULOH�ORUV�GX�
processus de nanofabrication. 
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 Auto-assemblage moléculaire pour la nanolithographie à haute résolution :  

Cette section présente notre approche des nanoréseaux plasmoniques à haute résolution 

VSDWLDOH�� TXL� UHSRVH� VXU� O¶DXWR-assemblage hiérarchique de copolymères amphiphiles 

diblocs en colloïdes mous, et leur organisation quasi périoGLTXH�XOWpULHXUH�ORUVTX¶LOV�VRQW�

déposés sur une surface plane.243 CetWH�DSSURFKH�SHUPHW�G¶REWHQLU�GHV�PRGqOHV�RUJDQLTXHV�

bien définis sur la surface avec un contrôle nanométrique de la largeur, de la topographie 

HW�GH�OD�KDXWHXU��UpDOLVp�SDU�OH�FRQWU{OH�GHV�SDUDPqWUHV�G¶DXWR-assemblage moléculaire. En 

DQDO\VDQW� O¶LPSDFW� GHV différents paramètres des procédés sur le résultat géométrique 

obtenu, il est possible de fournir des modèles hautement reproductibles et uniformes sur 

des plaquettes pleines, avec un rendement> 90 %.245 Ces modèles sont matérialisés par des 

capteurs plasmoniques très sensibles basés sur la SERS, avec un contrôle des nano 

intervalles métalliques juVTX¶j�XQ�QLYHDX�LQIpULHXU�j��� nm.  

Modèles auto-assemblés :  /HV�FRSRO\PqUHV�GLEORFV�DPSKLSKLOHV�SHXYHQW� V¶DXWR-

DVVHPEOHU� HQ� PLFHOOHV� LQYHUVHV� ORUVTX¶LOV� VRQW� GLVVRXV� GDQV� XQ� VROYDQW� TXL� QH� GLVVRXW�

VpOHFWLYHPHQW�TXH�OH�EORF�DSRODLUH�GX�FRSRO\PqUH��$X�FRXUV�GX�SURFHVVXV�G¶HQGXFWLRQ�SDU�

centrifugation, les micelles chargées de solvant en solution se déforment en surface pour 

prendre une forme ellipsoïdale, avec une fusion partielle de la couronne des micelles 

inverses adjacentes, ce qui donne un film organique globalement continu présentant 

topographie à contraste 

périodique avec un film ultrafin 

(<5 nm) en arrière-plan 

(Illustration A.7). La forme du 

motif qui apparaît sur la surface 

peut être modifiée par étapes de 

<5 ��GH�VD�YDOHXU�PR\HQQH��HQ�FRQWU{ODQW�OH�WDX[�G¶pYDSRUDWLRQ�RX�OD�FRQFHQWUDWLRQ�GHV�

miceOOHV�HQ�VROXWLRQ��/H�WDX[�G¶pYDSRUDWLRQ�SHXW�rWUH�FRQWU{Op�HQ�XWLOLVDQW�OHV�YLWHVVHV�GH�

FHQWULIXJDWLRQ� RX� G¶LPPHUVLRQ� GX� UHYrWHPHQW�245  Dans des conditions optimales de 

revêtement, des réseaux de micelles peuvent être produits avec un écart type de <10 % de 

leurs caractéristiques géométriques sur une plaquette complète. 

  Nanoréseaux plasmoniques par transfert de motifs:  La production de 

nanoréseaux plasmoniques à partir de modèles organiques repose sur des modes de transfert 

de motifs, par exemple la croissance, le dépôt ou la gravure guidés par un modèle, pour 

Illustration A.7 5HSUpVHQWDWLRQ� VFKpPDWLTXH� GH� O¶DXWR-
assemblage du copolymère dibloc amphiphile en micelles 
inverses et de leur assemblage ultérieur pour former des 
réseaux bidimensionnels à la surface. 
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définir des nanoréseaux de métaux nobles avec conservation du motif du gabarit original. 

Les méthodes de transfert de motifs offrent une grande liberté dans le choix de la géométrie 

des différentes composantes, ce qui permet de fabriquer des nanoréseaux plasmoniques de 

différents types, par exemple des réseaux de nanoparticules en clusters, des réseaux de 

nanopiliers, de nanobâtonnets ou de nanodisques.316±318 Les paramètres de transfert du 

modèle permettent un contrôle indépendant du ratio taille, forme, aspect des 

caractéristiques et doivent être optimisés pour garantir TX¶LOV�Q¶DIIHFWHQW�SDV�O¶DJHQFHPHQW�

VSDWLDO��O¶XQLIRUPLWp�HW�OD�UHSURGXFWLELOLWp�SDU�UDSSRUW�DX�PRGqOH�RULJLQDO��'DQV�OH�FDGUH�GH�

FH�SURMHW��GHV�FOXVWHUV�GH�QDQRSDUWLFXOHV�G¶RU�HW�GHV�UpVHDX[�GH�QDQRSLOLHUV�G¶RU�RQW�pWp�FUppV�

HQ� XWLOLVDQW� O¶DXWR-assemblage moléculaire de micelles de copolymères séquencés 

amphiphiles, comme indiqué précédemment.  

 5pVHDX[�G¶FOXVWHUV�GH�QDQRSDUWLFXOHV�G¶RU��1&$�  :  Les NCA ont été obtenues sur 

GHV�VXEVWUDWV�VpOHFWLRQQpV�TXL�RQW�pWp�QHWWR\pV�SDU�XOWUDVRQV�GDQV�GH�O¶DFpWRQH��SXLV�ULQFpV�j�

O¶pWKDQRO�HW�DX��-SURSDQRO��DYDQW�G¶rWUH�H[SRVpV�SHQGDQW���PLQXWHV�j�GX�SODVPD�G¶R[\JqQH�

dans la chambre de gravure par ions réactifs (Plasmatherm 790 RIE).  Les substrats 

fraîchement nettoyés ont été immédiatement enduits par centrifugation de solutions de PS-

b-PVP dans du m-[\OqQH�j��ௗ����HW��ௗ��� tr/min pour les modèles A et B, respectivement. 

/H�PRGqOH�$�D�pWp� UHYrWX�G¶XQH�VROXWLRQ�j����� % (p/p) de PS - b -PVP avec un poids 

moléculaire de 81,5 N'D��/H�PRGqOH�%�D�pWp�UHYrWX�G¶XQH�VROXWLRQ�j�� % (p/p) de PS - b -

PVP avec un poids moléculaire de 443 kDa. La couche enduite a été soumise à une 

H[SRVLWLRQ�FRQWU{OpH�DX�SODVPD�G¶R[\JqQH�SHQGDQW�� s pour le polymère A et 30 s pour le 

SRO\PqUH� %� SRXU� pYLWHU� XQH� DGVRUSWLRQ� QRQ� VSpFLILTXH� HW� DXJPHQWHU� O¶pFDUW� HQWUH� OHV�

nanoclusters. Ces 

puces enduites ont été 

immergées dans une 

solution de 

QDQRSDUWLFXOHV� G¶RU�

stabilisées au citrate 

(pH 5,8) pendant 2 h, 

SXLV� ULQFpHV� j� O¶HDX�

désionisée. Les 

QDQRSDUWLFXOHV� G¶RU� GH�

Illustration A. 8.  a) Représentation schématique de la configuration 
utilisée pour la synthèse de Au np par voie chimique humide, b) 
Analyse statistique de la distribution de taille de Au np à partir 
G¶LPDJHV�DX�6(0��F-d) Schéma de fabrication de réseaux de clusters 
GH�QDQRSDUWLFXOHV�G¶RU�SDU�DWWUDFWLRQ�pOHFWURVWDWLTXH�GH�$X�QS�FKDUJp�
négativement vers des modèles chargés positivement en surface. 
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10,3 nm ± 0,5 nm ont été préparées selon la méthode décrite précédemment 

(Illustration A.8).388 Les images AFM des modèles ont été mesurées en mode tapotement 

j�O¶DLGH�GH�SRLQWHV�$)0�XOWUD�QHWWHV��/¶DMXVWHPHQW�JDXVVLHQ j�OD�KDXWHXU�HW�O¶KLVWRJUDPPH�

de périodicité ont été utilisés pour déterminer les écarts moyens et les écarts-types. Les 

IRQFWLRQV� G¶DQDO\VH� GH�SDUWLFXOHV� LQWpJUpHV� GDQV� OH� ORJLFLHO�1DQRVFRSH�$QDO\VLV� RQW� pWp�

utilisées à cette fin. 

 5pVHDX[�GH�QDQRSLOLHUV�j�UHYrWHPHQW�G¶RU��13$�  :  Les réseaux de piliers ont été 

préparés suivant un protocole décrit précédemment.  La 

solution de revêtement a été préparée en utilisant du PS-

b-PVP avec un poids moléculaire de 197 kDa dans un 

solvant organique de p-xylène (0,8 % p/p). Ces modèles 

organiques ont été enduits par centrifugation à 

6000 tr/min sur une plaquette Si de 100 mm fraîchement 

QHWWR\pH�� FRQVWLWXpH� G¶XQ� ILOP� GH� 6L22 de 25 nm.  Le 

plasma gazeux C4F8/CH4 transfère la forme du modèle 

dans la couche de SiO2 sous-jacente. Le motif SiO2 qui en 

résulte se comporte comme un motif hautement sélectif 

pour la gravure du Si en utilisant le plasma SF6/C4F8 pour 

obtenir des nanopiliers de silicium (Illustration A.9). La 

périodicité centre à centre de 105,8 nm (coefficient de 

variation inférieur à 10 �� G¶XQH� SXFH� j� O¶DXWUH�� GHV�

caractéristiques a été préservée à partir du modèle 

polymère puis confirmé par les images AFM et SEM du 

modèle et des réseaux de nanopiliers. Les séparations des 

ERUGV�HQWUH�OHV�SLOLHUV�HQGXLWV�G¶RU�RQW�pWp�GpWHUPLQpHV�HQ�

VRXPHWWDQW�OHV�LPDJHV�6(0�GH�O¶$X-NPA à une analyse 

G¶LPDJHV� j� O¶DLGH� GH� ,PDJH-�482 Les nanopiliers de 

silicium ont été enduits par pulvérisation cathodique à 

10 tr/min en continu avec une couche adhésive de 5 nm ± 

1 QP�GH�FKURPH�j�����:�����VFFP��G¶DUJRQ��$U��VRXV�XQH�

pression de 10-2 mbar pendant 14s (0,36 nm-1). 

Illustration A.9. a) Procédé de 
nanofabrication pour la 
fabrication de réseaux de 
nanopiliers de silicium qui 
implique i) le transfert de motif 
G¶XQ�PRGqOH�RUJDQLTXH�PRX�YHUV�
un modèle inorganique dur, ii) 
une gravure au plasma sous le 
substrat de silicium pour obtenir 
des nanopiliers coniques de 
VLOLFRQ�� LLL�� O¶pOLPLQDWLRQ� GX�
masque résiduel de SiO2, iv) une 
FRXFKH� G¶RU� DSSOLTXpH� SDU�
pulvérisation sur des nanopiliers 
de silicium. 
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/¶pSDLVVHXU� G¶RU� VRXKDLWpH� D� pWp� GpSRVpH� GDQV� GHV� FRQGLWLRQV� VLmilaires à un taux de 

0,86 nm s-1 avec un écart type de 6 %. 

Réseaux de clusters de nanoparticules avec points chauds EM 

conçus pour les essais biologiques quantitatifs 

Dans le cadre de cette recherche, nous produisons des réseaux périodiques de cluster 

GH�QDQRSDUWLFXOHV�G¶RU��SUpVHQWDQW�GHV�SRLQWV�FKDXGV�DX[�LQWHUYDOOHV�(0�j�GRXEOH�pFKHOOH�

de longueur avec des intervalles dans le registre de distances inférieures à 10 nm. Les points 

chauGV�j�GRXEOH�pFKHOOH�GH�ORQJXHXU�RIIUHQW�O¶DYDQWDJH�G¶XQH�JUDQGH�VHQVLELOLWp�DX[�SHWLWV�

(<1 QP�� DLQVL� TX¶DX[� JUDQGV� �ELR�� DQDO\WHV�� � 2Q� REWLHQW� GHV� GRVDJHV� SODVPRQLTXHV�

quantitatifs de protéines basés sur la diffusion Raman exaltée en surface et la Fluorescence 

exaltée par le métal (MEF).  La mesure précise de la densité de surface des protéines par 

QCM a permis de rationaliser les configurations de clusters de nanoparticules hautement 

sensibles, comme celles qui offraient des bio-analytes, pour mieux exploiter les points 

chauds EM. 

Points chauds EM à double échelle de longueur :  De par la nature de la formation, 

OHV�1&$�SUpVHQWHQW�GHV�SRLQWV�FKDXGV�(0�HQWUH�GHV�QDQRSDUWLFXOHV�DX�VHLQ�G¶XQ�FOXVWHU��RX��

des points chauds interparticulaires), et entre les clusters adjacents (ou, des points chauds 

LQWHUFOXVWHU��� �/HV�1&$�GH�GHX[�GLPHQVLRQV�GLIIpUHQWHV�RQW� pWp�RSWLPLVpHV�SRXU� O¶pWXGH�

actuelle, avec une différence uniquement dans la taille du cluster, tout en garantissant une 

distance de séparation fixe 

intercluster  (Figure A.10). Les 

deux NCA présentent des distances 

interparticulaires et intercluster 

équivalentes, la seule différence 

étant la taille (largeur et hauteur) 

des NCA, qui est plus grande pour 

NCA#B que pour NCA#A. En 

conséquence, NCA#A a une plus 

grande densité de caractéristiques 

que NCA#B. Les séparations à 

Illustration A.10. (a,b) Modèles avec une taille plus 
petite (modèle # A) et plus grande (modèle # B) utilisés 
SRXU� GpILQLU� �F�� G�� OHV� UpVHDX[� G¶FOXVWHUV� GH�
QDQRSDUWLFXOHV� G¶RU� �1&$��� 1&$� �� $� HW� 1&$� �� %�
respectivement. 
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haute résolution 

interparticulaires et interclusters 

SHUPHWWHQW� G¶HVSpUHU� XQ� IRUW�

couplage plasmonique entre les 

particules au sein des clusters et 

entre les clusters adjacents. Ceci 

HVW� FRQILUPp� SDU� O¶DSSarition de 

pics de résonance plasmonique 

pour les NCA#A et #B, 

respectivement à ~648 nm et 

~653 nm, tous deux ayant 

considérablement décalé vers le 

rouge par rapport à la résonance 

plasmonique à ~522 nm pour les 

QDQRSDUWLFXOHV�G¶RU�LVROpHV�  

Tests biologiques plasmoniques :  Les 

performances des NCA pour les bioessais plasmoniques 

basés sur la diffusion Raman exaltée de surface 

(Illustration A.11) et la spectroscopie de fluorescence 

exaltée par le métal (Illustration A.12) pour la mesure 

quantitative des interactions biotine-streptavidine ont été 

étudiées. Les spectres SERS montrent une bonne 

correspondance avec les positions des pics de Cy5 

rapportées dans la littérature. 399 /¶LQWHQVLWp� GX� SLF�

caractéristique de Cy5 à 583 cm-1 a été suivie pour 

quantifier la dépendance spectrale de la SERS en fonction 

de la concentration de SA-Cy5. Le test SERS V¶HVW�DYpUp�

concluant et quantitatif, comme le révèle un excellent 

DMXVWHPHQW� j� O¶LVRWKHUPH� G¶DGVRUSWLRQ� GH� /DQJPXLU-Hill.  

/¶pFDUW�W\SH�GHV�LQWHQVLWpV�REWHQXHV�VXU�SOXVLHXUV�]RQHV�GH�

OD� SODTXHWWH�� j� SOXVLHXUV� PLOOLPqWUHV� FDUUpV� G¶pFDUW�� D�

présenté une variabilité inférieure à 10 ���/¶LQWHQVLWp� GX�

Illustration A.12. (a) 
Comparaison des tests de 
fluorescence de SA-Cy5 sur la 
NCA#A et la NCA#B obtenus 
avec une stimulation à 633 nm, 
SUpVHQWpV�j�O¶pFKHOOH�OLQpDLUH��j�
gauche) et logarithmique (à 
GURLWH���pTXLSpV�GH�O¶LVRWKHUPH�
de Langmuir-Hill. b) 
comparaison des intensités de 
fluorescence correspondant à 
une densité saturée de SA-Cy5 
sur les deux NCA 

 Illustration A.11 . (a, b) Schéma représentant un meilleur effet 
de levier de (a) SA-Cy5 sur les points chauds intercluster et (b) 
NT sur les points chauds interparticules et intercluster.  Les 
dimensions moléculaires relatives sont indiquées. (c, e) Test 
SERS (c) SA-Cy5 et (e) 1 -17� PRQWUDQW� O¶pYROXWLRQ� GHV�
intensités caractéristiques des pics, respectivement à 583 cm-1 
et 1371 cm-1. (d) Intensités SERS correspondant aux densités 
saturées de SA-Cy5 et NT sur NCA#A NCA#B 
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VLJQDO�REVHUYDEOH�D�pWp�REWHQXH�MXVTX¶j���� nM pour la NCA#A et 25 nM pour la NCA#B, 

UpYpODQW�XQH�VHQVLELOLWp�SOXV�pOHYpH�GH�OD�1&$�$��/D�SUpVHQFH�G¶XQ�FKDPS�(0�IRUWHPHQW�

exalté, provenant des clusters sous-jacents de nanoparticules ainsi que de la couche 

G¶HVSDFHPHQW�GH�OD�SDLUH�G¶LQWHUDFWLRQ�ELRWLQH-streptavidine, offre une situation favorable 

SRXU�H[SpULPHQWHU�OD�IOXRUHVFHQFH�DPSOLILpH�SDU�PpWDO��0()����/¶pYROXWLRQ�GHV�LQWHQVLWpV�

de fluorescence sous stimulation à 633 nm montre de fortes exaltation de la fluorescence 

VXU� OHV� GHX[� 1&$�� 8QH� FRPSDUDLVRQ� GH� O¶pYROXWLRQ� GHV� LQWHQVLWpV� GH� VLJQDO� DYHF� OD�

concentration de SA-Cy5 montre des intensités plus élevées pour NCA#A que pour 

NCA#B, comme observé dans les essais SERS.   

 Simulations numériques :  /HV�SURILOV�(0�HW�OH�WDX[�G¶DEVRUEDQFH�GHV�1&$�RQW�pWp�

VLPXOpV�QXPpULTXHPHQW�j�O¶DLGH�GH�FDOFXOV�EDVpV�VXU�OHV�GLIIpUHQFHV�ILQLHV�GDQV�OH�GRPDLQH�

temporel (FDTD). Le choix dela géométrie du modèle et les dimensions de las 

nanoparticule a été effectué à partir des mesures expérimentales de la AFM et du SEM.  

Les simulations en champ proche (Illustration A.13) confirment la présence de points 

chauds interparticulaires et intercluster avec une exaltation similaire dans les deux NCA. 

Exploiter les points chauds EM intercluster :  Les NCA ont deux types de points chauds 

(0�� O¶XQ� j� OD� MRQFWLRQ� entre les nanoparticules au sein du cluster (points chauds 

interparticulaires), avec des 

dimensions <1 QP��HW�O¶DXWUH�

entre les clusters de 

nanoparticules (points 

chauds intercluster) avec des 

dimensions <10 nm. Compte 

tenu des dimensions du PEG 

thiol de la biotine (2,2 nm de long) et du SA-Cy5 (4,2 nm × 4.2 nm × 5,8 nm),405 la longueur 

GH� OD�SDLUH�G¶LQWHUDFWLRQ�GHYUDLW� rWUH� G¶HQYLURQ����� j� � nm. Alors que les points chauds 

LQWHUFOXVWHU�VRQW�FDSDEOHV�GH�V¶DGDSWHU�j�O¶LQWHUDFtion, les points chauds interparticulaires 

ne le peuvent pas. Il est donc raisonnable de penser que les molécules SA-Cy5 

Q¶H[SORLWHURQW�OHV�SRLQWV�FKDXGV�(0�LQWHUFOXVWHU��FRPPH�LQGLTXp�GDQV�O¶Illustration A.11.  

Étant donné que les séparations intercluster sont maintenues identique entre les NCA, la 

dimension plus petite duNCA#A (diamètre de 38 ±5 nm) par rapport au NCA#B (diamètre 

de 86 ±5 nm) se manifeste par des valeurs inférieures pour la périodicité du réseau. La 

Illustration A. 13. (a, b) Profils de champs électromagnétiques 
simulés sur a) NCA#A et b) NCA#B avec une stimulation à 
633 nm. 
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périodicité détermine directement la densité des caractéristiques et les jonctions binaires 

entre les caractéristiques. Ainsi, une taille réduite, dans le cas du NCA#A (diamètre~38 

±5 nm) se traduit par une plus grande densité de caractéristiques (densité~350/µm2) par 

rapport au NCA#B (diamètre~86 ±5 nm, densité~100/µm2). Cela se traduirait par un 

nombre plus élevé de points chauds intercluster dans le NCA#A que dans le NCA#B. 

Comme le SA-Cy5 ne peut exploiter que les points chauds intercluster, qui à leur tour se 

produisent en plus grand nombre dans le NCA#A, cela expliquerait la plus grande 

sensibilité du NCA#A.  

Cependant, cette hypothèse ne peut être confirmée que si la concentration des 

molécules de protéine dans les deux NCA est connue. Pour la déterminer, les modèles A et 

B ont été enduits sur un capteur QCM, et les différentes étapes, y compris le dépôt des 

nanoparticules et le bioessai, ont été réalisées tout en surveillant les changements de masse 

mesurés par le QCM.   La densité saturée des nanoparticules et des molécules SA-Cy5 à la 

ILQ�GX�ELRHVVDL�HVW�UHSUpVHQWpH�VXU�O¶illustration A.14a-b. La densité de surface saturée des 

nanoparticules Au et SA-&\��V¶DYqUH�SOXV�pOHYpH�SRXU�OH�1&$�%�TXH�SRXr le NCA#A. Les 

concentrations de SA-Cy5 devraient suivre la 

FRQFHQWUDWLRQ�GH�%37�OLpH�j�O¶RU�SDU�OHV�LQWHUDFWLRQV�

thiol-or. 

Cependant, une estimation des zones de surface 

disponibles sur le NCA exclut la possibilité de tenir 

compte de la densité observée de protéines. Cela 

VRXOLJQH� IRUWHPHQW� O¶DGVRUSWLRQ� GH� 6$-Cy5 

également dans la matrice de polystyrène, entre les 

éléments. Une expérience témoin réalisée sur des 

capteurs QCM recouverts de polystyrène confirme 

O¶DGVRUSWLRQ�GH�OD�ELRWLQH�HW�GH�OD�VWUHSWDYLGine avec 

des densités comparables à celles observées sur la 

VXUIDFH�GH�O¶RU��1RXV�Q¶DYRQV�SDV�WURXYp�GH�WUDYDX[�

antérieurs dans la littérature expliquant la forte 

adsorption de la biotine sur le polystyrène, dont 

O¶RULJLQH�GHYUD�rWUH�pWXGLpH�SDU�OD�VXLWH�Gans le cadre 

G¶XQH�DXWUH�pWXGH��/¶DGVRUSWLRQ�VXU�OH�36�FRQILUPH�OD�

Illustration A.14.  Les densités de 
surface saturées de (a) nanoparticules 
G¶$X� HW� �E�� 6$-Cy5, liées à des 
NCA# Biotinylés montrent des 
valeurs plus élevées pour les NCA#B 
que dans pour les NCA#A. (c) Des 
intensités de SERS plus élevées sont 
observées pour le NCA#A, 
conformément aux tendances pour d) 
la densité des points chauds EM 
intercluster. 
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distribution de SA-&\��GDQV�O¶HVSDFH�HQWUH�OHV�1&$��FRwQFLGDQW�DLQVL�DYHF�OHV�SRLQWV�FKDXGV�

EM intercluster.  

/¶REVHUYDWLRQ� GH� GHQVLWpV� SOXV� IDLEOHV� GH� QDQRSDUWLFXOHV� G¶$X�� DLQVL� TXH� G¶XQH�

FRQFHQWUDWLRQ� UpGXLWH� GH� OD� VXUIDFH� GH� O¶DQDO\WH� GDQV� OH� FDV� GX�1&$�$�� H[FOXW� TXH� OHV�

FRQFHQWUDWLRQV�GH�O¶DQDO\WH�MRXHQW�XQ�U{OH�GDQV�VD�SOXV�JUDQGH�VHQVLELOLWp���&HOD�FRQILUPH�

ELHQ� O¶K\SRWKqVH� VHORQ� ODTXHOOH� OH�1&$�$� WLUH� VD� VHQVLELOLWp� SOXV� pOHYpH� GX� SOXs grand 

nombre de points chauds intercluster exploitables par le SA-Cy5. Afin de corroborer les 

arguments ci-dessus, on a comparé la sensibilité SERS des NCA dans la détection du 1-

naphthalenethiol (NT), qui est une molécule sonde beaucoup plus petite. La dimension 

G¶XQH�PROpFXOH�GH�17�Q¶HVW�TXH�GH���� nm, contrairement à SA-Cy5, et pourrait occuper 

non seulement les points chauds EM intercluster, mais également les points chauds 

interparticulaires. La comparaison des intensités SERS dans les concentrations de NT pour 

le NCA#A et le NCA#B montre une différence de sensibilité très réduite pour les deux. 

&HOD�FRUUHVSRQG�ELHQ�DX�UpVXOWDW�DWWHQGX��HQ�SDUWDQW�GH�O¶K\SRWKqVH�TXH�OHV�PROpFXOHV�17�

exploiteront à la fois les points chauds interparticulaires et interclusters. La raison des 

intensités légèrement plus élevées de la SERS pour le NCA#A que pour le NCA#B, malgré 

OD�GHQVLWp�SOXV�pOHYpH�GH�QDQRSDUWLFXOHV�GDQV� OH�1&$�%�� UHVWH�SRXU� O¶LQVWDQW� LQFHUWDLQH��

Toutefois, la plus grande sensibilité du NCA#A, indépendamment des densités de surface 

UpGXLWHV�GH�O¶DQDO\WH�DLQVL�TXH�OD�FRUUpODWLRQ�HQWUH�OD�VHQVLELOLWp�GX�WHVW�HW�OD�GLPHQVLRQ�GH�

O¶DQDO\WH�� PHWWHQW� IRUWHPHQW� HQ� pYLGHQFH� OD� SRVVLELOLWp� GH� FRQFHYRLU� GHV� UpVHDX[�

plasmoniques en tenant compte de la distribution de O¶DQDO\WH�SDU�UDSSRUW�DX[�SRLQWV�FKDXGV�

EM.   

5pVHDX[�G¶FOXVWHUV�GH�QDQRSDUWLFXOHV�DYHF�SRLQWV�FKDXGV�(0�VXU�GHV�

surfaces métalliques 

'DQV�FH�FDV��OHV�FKDPSV�(0�GpSHQGHQW�IRUWHPHQW�GH�OD�SUpVHQFH�GH�VXEVWUDW�G¶RU�HW�

de la taille des clusters de nanoparticules, entraînant des configurations qui présentent une 

sensibilité picomolaire dans la détection des protéines. Les deux types de NCA, utilisés 

dans la section précédente sur des substrats de verre, ont été fabriqués sur un mince film 

G¶RU�GH���� nm déposé sur des substrats de quartz. La AFM et le SEM ont révélé que les 

caractéristiques géométriques des modèles A et B, et celles des NCA, qui en découlent, 
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présentent une variation inférieure à 5 % 

HQWUH�OHV�VXEVWUDWV��/¶REWHQWLRQ�G¶XQ�1&$�

géométriquement équivalent sur des 

VXEVWUDWV�GH�YHUUH��1&$#*ODVV��HW�G¶RU�

�1&$#$X�� JDUDQWLW� TXH� O¶HQTXrWH�

attribue les différences observées 

XQLTXHPHQW� j� O¶HIIHW� GX� VXEVWUDW��

indépendamment de la géométrie des 

NCA (Illustration A.15).  

Propriétés optiques :  Les 

propriétés optiques des substrats 

NCA@Au ont été étudiées via leurs 

VSHFWUHV� GH� UpIOHFWDQFH�� TXL� DIILFKHQW� XQH� EDLVVH� j� GHV� ORQJXHXUV� G¶RQGH� FRUUHVSRQGDQW�

respectivement à 647 nm pour NCA#A et 669 QP�SRXU�1&$�%���/HV�VSHFWUHV�G¶DEVRUEDQFH 

GHV�VXEVWUDWV�1&$#*ODVV�PRQWUHQW�UHVSHFWLYHPHQW�XQ�SLF�G¶DEVRUEDQFH�GH�����HW���� nm. 

La position du pic de résonance plasmonique, tirant fortement vers le rouge pour les NCA, 

peut être en partie attribuée à un fort couplage plasmonique interparticulaire et intercluster 

dans les NCA.  

Simulations numériques:  Des simulations numériques basées sur les différences 

finies dans le domaine temporel (FDTD) ont été effectuées sur les NCA modélisées sous 

forme géométrique grâce à des valeurs basées sur des observations expérimentales. Des 

simulations numériques sur le NCA@Au révèlent des exaltations du champ EM dans les 

espaces interparticulaires et les espaces intercluster pour les NCA#A et NCA#B 

(Illustration A.16). Cependant, les 

SURILOV� GH� FKDPS� (0� GDQV� O¶HVSDFH�

intercluster étaient beaucoup plus 

prononcés dans le NCA#B que dans le 

NCA#A. Une comparaison des profils de 

champs EM obtenus sur des simulations 

numériques de NCA@Glass dévoile des 

observations intéressantes. Dans les deux 

NCA, les exaltations du champ EM se 

Illustration A.15. (a,b) Modèles à l'échelle 
nanométrique, a) Modèle#A et b) Modèle#B qui 
GLULJHQW� OD� IRUPDWLRQ� GH� 5pVHDX[� G¶FOXVWHUV� GH�
nanoparticules (NCA) c) NCA#A et d) NCA#B. 
Les encadrés montrent les illustrations de la 
section transversale des modèles et des NCA. 

Illustration A.16. FDTD simulation des profils de 
champ électromagnétique de (a,c) NCA#A et (b,d) 
NCA#B par comparaison à (a,b) l'or et (c,d) aux 
substrats de verre. 
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sont avérées plus élevées dans le cas du NCA@Au que du NCA@Glass. Contrairement 

aux NCA@Au, dans le cas du NCA@Glass, les NCA#A et #B présentent des exaltations 

EM intercluster similaires.  

Essais plasmoniques:  La sensibilité du NCA@gold à la détection moléculaire par 

les diffusions Raman exaltées en surface a été testée avec une stimulation de 633 nm et 

GHX[�PROpFXOHV�GLIIpUHQWHV��/¶XQH�GHV�PROpFXOHV�HVW�OH��-naphtalènethiol, choisie pour sa 

très petite taille <1 nm et de la facilité avec laquelle une couche SAM conforme peut être 

obtenue sXU�OD�VXUIDFH�GH�O¶RU��/D�WUqV�SHWLWH�WDLOOH�GX�17�OXL�SHUPHWWUDLW�G¶DFFpGHU�DX[�SRLQWV�

chauds EM interparticulaires et intercluster dans le NCA. La deuxième molécule testée est 

une protéine, à savoir la streptavidine marquée au Cy5 (SA-Cy5), interagissant avec la 

surface biotinylée du NCA. Les interactions biotine-streptavidine ont été utilisées comme 

PRGqOH�G¶LQWHUDFWLRQ�HQ�UDLVRQ�GH�VD�IRUWH�DIILQLWp��/HV�GLPHQVLRQV�GH�OD�SDLUH�%37��a�����

nm) et SA-Cy5 (5,8 nm) la rendent trop grande pour se loger dans des points chauds 

interparticulaires, mais favorisent sa présence dans les intervalles intercluster.  

La sensibilité des NCA#A et #B à la détection des NT a été testée en suivant 

O¶LQWHQVLWp�GHV�IUpTXHQFHV�YLEUDWRLUHV�5DPDQ�FDUDFWpULVWLTXHV�GH�17�j����� cm-1 en fonction 

de leur concentration entre 0,07 nM ² �����ȝ0��/HV�HVVDLV�GH�6$-Cy5 ont été réalisés par 

1&$� ELRWLQ\Op�� HQ� VXLYDQW� O¶LQWHQVLWp� GH� OD� IUpTXHQFH� 5DPDQ� FDUDFWpULVWLTXH� GH� &\�� j�

583 cm-1 entre 0,1 - 800 nM (Illustration A.17).399 Les tests ont été effectués dans des 

conditions identiques pour les 

échantillons de NCA@gold et 

NCA@glass. Les NCA@gold présentent 

des intensités de signal supérieures à 

celles de leurs équivalents NCA@glass, 

au moins une fois supérieurs dans les 

tests NT et deux fois dans le cas des 

essais SA-Cy5. La comparaison des 

NCA#A et #B révèle également une 

différence significative entre les 

échantillons de NCA@gold et 

NCA@glass. Dans le cas du NCA@gold, 

le NCA#B montre une sensibilité plus 

Illustration A.17 Essais de (a-c) NT sur NCA et 
(d-f) SA-Cy5 sur NCA biotinylé, comparés à 
1&$�$� HW� 1&$�%� VXU� GHV� VXEVWUDWV� G¶RU� HW� GH�
verre respectivement. L'illustration de la structure 
moléculaire et des dimensions pour NT et SA-Cy5 
est présentée dans l'encadré. 
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élevée que le NCA#A pour le NT et le 

SA-Cy5. Toutefois, les échantillons de 

NCA@glass présentent une tendance 

inverse, puisque dans tous les cas de 

figure le NCA#A a une sensibilité plus 

élevée. 

La combinaison du SA-Cy5 et du 

NCA biotinylé peut être contrôlée par le 

signal de fluorescence du Cy5. Les essais de fluorescence montrent une forte exaltation des 

signaux de fluorescence pour le NCA@gold, deux fois supérieure à ceux du NCA@glass. 

Pour les fluophores, la fluorescence exaltée par métal (MEF) devrait se produire à une 

distance optimale des surfaces métalliques nanostructurées (Illustration A.18). La 

SUpVHQFH�GH�O¶LQWHUDFWLRQ�ELRORJLTXH�SHXW�VHUYLU�j�pORLJQHU�OH�IOXRURSKRUH�GH�OD�VXUIDFH�HW�

DLQVL�pYLWHU�O¶H[WLQFWLRQ�GH�OD�IOXRUHVFHQFH�GXH�DX�FRQWDFW�GLUHFW�HQWUH�OH�IOXRURSKRUH�HW�OH�

métal. Comme observé avec la SERS, les amplifications de la MEF se sont avérées plus 

élevées pour les grands clusters, dans le cas des échantillons NCA@gold, et les petits 

clusters pour les échantillons NCA@glass.  

La comparaison des tendances de sensibilité du NCA@glass et du NCA@gold 

observées dans les essais SERS et MEF est bien conforme aux attentes définies par les 

profils de champ EM obtenus à partir de simulations numériques. Le NCA#B@gold 

présente à la fois de plus fortes exaltations EM inter-cluster et un plus grand nombre de 

points chauds EM interparticulaires que les échantillons du NCA#A@gold. Cela permet à 

OD� IRLV� G¶DPpOLRUHU� OD� VHQVLELOLWp� GX� 17�� TXL� SHXW� RFFXSHU� GHV� SRLQWV� FKDXGV�

interparticulaires et interclusters, et du SA-Cy5, qui peut principalement exploiter les points 

chauds inter-cluster. Dans le cas des échantillons du NCA@glass, les exaltations de champ 

EM se sont avérées similaires pour le NCA#A et #B, même si le NCA#A a trois fois plus 

de points chauds inter-cluster que le NCA#B. Cela est principalement dû à une plus grande 

densité de caractéristiques dans le NCA#A que dans le NCA#B, ce qui augmente le nombre 

de points chauds inter-cluster. Étant donné que le SA-Cy5 pourrait efficacement et 

uniquement exploiter les points chauds inter-cluster, la plus grande densité de nombre de 

points chauds inter-cluster dans le NCA#A le rend plus sensible à la détection des protéines. 

,O�HVW�SRVVLEOH�GH�VXSSRVHU�TXH�FHV�GHQVLWpV�MRXHQW�XQ�U{OH�FOp��pWDQW�GRQQp�O¶DEVHQFH�GH�

Illustration A.18. Évolution spectrale du MEF 
avec concentration de SA-Cy5 sur des NCA 
biotinylés pour (a) tracer le pic d'intensité et (b) 
comparer les NCA#A et NCA#B saturés sur des 
VXEVWUDWV�G¶RU�HW�GH�YHUUH�  
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différence significative dans les exaltations EM inter-cluster entre les deux groupes sur les 

substrats en verre. Cela explique également la différence limitée entre le NCA#A et #B 

dans la sensibilité à la détection de NT sur du verre. Le NT peut exploiter peut également 

exploiter les points chauds interparticulaires, plus nombreux dans le NCA#B.  La limite de 

détection (LOD) du NCA@Au, soit les plus faibles concentrations moléculaires permettant 

XQH�GpWHFWLRQ��V¶HVW�DYpUpH�rWUH�DX�PRLQV�XQH�IRLV�LQIpULHXUH�DX[�HVVDLV�OHV�SOXV�FRQFOXDQWV�

dans le cas des substrats du NCA@glass. Les substrats du NCA@gold ont une LOD de 400 

pM dans le cas de SA-cy5 et de 600 pM dans le cas 

de NT pour la détection basée sur la SERS. Les LOD 

des essais de MEF étaient similaires à ceux des essais 

de la SERS. 

Détection piézoélectrique et 

spectroscopique de biomolécules dans 

leur milieu naturel 

 Un capteur QCM couvert de NCA a été utilisé 

pour effectuer des bioessais hybrides QCM-MEF 

basés sur les interactions streptavidine-biotine. Les 

PHVXUHV�SDU�4&0�RQW�pWp�HIIHFWXpHV�j� O¶DLGH�G¶XQH�

cellule de PHVXUH�SHUPHWWDQW�O¶LQWHUURJDWLRQ�RSWLTXH�

DX� WUDYHUV� G¶XQH� SODTXH� WUDQVSDUHQWH� HQ� VDSKLU�

optique (7,1 mm x 13,9 mm) (Illustration A.19). Les 

capteurs QCM couverts de NCA ont été enrobés de 

monocouches auto-assemblées de biotine-PEG-thiol 

pour définir les couches de récepteur allant servir à 

O¶LQWHUDFWLRQ� DYHF� OD� VWUHSWDYLGLQH�� /D� VXUIDFH� D� pWp�

traitée avec de fortes concentrations de BSA afin de 

bloquer toute zone de liaison non spécifique dans la 

FRXFKH� GH� %37� 6$0�� � 'DQV� O¶pWDSH� VXLYDQWH�� OH�

capteur QCM avec la couche de BPT est exposé à 

différentes concentrations de streptavidine. La 

streptavidine est marquée avec un colorant Cy5 pour 

Illustration A. 19. (a) Réseaux 
plasmoniques composés de réseaux 
G¶FOXVWHUV� GH� QDQRSDUWLFXOHV� G¶RU�
fabriqués sur le capteur QCM. 
/¶LPDJH� GH� OD� SODTXHWWH� GX� FDSWHXU�
QCM à 5 MHz et les mesures de la 
vue de dessus par SEM sont 
présentées avec une illustration de la 
coupe transversale ; (b) 
Configuration de la structure de bio-
interaction utilisée pour les bioessais 
plasmoniques basés sur des réseaux 
G¶FOXVWHUV� GH� QDQRSDUWLFXOHV�
fonctionnalisées au PEG thiol de 
biotine (BPT) interagissant avec le 
SA-Cy5 ; (c) (à gauche) la détection 
corrélative du QCM-SES, (à droite) 
(i) le capteur QCM placé sous 
O¶REMHFWLI�G¶XQ�PLFURVFRSH�FRQIRFDO ; 
(ii, iii) gros plan du module 
microfluidique du QCM avec fenêtre 
optique permettant un accès optique 
pendant les mesures du QCM. 
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permettre la détection fluorimétrique par MEF. Le capteur QCM a séquentiellement reçu 

une injection de streptavidine-Cy5 (SA-Cy5) avec une concentration progressivement 

croissante dans une fourchette de 1,5 à 400 nM. Pour 

FKDTXH�FRQFHQWUDWLRQ��O¶pYROXWLRQ�GH�OD�GHQVLWp�GH�VXUIDFH�

de SA-&\��D�pWp�VXLYLH�HQ� WHPSV�UpHO�j� O¶DLGH�GX�FDSWHXU�

QCM (Illustration A.20a). Lors de la saturation de la 

réponse en fréquence, le capteur est traité au PBS pour 

éliminer la solution de SA-Cy5 et toute trace de SA-Cy5 

QRQ� IL[pH� j� OD� VXUIDFH� DYDQW� G¶HIIHFWXHU� OHV� PHVXUHV� GH�

fluorescence. Puis, la séquence est répétée avec la 

concentration suivante plus élevée de SA-Cy5. Les spectres 

de fluorescence ont été obtenus sans rupture par le capteur 

QCM, le tampon étant en place aux temps correspondants 

à la réponse saturée des isothermes à chaque concentration 

de solution. Comme escompté, les spectres de fluorescence 

montrent une augmentation progressive des intensités avec 

une augmentation des concentrations de SA-Cy5 

(Illustration A.20b). La concordance de la longueur 

G¶RQGH�G¶H[FLWDWLRQ������QP���GX�SLF�G¶DEVRUEDQFH�GH�&\��

(650 nm) et de la résonance plasmonique des clusters de 

nanoparticules, 317 offre des conditions favorables pour 

augmenter les intensités de la MEF. 450,451 

Sensibilités relatives du QCM par rapport à la 

MEF:  Les essais MEF ont été réalisés en utilisant des 

FRQFHQWUDWLRQV�GH�VWUHSWDYLGLQH�MXVTX¶j���� nM. Les limites 

de détection (LOD) les plus basses pour les essais MEF 

peuvent être estimées à 800 pM, pour la plus faible 

FRQFHQWUDWLRQ�� HQ� WHQDQW� FRPSWH� GH� OD� OLPLWH� GH� O¶HVVDL�

WpPRLQ�HW�GH�O¶pFDUW�W\SH�G¶LQWHQVLWp�GH�O¶HVVDL�WpPRLQ��389 La 

densité de masse équivalente correspondant à une 

concentration à 800 pM de la solution peut être extrapolée 

j�SDUWLU�GH�O¶DMXVWHPHQW�GH�/DQJPXLU-Hill, qui équivaudrait 

Illustration  A.20. (a) 
Évolution de la densité de 
masse observée dans la MQC 
en fonction de l'injection 
séquentielle de concentrations 
croissantes de SA-Cy5 sur des 
UpVHDX[� G¶FOXVWHUV� GH�
nanoparticules biotinylés. Les 
valeurs de concentration de la 
solution sont indiquées par la 
réaction de saturation des 
isothermes respectives ; (b) 
évolution du spectre de 
fluorescence en fonction de la 
concentration de SA-Cy5 ; (c) 
tracé de la corrélation entre les 
essais de fluorescence (noir) et 
de QCM (rouge), l'ajustement 
à la fonction de Langmuir-Hill 
étant représenté par des lignes 
en pointillés. La flèche 
verticale du bloc indique les 
densités de surface 
équivalentes de SA-Cy5 telles 
que mesurées dans l'essai 
QCM au point (c). 
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j�XQH�UpSRQVH�GX�4&0�G¶HQYLURQ����� pmol/cm 2, soit 7,9 ng/cm2 ou ~780 molécules/µm2. 

&RPSWH�WHQX�GH�O¶HPSUHLQWH�GH�������P2 (taille du spot laser sous objectif 50x avec NA de 

0,55 pour une excitation de 633 QP��FHOD�FRUUHVSRQGUDLW�j�XQ�VLJQDO�SURYHQDQW�G¶HQYLURQ�

1209 molécules. La sensibilité à la masse du capteur QCM avec cristal de 5 MHz sous 

OLTXLGH�HVW�G¶HQYLURQ���� ng/cm2��FH�TXL�Q¶HVW�WRXWHIRLV�SDV�WRXMRXUV�UHVSHFWp�ORUV�GH�PHVXUHV�

pratiques dans un liquide. 455 Dans les conditions de mesure, une LOD de ~4,6 ng/cm2 est 

REWHQXH� HQ� SUHQDQW� HQ� FRPSWH� XQH� YDOHXU� FRUUHVSRQGDQW� j� WURLV� IRLV� O¶pFDUt type de la 

réponse sous tampon. Cette masse volumique correspond à 6,4 x 1010 molécules de SA-

Cy5 dans une empreinte du QCM de 1,4 cm2. Bien que les limites de détection les plus 

basses de la MEF soient proches de celles du QCM, les signaux de la MEF sont obtenus à 

partir de la concentration moléculaire absolue sur la surface qui est huit fois inférieure à 

celle du QCM. 

Réseaux de nanopiliers - 1DQRVWUXFWXUHV�j�IRUW�UDWLR�G¶DVSHFW� 

'DQV�FHWWH�SDUWLH��QRXV�GpPRQWURQV�O¶LPSDFW�PDQLIHVWH�GH�OD�GLPHQVLRQ�PROpFXODLUH�

des analytes sur celle des 

points chauds EM dans la 

capacité à tirer parti des 

exaltations EM aux points 

chauds interpiliers pour les 

essais de SERS et MEF. Il est 

démontré que le choix de la 

géométrie et de la 

FRQILJXUDWLRQ� GH� O¶HVVDL�

SHUPHW� G¶REWHQLU� GHV�

sensibilités analytiques allant 

MXVTX¶j� XQH� FRQFHQWUDWLRQ�

picomolaire pour les petites 

et plus grandes analytes aux 

points chauds EM. 

Nano-conception des 

espaces interpiliers :  Des 

Illustration A.21. Histogrammes des distances entre les piliers 
en fonction de l'épaisseur des films d'or pulvérisés, et les images 
SEM des réseaux de nanopiliers acquis, vue de haut et inclinée 
(inclinaison de 30º).  Les barres de mesure indiquent 200 nm. 
L'image des réseaux de nanopiliers uniformes de 4" sur des 
plaquetWHV�GH���6L�HVW�SUpVHQWpH�GDQV�O¶HQFDGUp. 
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nanopiliers coniques de 108 nm ± 5 nm 

de hauteur, 77,5 nm ± 9,8 nm de diamètre 

et avec une séparation bord à bord de 

30,6 nm ± 7,3 nm ont été obtenus. Une 

tranche de silicium de 100 mm avec des 

nanopiliers de silicium a été découpée en 

plaquettes de 1x1cm  pour une utilisation 

ultérieure. Le silicium NPA est ensuite 

HQGXLW� SDU� SXOYpULVDWLRQ� G¶XQH� FRXFKH�

DGKpVLYH�GH�FKURPH�SXLV�G¶RU��$X��DYHF�

une épaisseur allant de 20 à 150 nm pour 

obtenir des réseaux ordonnés de 

nanopiliers Au (Au-NPA) (Illustration 

A.21). Les mesures en coupe transversale 

DX�6(0�PRQWUHQW�GDQV� WRXV� OHV�FDV�XQ� UHYrWHPHQW�FRQIRUPH�G¶RU�VXU� OHV�QDQRSLOLHUV�GH�

silicium, ce qui entraîne une augmentation systématique de la hauteur et du diamètre, et 

XQH� GLPLQXWLRQ� GHV� VpSDUDWLRQV� LQWHUSLOLHUV� GDQV� O¶$X-NPA. On observe une croissance 

DV\PpWULTXH�HW�SDU�pWDSHV�GH�O¶RU��DYHF�G¶DERUG�XQH�DXJPHQWDWLRQ�GH�OD�KDXWHXU�GHV�pOpPHQWV�

VXLYLH�G¶XQ�DFFURLVVHPHQW�GX�GLDPqWUH��Uespectivement de ~1,0 nm et ~0,2 nm pour chaque 

QDQRPqWUH� GH� JDLQ� GH� GLDPqWUH� SRXU� O¶RU� SXOYpULVp� (Illustration A.22)�� -XVTX¶j� XQH�

épaisseur de 40 QP� G¶RU� SXOYpULVp�� OH� GLDPqWUH� QH� FKDQJH� SDV� HW� SDU� FRQVpTXHQW� OHV�

séparations interpiliers restent similaires. Cela peut être dû aux piliers de silicium coniques 

qui évoluent en Au-NPA avec une paroi latérale cylindrique suite à une plus grande 

pSDLVVHXU� G¶$X�� � 3RXU� XQH� pSDLVVHXU� VXSpULHXUH� j� �� nm, la séparation Au-NPA a 

systématiquement diminué par étapes de ~0,2 QP�SDU�QDQRPqWUH�G¶RU�SXOYpULVp��DYHF�GHV�

valeurs comprises entre 30,6 nm et 8,4 nm (Illustration A.22d).  

Points chauds EM interpiliers :  La réponse optique des nanopiliers métalliques a 

été étudiée via des expériences de rétroaction avec simulations numériques. Il a été constaté 

que les Au-NPAs réduisent davantage la réflexion que leurs équivalents planaires, et ce 

SRXU�WRXWHV�OHV�pSDLVVHXUV��/D�VWUXFWXUH�GHV�QDQRSLOLHUV�HVW�FRPSRVpH�G¶HVSDFHV�LQWHUSLOLHUV�

LQIpULHXUV�j�OD�ORQJXHXU�G¶RQGH�LQFLGHQWH���Par conséquent, les réseaux de nanopiliers sont 

une structure de sous-ORQJXHXUV� G¶RQGH� TXL� IRXUQLW� XQ� JUDGLHQW� G¶LQGLFH� GH� UpIUDFWLRQ�

,OOXVWUDWLRQ� $���� 6FKpPD� GH� O¶pYROXWLRQ�
JpRPpWULTXH� GHV� QDQRSLOLHUV� G¶RU� D�� 3pULRGH�� E��
Rayon des nanopiliers, c) Séparations bord à bord 
entre les nanoSLOLHUV� VXLYDQW� O¶pSDLVVHXU� G¶$X�
déposée par pulvérisation cathodique d) Schéma 
des différents paramètres géométriques pris en 
compte.  
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HIILFDFH�HQWUH� O¶DLU�HW� OH�VXEVWUDW��FH�TXL� UpGXLW� OD� UpIOH[LRQ�GH� OD� OXPLqUH� LQFLGHQWH�GH� OD�

surfacH�GHV�QDQRSLOLHUV�HW�DPpOLRUH�OD�WUDQVPLVVLRQ�GH�OD�OXPLqUH�j�WUDYHUV�O¶LQWHUIDFH��� 

 Simulations numériques :  La méthode FDTD (Finite-Difference Time-Domain, 

ou de la différence finie dans le domaine temporel) tridimensionnelle (3D) est utilisée pour 

simuler la distribution du champ électrique pour des réseaux de nanopiliers hexagonaux 

G¶pSDLVVHXUV�GLIIpUHQWHV�� �/HV�exaltation de champ électrique sont maximisées lorsque le 

ILOP�G¶RU�D�XQH�pSDLVVHXU�GH���� nm, et correspond à une séparation moyenne de 6,5 nm. 

/¶$X-NPA présente un double avantage ² Premièrement, les nanocônes de silicium 

UpGXLVHQW�OD�UpIOH[LRQ�GH�OD�OXPLqUH�LQFLGHQWH�HQ�pYDOXDQW�OH�GpFDODJH�G¶LQGLFH�GH�UpIUDFWLRQ�

HQWUH� O¶DLU� HW� OH� VLOLFLXP��'HX[LqPHPHQW�� O¶$X-NPA fournit une exaltation élevée de la 

SERS dans les espaces interpiliers en raison du couplage des résonances plasmoniques de 

surface localisées et de la capture efficace de la lumière dans les espaces interpiliers grâce 

j�O¶HIIHW�DQWLUHIOHW�GHV�SLOLHUV�HQ�VLOLFLXP��/D�GLVWULEXWLRQ�VLPulée du champ électrique sur 

O¶Illustration 23 V¶DOLJQH�DYHF�OHV�PHVXUHV�RSWLTXHV�H[SpULPHQWDOHV�HW�PHW�HQ�pYLGHQFH�OD�

conception réussie de géométries de points chauds EM interpiliers en se basant sur les 

UpVHDX[�GH�QDQRSLOLHUV�G¶RU�  

Dépendance à la taille moléculaire :  Le NPA a par la suite été soumis à des 

H[DPHQV�SRUWDQW�VXU�O¶pYROXWLRQ�GH�O¶LQWHQVLWp�GX�VLJQDO�6(56�HQ�IRQFWLRQ�GH�OD�VpSDUDWLRQ�

GH�GHX[�PROpFXOHV�GLIIpUHQWHV�GRQW�OHV�GLPHQVLRQV�PROpFXODLUHV�pWDLHQW�GLVWDQWHV�G¶XQ�RUGUH�

de grandeur, à savoir. une petite molécule organique et une autre, une protéine. Une 

excitation de 633 nm a été enregistrée en utilisant un objectif 50x avec une ouverture 

numérique de 0,55 pour les spectres SERS. Le 1-naphtalène thiol (NT) a été utilisé comme 

petite sonde moléculaire, surtout en raison de ses caractéristiques spectroscopiques bien 

définies, de sa taille sous-nanométrique et de sa capacité à former des monocouches auto-

 Illustration A.23. �D�� 3URILO� G¶LQGLFH� GH� UpIUDFWLRQ� GDQV� OD� VHFWLRQ� WUDQVYHUVDOH� [-z de la 
structure des nanopiliers, (b) Profil de champ électrique dans la section transversale x-z de la 
VWUXFWXUH�GHV�QDQRSLOOLHUV�DYHF�XQH�ORQJXHXU�G¶RQGH�LQFLGHQWH�GH���� nm. 
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DVVHPEOpHV�VXU�OD�VXUIDFH�GH�O¶RU��/¶LQWHQVLWp�GX�VLJQDO�GX�PRGH�pWLUp�GH�OD�SODTXH�GH�1T à 

1377 cm-1 a été suivie pour quantifier les exaltations SERS en fonction des géométries Au-

NPA et des concentrations moléculaires. Des recherches avec une molécule plus grande 

ont été menées avec la streptavidine, une protéine tétramère avec un poids moléculaire de 

55 kDa, et une dimension de 4,2 nm x 4,2 nm x 5,8 nm.405 Pour détecter la streptavidine, la 

surface du NPA a été immobilisée avec de la biotine-PEG-thiol (BPT), avec des groupes 

de tête de biotine se liant GDQV�OD�VROXWLRQ�j�OD�VWUHSWDYLGLQH��6$���/¶pWXGH�D�XWLOLVpH�GH�OD�

streptavidine conjuguée à un colorant Cy5 (SA-Cy5) pour employer le Cy5 comme 

UDSSRUWHXU�5DPDQ�HW�GH� IOXRUHVFHQFH�HW� VXLYUH� O¶LPSDFW�GH� OD�JpRPpWULH�$X-NPA et des 

concentrations moléculaires sur la surface. Les intensités SERS du pic Raman 

caractéristique de Cy5 à 583 cm-1 RQW�pWp�VXLYLHV�SRXU�GpWHUPLQHU�O¶LPSDFW�GH�OD�JpRPpWULH�

Au-13$�HW�OHV�FRQFHQWUDWLRQV�GH�VXUIDFH��/D�ELRWLQ\ODWLRQ�GH�OD�VXUIDFH�D�pWp�VXLYLH�G¶XQH�

concentration élevée dH�%6$�SRXU�EORTXHU�OHV�]RQHV�GH�OLDLVRQ�QRQ�VSpFLILTXHV��SXLV�G¶XQH�

H[SRVLWLRQ� j� OD� VWUHSWDYLGLQH� j� GLIIpUHQWHV� FRQFHQWUDWLRQV�� /¶LQWHUDFWLRQ� ELRWLQH-

VWUHSWDYLGLQH�GDQV� �GHV�FRQGLWLRQV� VLPLODLUHV�D� pWp� UpDOLVpH�j�PrPH� OD� VXUIDFH�GH� O¶RU� HW�

contrôlée grâce à une microbalance à quartz (QCM). Cela valide la résistance aux protéines 

GX�%37��SXLVTXH�O¶HVVDL�D�REWHQX�OH�UpVXOWDW�DWWHQGX� 

/¶LPSDFW�GHV�IRUPHV�$X-NPA, en particulier des points chauds EM interpiliers sur 

O¶pYROXWLRQ�GH� O¶LQWHQVLWp�6(56�GH�17�HW�6$-Cy5 a été étudié à des densités de surface 

saturées de NT et SA-&\��REWHQXHV�UHVSHFWLYHPHQW�j��ȝ0�GH�VROXWLRQ�G¶pWKDQRO�HW����Q0�

de solution dans le PBS. Dans ces conditions, les concentrations moléculaires sont 

suffisamment importantes dans la solution pour assurer une couverture complète sur les 

VXUIDFHV��/¶XWLOLVDWLRQ�G¶XQH�GHQVLWp�GH�VXUIDFH�VDWXUpH�HVW�HVVHQWLHOOH�SRXU�JDUDQWLU�TXH�OHV�

PRGLILFDWLRQV�GH�O¶LQWHQVLWp�GX�VLJQDO�6(56�VRLHQW�HQWLqUHPHQW�DWWULEXDEOHV�j�OD�IRUPH�$X-

NPA. Comme le confirment les sLPXODWLRQV�QXPpULTXHV�� O¶$X-NPA présente des points 

FKDXGV�G¶LQWHUYDOOH�(0�DX�QLYHDX�GHV�HVSDFHV�LQWHUSLOLHUV�DYHF�GHV�LQWHUYDOOHV�YDULDQW�GH�

30,6 nm à 8,4 nm. Étant donné les dimensions moléculaires de NT (d NT ~ 0,5 nm) et BPT 

² SA-Cy5 (dBPT + dSA-Cy5 ~ 7,7 QP��� LO� IDXW�V¶DWWHQGUH�j�FH�TXH�17�SXLVVH�DFFpGHU�DX[�

SRLQWV�FKDXGV�(0�LQWHUSLOLHUV��4XRL�TX¶LO�HQ�VRLW��OH�6$-Cy5 ne pourrait accéder aux points 

FKDXGV�(0�DYHF�GHV�LQWHUYDOOHV�LQIpULHXUV�DX[�GLPHQVLRQV�G¶LQWHUDFWLRQ� 
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 La réponse en intensité SERS de 

NT et SA-Cy5 en fonction des 

séparations interpiliers est indiquée dans 

O¶illustration A.24. Les intensités SERS 

pour les deux molécules étaient adaptées 

aux séparations minimales et maximales 

SRXU�XQLTXHPHQW�VXLYUH�O¶pYROXWLRQ�GH�OD�

réponse en fonction de la séparation. Les 

séparations interpiliers ont été exprimées 

en unités de dimensions moléculaires 

respectives, ainsi, les séparations 

expérimentales Au-NPA pourraient être 

représentées comme 4,9 - 0,5 unité de 

SA-Cy5 ou 65,2 - 14 unités de NT. 

(Illustration A.24a) Dans le cas de la 

détection SA-Cy5, les espaces 

interpiliers prennent en compte la 

UpGXFWLRQ� GH� O¶LQWHUYDOOH� GXH� j� OD�

monocouche auto-assemblée et pré-

adsorbée de BPT (dBPT ~ 2,2 nm), ce qui 

réduit encore la séparation de 4,4 nm. La 

réponse suivant la diminution des écarts interpiliers montre une augmentation significative 

des intensités de signal en deçà de séparations de 15,9 nm pour NT et SA-Cy5. La montée 

GHV�LQWHQVLWpV�GX�VLJQDO�6(56�MXVTX¶j�O¶LQWHQVLWp�PD[LPDOH�HVW�SOXV�IRUWH�GDQV�OH�FDV�GH�17�

que de SA-Cy5.  (Illustration A.24a) /D�UpSRQVH�GX�17�FRQWLQXH�G¶DXJPHQWHU��PDLV�HVW�

moins accentuée entre 16,3 nm et 8,4 nm, ce qui semble indiquer la saturation. La saturation 

apparente peut être liée à la fusion partielle de certaines des caractéristiques à 150 nm 

G¶pSDLVVHXU�GDQV�O¶pFDUW�W\SH�GHV�SpULRGLFLWpV�GHV�SLOLHUV��FRPPH�OH�PRQWUHQW�FHV�LPDJHV�

obtenues au microscope électronique. Malgré les faibles écarts-types de périodicités des 

Illustration A.24. Comparaison de la dépendance 
du signal SERS sur la séparation interpiliers dans 
Au-NPA pour le NT (courbe noire) et SA-Cy5 
(courbe rouge). Les espaces interpiliers sont 
indiqués dans les unités de dimensions 
G¶LQWHUDFWLRQ� 17� �dNT) et SA-Cy5 (dSA-Cy5). Les 
images du SEM représentant les vues de dessus et 
inclinée de Au-NPA aux séparations les plus 
faibles et les plus importantes servent de référence. 
(b) Schéma des dimensions relatives de la paire 
NT et (SA-Cy5) ² BPT (c, d) et de leur répartition 
attendue sur Au-NPA avec (c) des séparations 
faibles et (d) des séparations importantes. 
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réseaux, cibler des écarts interpiliers comme les écarts-types risquerait de combler les 

LQWHUYDOOHV� PLQLPHV� G¶XQH� VpULH� GH� SLOLHUV�� /D� IXVLRQ� SDUWLHOOH� UpGXLW� OHV� GHQVLWpV� GHV�

caractéristiques de 120 µ m-2 à 40 µm-2, faisant passer la densité des espaces interpiliers de 

~491 µ m-2 à 161 µm-2, soit une réduction de près de 67 % de la densité des points chauds. 

Les espaces interpiliers restants sont plus faibles, ce qui entraîne des exaltations EM plus 

LPSRUWDQWHV�� HW� H[SOLTXHUDLW� O¶DXJPHQWDWLRn continue des intensités de signal observées.  

Contrairement au cas de NT, les intensités avec SA-Cy5 ont été observées pour augmenter 

moins fortement à des séparations de piliers inférieures à 15 QP��FH�TXL�UHYLHQW�HQ�G¶DXWUHV�

termes à des intervalles de dimensions deux fois inférieures à celles de SA-Cy5. 

/¶DXJPHQWDWLRQ�SURJUHVVLYH�GHV� LQWHQVLWpV�GH�VLJQDO SA-Cy5, par rapport à celle de NT, 

SRXUUDLW�UpVXOWHU�GH�O¶LPSRVVLELOLWp�j�H[SORLWHU�OHV�SRLQWV�FKDXGV�(0�LQWHUSLOLHUV�j�FDXVH�GH�

O¶HQFRPEUHPHQW�VWpULTue empêchant de pénétrer dans les intervalles. Lorsque les espaces 

interpiliers se réduisent encore, atteignant 8,4 nm, les contraintes spatiales excluent la 

possibilité de tout SA-Cy5 aux points chauds inter-piliers, car les intervalles sont alors dans 

O¶LQFDSDFLWp�G¶DFFXHLOOLU�OD�PROpFXOH��&HOD�IDYRULVH�XQH�WUDQVLWLRQ�YHUV�OD�6$-Cy5 occupant 

HQWLqUHPHQW�OH�VRPPHW�GH�O¶$X-NPA avec la possibilité de se développer à la mesure des 

exaltations EM dans des zones plus proches des points chauds EM.  Si les arguments 

V¶DYpUDLHQW�MXVWHV��OH�17�WLUHUDLW�OH�PHLOOHXU�SDUWL�GH�VD�FR-localisation avec les points chauds 

(0� LQWHUSLOLHUV�� HW� FH� MXVTX¶DX[� SOXV� SHWLWHV� LQWHUYDOOHV�� HW� SDU� FRQVpTXHQW� DXUDLW� XQH�

sensibilité analytique plus élevée que SA-Cy5. En comparaison, le SA-Cy5, incapable de 

pénétrer dans les intervalles, ne pourrait pas exploiter les points chauds EM les plus 

SHUIRUPDQWV��FRQWULEXDQW�j�OD�GpWHFWLRQ�G¶XQH�VHQVLELOLWp�OLPLWpH��$ILQ�GH�FRQILUPHU�FHWWH�

K\SRWKqVH��XQH�pYDOXDWLRQ�GH� O¶$X-NPA 

aux séparations les plus réduites 

(désormais nommé A-NPA_150) a été 

effectuée pour ses performances dans les 

essais quantitatifs de NT et SA-Cy5. 

(Illustration A.25) 

Les intensités du signal SERS des 

pics caractéristiques de NT et SA-Cy5 

ont été suivies comme précédemment en 

IRQFWLRQ� GH� O¶DXJPHQWDWLRQ� GHV�

Illustration A.25. Comparaison des tests SERS de 
(a,c) NT et (b,d) SA-CY5 sur AU-NPA_150 
biotinylé, montrant l'évolution spectrale Raman 
(a,b) et la courbe d'intensité du pic caractéristique 
de (c) NT (à 1377 cm-1) et (d) SA-Cy5 (à 583 cm-
1) en fonction de la concentration. Les lignes en 
pointillés montrent les ajustements de Hill-
Langmuir. Les ajustements montrent la réaction en 
fonction de la concentration représentée sur 
l'échelle logarithmique. 
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concentrations de solution des molécules respectives. 

/HV� WHVWV�PRQWUHQW� O¶H[FHOOHQWH� UpSRQVH�TXDQWLWDWLYH�

des intensités du signal SERS avec de faibles écarts 

types, même en répétant les tests en utilisant des 

puces de capteur provenant de lots différents. Les 

VLJQDX[�SRXU�17�VXU�O¶$X-NPA_150 ont été observés 

MXVTX¶j�� Q0�GDQV� OD� IRXUFKHWWH�G¶H[SpULPHQWDWLRQ��

tandis que les limites de détection les plus basses 

(LOD), prenant en compte la limite du test témoin, 

ont été estimées à 800 pM.  Dans le cas de SA-Cy5, 

les signaux ont atteint des concentrations de 1nM, 

tandis que la LOD était estimée à 1,3 nM. En 

considérant que chaque SA-Cy5 a ~10 molécules de 

Cy5, la LOD correspond à la transmission du signal 

par les concentrations de Cy5, qui est effectivement 

supérieure. La LOD du SA-Cy5 est donc nettement 

inférieure à celle du NT, malgré le fait que le pic 

G¶DEVRUSWLRQ�GH�&\������ nm) soit proche de celui de 

OD� ORQJXHXU� G¶RQGH� G¶H[FLWDWLRQ� GH� ��� nm, et est 

GRQF� FDSDEOH� G¶H[FLWDWLon Raman par résonance. 

/¶H[FLWDWLRQ�5DPDQ�SDU�UpVRQDQFH�SHXW�FRQWULEXHU�j�

obtenir des amplifications de signal 3 fois supérieures 

à ces équivalents non résonnants.399 La plus grande sensibilité dans la détection de NT est 

HQ�OLHQ�DYHF�OHV�REVHUYDWLRQV�GH�O¶LPSact des dimensions moléculaires sur les exaltations 

GH�OD�6(56�EDVpHV�VXU�OD�WDLOOH�GH�O¶LQWHUYDOOH�  

Une stratégie pour surmonter le problème de la limitation stérique au positionnement 

des molécules sur points chauds consiste à utiliser la fluorescence exaltée par métal (MEF) 

j� OD� SODFH� GX� 6(56�� &RQWUDLUHPHQW� j� OD� 6(56�� OD� 0()� QpFHVVLWH� TXH� O¶DQDO\WH� VRLW�

positionné à distance optimale des points chauds pour exploiter les fortes exaltation. 425±427 

&HOD�SUpVHQWH�O¶DYDQWDJH�G¶DOOpJHU�SDUWLHOOHPHQW�OHV�FRQWUDLQWHV�VSDWLDOHV�OLpHV�j�OD�6(56��

Pour étudier la question, les analyses de SA-Cy5 représentées dans les illustrations A.24 

et A.25 RQW�pWp�UpSpWpHV�WRXW�HQ�PHVXUDQW�OHV�LQWHQVLWpV�G¶pPLVVLRQ�GH�IOXRUHVFHQFH�GH�6$-

Illustration A.26. Évolution 
spectrale du MEF de la couverture 
saturée de SA-Cy5 sur l'AU-NPA 
biotinylé en fonction de l'épaisseur de 
l'or. Les spectres d'émission de la 
molécule de SA-Cy5 en solution sont 
présentés à titre de comparaison. b) 
Spectres MEF acquis sur AU-
NPA_150 en fonction des 
concentrations de SA-Cy5 et d) 
Dosage MEF de SA-Cy5 sur AU-
NPA_150 biotinylé. La ligne en 
pointillés indique l'ajustement à la 
fonction de Hill-Langmuir. 
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Cy5 en fonction des concentrations. Les spectres de fluorescence présentent une forte 

exaltation SDU�UDSSRUW�DX[�FRQWU{OHV�GX�VXEVWUDW�G¶RU�EUXW�HW�VH�VRQW�DPSOLILps à mesure de 

O¶pSDLVVLVVHPHQW� GH� OD� FRXFKH� G¶RU�� O¶$X-13$B���� SUpVHQWDQW� WRXMRXUV� O¶exaltation 

maximale du signal parmi les Au-NPA. (Illustration A.26) Le tracé des intensités de pic 

de fluorescence de SA-Cy5 a donné une réponse quantitative concluante liée à la 

concentration de SA-Cy5, avec le signal observable le plus faible à une concentration de 

����S0��8QH�/2'�GH�����S0�D�pWp�HVWLPpH�HQ�WHQDQW�FRPSWH�GH�OD�PR\HQQH�HW�GH�O¶pFDUW�

W\SH�GX�VLJQDO�WpPRLQ��DLQVL�TXH�GH�O¶pFDUW�W\SH�GHV�LQWHQVLWpV�GX�VLJQDO�à la concentration 

la plus faible. La LOD observée dans les tests MEF est inférieure à celle des tests de SERS, 

QRWDPPHQW�JUkFH�j�OD�FRPSDWLELOLWp�GH�O¶H[LJHQFH�VSDWLDOH�DYHF�OD�GLPHQVLRQ�GHV�PROpFXOHV��

2Q�FRQVWDWH�pJDOHPHQW�OD�VHQVLELOLWp�pOHYpH�GH�O¶$X-NPA_150 dans les test MEF par les 

exaltation ��IRLV�SOXV�pOHYpHV�SRXU�O¶$X-13$B����FRPSDUp�j�OD�VXUIDFH�G¶RU�EUXW�GDQV�GHV�

conditions identiques. Les exaltation observées sont supérieures à celles rapportées dans la 

littérature, pour les tests MEF basés sur Cy5 427,485±487 RX� G¶DXWUHV� FRORUDQWV�� 488,489 et 

peuvent être attribuées à un grand nombre de points chauds EM fortement exaltés sur les 

réseaux de piliers.  

Conclusions et perspectives 

La thèse décrit les travaux réalisés dans le cadre du projet PLASENS, financé par le 

)RQGV�1DWLRQDO� GH� OD�5HFKHUFKH� GX�/X[HPERXUJ��(OOH� WUDLWH� GH� O¶pWXGH� GH� QDQRUpVHDX[�

plasmoniques conçus de manière rationnelle pour relever les défis de la détection 

bioanalytique grâce à des spectroscopies exaltées de surface (SES). Cette thèse identifie les 

FRQILJXUDWLRQV� TXL� UHQIRUFHQW� O¶HIIHW� GH� OHYLHU� VXU� OHV� SRLQWV� FKDXGV� pOHFWURPDJQpWLTXHV�

(EM). Grâce à la co-ORFDOLVDWLRQ�GH�O¶DQDO\WH��OHV�SRLQWV�FKDXGV�(0�UpGXLVHQW�OD�VHQVLELOLWp�

j� GHV� FRQFHQWUDWLRQV� SLFRPRODLUHV�� /D� WKqVH� pWDEOLW� G¶LPSRUWDQWHV� FRUUpODWLons entre la 

géométrie Ù les propriétés optiques/spectroscopiques Ù la sensibilité dans les essais 

moléculaires avec des expériences combinées à des simulations numériques. Les résultats 

ouvrent de nouvelles opportunités pour une conception rationnelle de capteurs 

SODVPRQLTXHV�SUHQDQW�HQ�FRPSWH�OHV�GLPHQVLRQV�GHV�PROpFXOHV�G¶analyte dans la géométrie 

des assemblages nanoplasmoniques. 

/H� SURMHW� WLUH� SDUWL� GHV� SRVVLELOLWpV� RIIHUWHV� SDU� OD� PpWKRGH� G¶DXWR-assemblage 

moléculaire basée sur les copolymères amphiphiles et les colloïdes qui en sont dérivés.  
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&HWWH�PpWKRGH�D�SHUPLV�G¶REtenir des écarts types spécifiques et faibles de <15 % pour les 

SULQFLSDOHV�YDULDEOHV�JpRPpWULTXHV��XQ�FRQWU{OH�RUWKRJRQDO�GH�OD�WDLOOH�HW�GH�O¶HVSDFHPHQW�

entre les caractéristiques, et des options de transfert du modèle pour réaliser différentes 

interfaces nanoplasmoniques. La définition des réseaux nanoplasmoniques ainsi obtenus a 

contribué à la facilité de la modélisation géométrique pour la prédiction et la 

FRPSUpKHQVLRQ� GHV� SURSULpWpV� RSWLTXHV� HW� VSHFWURVFRSLTXHV�� � /HV� SDUDPqWUHV� G¶DXWR-

assemblage, à la fois au stade de la production du modèle et du transfert du modèle, 

pourraient être rigoureusement contrôlés pour assurer une uniformité, reproductibilité et 

évolutivité élevées des réseaux plasmoniques ainsi obtenus sur des plaquettes entières de 

�´�� 

 

Les points chauds électromagnétiques (EM) à haute résolution spatiale ont été 

IDEULTXpV�DYHF�OD�PpWKRGH�G¶DXWR-assemblage moléculaire. Les nanoréseaux plasmoniques 

constitués de nanostructures métalliques discontinues, basés sur des clusters de 

nanoparticules et des topographies continues bien que tridimensionnelles, et reposant sur 

des nanopiliers métalliques, ont été mis au point pour étudier la dépendance des sensibilités 

à la taille des molécules cibles en utilisant la spectroscopie Raman exaltée par effet de 

surface (SERS) et la fluorescence exaltée en surface en (SEF).  

Des réseaux de clusters de nanoparticules (NCA) aux formes hybrides uniques, 

permettant à la fois des points chauds EM <1 nm entre les nanoparticules du cluster et 

<10 nm entre les clusters, ont été étudiés. La contribution des points chauds 

interparticulaires et des points chauds inter-cluster dans les sensibilités de détection liées la 

WDLOOH� GHV�PROpFXOHV� G¶DQDO\WH� HVW� pWXGLpH�� /HV� VWUDWpJLHV� SRXU� DPpOLRUHU� OHV� VHQVLELOLWpV�

identifiées et les détections quantitatives très sensibles ont été démontrées en utilisant une 

petite sonde organique et un modèle de test sandwich. En outre, les capacités du QCM-SEF 

en milieu naturel ont été démontrées, ce qui permet de corréler les signaux spectroscopiques 
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avec la concentration de surface des molécules cibles. La méthode peut étendre son 

SRWHQWLHO�G¶DSSOLFDWLRQ�j�XQH�DQDO\VH�VSHFWURVFRSLTXH�HQ�WHPSV�UpHO�HW�IDLUH�OH�OLHQ�DYHF�OH�

WUDQVSRUW� GH�PDVVH� GH� O¶DQDO\WH� VXU� OD� VXUIDFH� HQ�PLOLHX� QDWXUHO��/D méthode étendue a 

également été utilisée pendant ces travaux afin de rationaliser les configurations par 

O¶LGHQWLILFDWLRQ�GHV�IDFWHXUV�FOpV�FRQWULEXDQW�DX[�VHQVLELOLWpV�GH�GpWHFWLRQ�HW�OH�PDLQWLHQ�GX�

contrôle des fonctionnalisations de surface pour identifier les facteurs provoquant des écarts 

W\SHV�RX�GHV�YDULDWLRQV�GH�VLJQDO��'HV�UpVHDX[�GH�QDQRSLOLHUV�UHFRXYHUWV�G¶RU��13$��VRXV�

forme de nanostructures tridimensionnelles continues et rigides de moins de 10 nm ont 

également été étudiés. Leurs écarts interpiliers ont été contrôlés par tranches de moins de 

5 QP� HW� O¶LPSDFW� GH� OD� IHUPHWXUH� GH� OD� VpSDUDWLRQ� VXU� OD� VHQVLELOLWp� GH� GpWHFWLRQ� GHV�

molécules de taille différente a été observé. Outre la démonstration des concentrations 

SLFRPRODLUHV� HW� G¶LQWHQVLWpV� GH signal fortement exalté pour la SERS et la SEF, les 

contributeurs aux sensibilités de détection ont été évalués.  

Les recherches présentées dans la thèse pourraient déjà être prolongées pour des 

résultats préliminaires montrant une grande sensibilité dans la détection des protéines via 

des tests immunologiques et des oligonucléotides.  Les recherches à venir gagneraient à 

améliorer la logistique des mesures grâce à des fluides intégrés aux plaquettes et aux 

mesures spectroscopiques portables. Les interfaces doivent être testées et optimisées pour 

IRQFWLRQQHU�GDQV�GHV�PLOLHX[�FRPSOH[HV�WHOV�TXH�OHV�FUDFKDWV��OH�VDQJ�HW�O¶XULQH��TXL�SHXYHQW�

poser différents problèmes. La question des limitations de la diffusion se pose à des 

concentrations ultra-faibles, ce qXL� HQWUDvQH� OH�SUREOqPH�GH� O¶DQDO\WH�TXL�GRLW� WURXYHU� OD�

surface comme on « trouve une aiguille dans une botte de foin ª���,O�HVW�QpFHVVDLUH�G¶DGRSWHU�

GHV�DSSURFKHV�LQGpSHQGDQWHV�SRXU�DPpOLRUHU�OH�WUDQVSRUW�GH�PDVVH�GH�O¶DQDO\WH�DILQ�TX¶LO�

reste compatible avec la stabilité et les performances des transducteurs nanoplasmoniques. 
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Points  chauds  électromagnétiques 
conçus pour la détection biologique par 
spectroscopie améliorée par plasmon 
 
 
La détection nanoplasmonique repose sur des 
champs électromagnétiques exaltés à proximité de 
la surface des métaux nanostructurés pour détecter 
les molécules à des concentrations ultra-faibles. Les 
exaltations de champ sont fortement prononcées 
aux jonctions entre les nanostructures adjacentes, 
ce qui entraîne des points chauds. Les exaltations 
de champ en ces points chauds augmentent de 
façon non linéaire en fonction des distances 
jusqu’au régime inférieur à 10nm. Les analytes pré-
sents à ces lacunes peuvent tirer parti de ces exalta-
tions de champ, résultant en une sensibilité ultra-
élevée dans la détection. Toutefois, ces lacunes de 
champ confiné affectent la capacité des grands 
analytes tels que les biomolécules d’entrer et de 
tirer ainsi parti des champs EM dans les lacunes. 
Cela présente des besoins spatiaux pour exalter les 
champs EM en contradiction avec ceux pour accueil-
lir les interactions biomoléculaires. Cette thèse dé-
montre la conception rationnelle des configurations 
de réseaux qui permet aux hotspots EM d’être mieux 
exploités par le témoin de l’événement de liaison 
biomoléculaire.  La thèse utilise l’approche molécu-
laire basée sur l’auto-assemblage pour fabriquer 
des nanoréseaux plasmoniques reproductibles sur 
des plaquettes complètes. Plusieurs paramètres 
sont envisagés, y compris la dimension, la forme et 
la densité des points chauds, la fonctionnalisation 
de surface, et le choix des substrats, pour démontrer 
la détection quantitative des molécules jusqu’aux 
concentrations picomolaires. 
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Nanoplasmonic sensing relies on enhanced electro-
magnetic fields at the vicinity of nanostructured 
metal surface to detect molecules at ultra-low con-
centrations. The EM enhancements are strongly 
pronounced at junctions between adjacent 
nanostructures resulting in gap hot-spots. EM en-
hancements at these hot-spots increase non-linearly 
as a function of gap distances down to sub-10 re-
gime. Analyte present at these gaps can leverage 
these EM enhancements, resulting in ultra-high 
sensitivity in detection. However, such confining 
gaps affect the ability of large analytes such as 
biomolecules to enter and thereby leverage EM fields 
within the gaps. This presents spatial needs to en-
hance EM fields at odds with those for accommodat-
ing biomolecular interactions. This thesis demon-
strates the rational design of array configurations 
that allows the EM hotspots to be better leveraged 
by the reporter of biomolecular binding event.  The 
thesis uses molecular self-assembly based ap-
proach to fabricate reproducible plasmonic nanoar-
rays on full wafers. Multiple parameters are consid-
ered including the dimension, shape, and density of 
hotspots, surface functionalization, and the choice 
of substrates, to demonstrate quantitative detection 
of molecules down to picomolar concentrations. 
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enhanced spectroscopy – nanophotonics – surface 
plasmon resonance – lithography – electromagnetic 
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