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The presented results in this thesis are organized in two categories. In Chapter 4, a 

developed cell micropatterning technique has been introduced with subsequent 

demonstration of integrated plasmonic sensors into these micropatterns in Chapter 5 for 

biosensing applications. In Chapters 6 and 7, the fabrication of two distinct plasmonic 

platforms has been described with the purpose of significantly improving the detection 

limit. The development of a 3D structure for ultra-sensitive SERS measurements with a 

higher affinity of trapping molecules at a low concentration is provided together with 

SERS measurements for a selected model molecule.    

Finally, I provide a summary of the presented works in Chapter 8 and critically review 

some of the emerging fields, where SERS can be of interest as well as the possible 

technical improvements yielding better reproducibility and better sensitivity of the SERS 

platforms for ultra-sensitive detections. I also discuss the potential future works for the 

projects presented in this thesis. 
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where  ⃗⃗      is the in-plane component of the wave vector of the incident light, 
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  The reciprocal lattice wave vectors  ⃗⃗  and  ⃗⃗  describe a square lattice 

when | ⃗⃗ | = | ⃗⃗ | = 
  

 
, where p is the spacing between adjacent nanoholes, and i and j are 

integers expressing the scattering mode indices (some examples of i and j are illustrated in 

Figure 2.7). Inserting equation (2) into equation (3) results in the dispersion relation 

between light and SP, which is formulated as:  
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Figure 2.6 (A) Dispersion curves of SP and light line (=ckx), sp is a SP frequency. 

(B) Two-dimensional grating of a square lattice holes: (p) is the spacing between 

adjacent holes and (a) is the width of holes. 
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When both the incident beam and the scattered Raman signals are near that of the LSPR 

resonance wavelength (λLSPR), the maximum enhancement due to the EM mechanism will 

occur.
68,105

                                                                   

The lightening rod effect is influenced by the shape of the nanostructure or the 

nanoantenna. The very sharp apex or edges of the metallic nanostructure called 

nanoantenna, generates highly localized surface charge densities that enhance the 

electric field locally at the sharp end of the metallic nanoantenna. This can be attributed 

to the gap size of the two facing nanoantennas such as facing bow-tie assemblies of 

nanotriangles or nanoparticles in close proximity. By decreasing the gaps between 

nanoantennas, this effect can be enhanced. The incident light drives the metal free 

electrons along the polarization direction. Because the charge density is zero inside a 

metal at any instant of time, charges accumulate on the surface of the metal.
106

  

As mentioned earlier in section 2.2.3.2, the SP is efficiently excited if the wavelength of 

the laser matches the plasmon resonance(s) of the metal. Such plasmon resonances 

depend on the material property and the shape of the nanoantennas. Sharper objects with 

a higher aspect ratio generate stronger confined fields.
107,108

 Excitation of the antenna 

resonance depends on the wavelength of the incident light. In this case, a highly 

localized and enhanced electric field is observed at sharp edges of the nanostructures, so 

called nanoantennas.
109

 The polarization of the incident light with respect to the shape of 

the nanostructure is also playing a pivotal role.
75,110

 A more detailed description of the EF 

and the experimental method to estimate the values in complex nanostructures are 

described in Chapter 6 and 7.  
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Despite the fact that the EM mechanism dominates the enhancement mechanism at work 

for SERS, there are some observations that cannot be explained by this theory, suggesting 

there are other factors. This includes (i) the difference observed for the SERS spectrum of 

a molecule and its normal Raman spectrum, (ii) the inconsistent EF obtained when 

different molecules have been studied such as non-resonant and resonant molecules under 

the same experimental conditions, and finally (iii) the discrimination in the enhancement 

of the different bands in a SERS spectrum. Such observations can be better addressed by 

the chemical mechanism as explained in the following section.
111,112

 

2.2.4.1.2 Chemical Mechanism 

The presence of the chemical mechanism was evidenced when enhancement of the 

Raman scattering was observed even without using metallic plasmonic nanostructures in 

the plasmonic region of interest
 
or using flat metal surfaces.

113,114
 Under the described 

conditions, no EM enhancement is expected to be observed. Therefore, a different 

mechanism has to be involved for the enhancement of the Raman scattering. These 

mechanisms typically induce 1-4 orders of magnitude of enhancement and are 

categorized under chemical mechanisms. Three different sub-mechanisms involved in 

chemical mechanism are depicted in Figure 2.10 A-C along with EM mechanism for the 

purpose of comparison.
115

 
 

 

Studies on non-EM enhancement mechanisms suggested that the resonance between the 

metal nanostructure and the incident laser induces a charge transfer between the 

metallic nanostructure and the adsorbed molecules.
97,116 

For charge transfer to happen, 

the metal and the probe molecule must be in close enough proximity for the 

corresponding wave functions to overlap. However, the exact mechanism at work for 

charge transfer is not fully understood.  
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Figure 2.10 Illustration of different enhancement mechanism (a)-(c) demonstrate 

three types of chemical mechanism while (d) shows electromagnetic mechanism.
120

 

 

A mechanism was proposed by Pettinger in 1986.
117

 He suggested that the plasmon 

resonances in the metal can be excited by radiation through which an electron-hole pair 

is generated. As a result, the energy of resonant metal is transferred to the molecule to 

promote it to an excited state. The energy will then be sent back inelastically by the 

molecule to the metal after its relaxation to the ground state. At this stage, the excited 

SP emits a photon. The HOMO and LUMO energy states of the metal and the adsorbent 

should be taken into account to explain the charge transfer. Initially, the energy level 

between the HOMO and LUMO of the probe molecule is too high to be reached upon 

illumination by laser. However, the HOMO and LUMO of the metal are at the same 

Fermi energy level. It is proposed in the literature that a sample-metal complex is 

formed when the sample is in direct contact with the metal surface.
118,119 

This formation 

expedites a charge transfer from the HOMO of the molecule to the LUMO of metal and 
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from there to the LUMO in the molecule eventually as depicted in Figure 2.10A. By 

this means, the Raman scattering cross-section is enhanced through decreasing the 

energy gaps between the bands and enabling an electronic transition of the molecule. 

Resonance Raman is another source for chemical enhancement in addition to the charge 

transfer effect.
115,121 

Resonance Raman is very similar to the molecular resonance 

mechanism. The only difference is that the presence of a metal tip induces the resonance 

by altering the excitation energy of the molecule and consequently through the 

nanoantennas of the nanostructure altering the resonance conditions. Therefore, 

although the resonance Raman is not a surface effect, it should be considered due to the 

impact of the metallic nanoantennas on resonance Raman enhancement.
100 

Resonance 

phenomenon could generate 3-6 orders of magnitude of the total enhancement, when the 

incident Raman beam matches or is close to an allowed electronic transition of the studied 

molecules.
100 

Herein, the presence of metallic nanostructure alters the excitation energies of 

the molecule, leading to the formation of surface-enhanced resonance Raman spectroscopy 

(SERRS).
100,115,118

 
    

Non-resonant chemical mechanism is the third source for chemical enhancement 

providing 2 orders of magnitude
 
or less contribution to total enhancement. Non-

resonant chemical mechanism is due to interaction between the ground state of the probe 

molecules and the metal upon placing the sample in the vicinity of a noble metal. 

Quantum mechanical calculations suggest that this phenomenon is greatly dependent to 

size, charge, binding site and the molecule’s orientation with respect to the metal cluster 

and also the separation between the two.
115,122,123 

Depending on the orientation of the 

molecule with respect to the nanoantennas on the nanostructure, certain Raman modes 

could or could not be excited while charge transfer or resonance conditions are absent. 
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The charge transfer effect is typically much more pronounced in SERS measurements as 

compared to tip-enhanced Raman spectroscopy (TERS), another Raman-based advanced 

optical and spectroscopic technique with nanoscale spatial resolution.
124 

For instance, the 

charge transfer has only been observed in previously published TERS study of adenine 

nucleobases and has not been detected for other nucleobases such as cytosine and 

thymine.
125-128

 Chemical enhancement is excluded from the work presented in this thesis 

because of two main reasons: (i) First, chemical enhancement is very dependent on the 

sample and (ii) the molecules used in this thesis are all non-resonant molecules. It is 

worthwhile to mention that the chemical and EM mechanisms can both be present to 

generate further enhancement of the Raman scattering. Both effects are typically used in 

single molecule Raman spectroscopy. Molecules such as dyes (Rhodamine, malachite 

green, methylene blue) are often used to further increase the Raman signal under 

resonance conditions. The contribution of each mechanism varies depending on the 

electronic transitions in the molecular systems of interest for a selected irradiation 

wavelength..
100

 

2.3 Summary 

The underlying principles of micropatterning and SERS were reviewed in this Chapter. 

First, distinct major micropatterning methods including photolithography, microcontact 

printing, and microfluidic patterning along with other widely-used patterning approaches of 

stencil, inject and plasma-assisted patterning were discussed thoroughly. Second, Raman 

scattering was introduced as the inelastic scattering of light caused by laser induced 

molecular vibrations in a medium. The low cross-section of this inelastic scattering 

would be improved within plasmonic fields generated at the surface of a noble metal 

upon illumination by a proper laser wavelength. The phenomenon includes the basis for 

surface-enhanced Raman spectroscopy providing a highly sensitive analytical method 
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to detect very low concentrations of a wide range of samples. It was further discussed 

that the dielectric function of noble metals and also the dimension and size of the 

metallic nanostructures play substantial roles in excitation of their plasmon resonances. 

The enhancement of the Raman scattering in SERS was analyzed on the basis of two 

mechanisms termed as the EM enhancement and chemical enhancement. The former is 

believed to play a dominant role in the accessible enhancement in SERS while the latter 

is more pronounced in surface-enhanced method where the molecules come to direct 

contact with the metal surface. Keys to obtaining ultra-sensitive SERS measurements are 

the development of novel plasmonic platforms. The principles of two major techniques used 

in this thesis to fabricate such developed plasmonic platforms along with SERS 

experimental setup has been discussed in detail in the following chapter.  
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Chapter 3  

 

3 Fabrication techniques of plasmonic platforms 

Surface-enhanced Raman spectroscopy (SERS) is a promising technique for chemical 

analysis and surface characterization offering a highly sensitive tool down to single 

molecule. Nevertheless, several challenges limit the widespread application of this 

technique. Fabrication of efficient and uniform SERS platforms is indeed one of the most 

critical challenges.
1
 This is limited by the material as well as the size of the nanoscale 

features that are responsible for generating localized enhanced nanoscale regions of so-

called hot spots. An optimized fabrication method is thus the key to prepare efficient and 

reproducible plasmonic platforms.  Moreover, the plasmonic optical properties of the 

platform are key factors to optimize the enhancement in SERS measurements. The 

efficient excitation of the plasmonic resonances occurs when the incident light has a 

polarized component along the nanoantennas direction. This Chapter summarizes the 

optimal parameters to achieve high sensitive SERS measurements using 2D and 3D 

plasmonic platforms and also the experimental setup to perform sensitive SERS 

measurements. 

3.1 Nanosphere lithography (NSL) 

Design, fabrication and characterization of versatile nanostructured surfaces using 

different techniques, such as immobilized colloid deposition,
2 

nanoimprint lithography,
3
 

chemical etching,
4
 on-wire lithography,

5 
and many others

6-10
 are reported in the literature. 

Of those techniques, lithography provides one of the simplest methods to control the 

geometry, size and spacing of the nanostructures.
7
 NSL,

7,11,12 
is a technique of choice to 



51 

 

 

 

 

 

simplify and reduce the costs of production of these substrates and is scalable for the 

production of large surfaces. 

 

 

Figure 3.1 Schematic illustration of the nanosphere lithography with interface 

method. A) a monolayer of polystyrene microspheres are spread on water-air 

interface and the monolayer is transferred onto the surface of a clean microscope 

coverslip; B) a uniform layer of a metal of choice is deposited by electron-beam 

evaporation and the microspheres are removed by sonication in ethanol revealing 

the final plasmonic platform; C) side view of the same process in B. 
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NSL, a derivative of natural lithography
13

 uses colloidal polystyrene or silica nanospheres 

(or microspheres) to create a hexagonal closed packed array. The gap between the 

spheres enables researchers to design different structures. Simple structures such as 

nanotriangles and nanopyramids can be produced simply by varying the amount of 

material that is deposited onto the surface.
12

 By etching the spheres prior to deposition, it 

is possible to create nanohole and nanobowl arrays. More details associated with design 

of producing nanotriangles and tetrahedral nanopyramids are presented in Chapters 5 and 

6, respectively.  

 

A schematic for the principle of NSL is illustrated in Figure 3.1. In order to perform 

NSL, microscope coverslips are sonicated in acetone for 5 min followed by cleaning in 

Nochromix solution in concentrated sulphuric acid for 15 min. Subsequently, the slides 

are rinsed in Milli-Q ultrapure water (18.2 MΩ·cm) several times. These are sonicated for 

1 h in mixture of ammonium hydroxide/hydrogen peroxide/ultrapure water in ratio of 

1:1:5.  Afterward, the glass slides are rinsed and stored in MilliQ water. Polystyrene 

nanosphere suspension was equilibrated to room temperature before use. The size of 

polystyrene nanospheres varies in different experiments. The size that was used in this 

thesis is 1000 nm polystyrene spheres as shown in Chapter 5 and 6, however, the protocol 

can be used for other sizes including 650 and 438 nm polystyrene spheres. 20 μL aliquot 

of polystyrene suspension was mixed with 20 μL of ethanol (100%). 20 μL of the 

prepared solution was deposited atop a dried coverslip. This was immediately introduced 

in the air-water interface of a 6 cm Petri dish filled with ultrapure water. The coverslip 

floated on the air-water interface and the solution spread out from the coverslip to the air-

water interface. After the dispersion of the solution, the coverslip sank to the bottom of 

the Petri dish. A drop of 2% (w/v) sodium dodecyl sulfate solution in water was added to 

further group the nanospheres into an ordered monolayer. The nanosphere solution was 
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Neurons are particularly useful as sensing elements as the electrical activity can be 

monitored in response to chemical influences in the culture environment, and so the 

networks can be organized on the microelectrodes for optimal contact. Moreover, the 

ability to isolate neurons has always been a challenge for biologists, as they aggregate 

once cultured. Hence, these patterns provide the opportunity to study the communication 

between neurons in a well-controlled architecture.  

Finally, immunofluorescence staining was used to image synaptic markers. We could 

also visualize the cell body by using nuclear staining, which provided an indication of 

where they were located and the number of cells/channel. Both synaptic markers, 

synaptophysin and PSD-95, were visible as fluorescent puncta along the projections and 

around the cell bodies (Figure 4.11). These are synaptic sites and are indicative of 

neuronal communication. There is no preferential location for the synapses, as the 

projections all along the channels display the same behaviour. 

4.3.5 Spine localization in isolated neuronal projections 

Different micropatterning techniques have recently been developed for in vitro neural 

studies.
48-55

 However, it is still challenging to isolate the projections of connected 

neurons. In this study, we combined the cell micropatterning with atomic force 

microscopy to investigate the localization of spines in isolated projections of cortical 

neurons. Atomic force microscopy has the ideal spatial resolution to probe small features 

with sub nano-scale dimensions. It is especially useful for biological samples in which 

the small structures cannot be easily probed using conventional fluorescence 

microscopies. The isolated projections of neurons are clearly shown in Figure 4.12. By 

decreasing the number of cells, the probability of having single isolated neurons 

connected together through their projections is increased (Figure 4.12 A-C). Figure 4.12 

A and D show the 2D AFM images of isolated neuronal projections with 1 and 1.5 
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and finally, the isopropyl alcohol (IPA) and acetone were purchased from Sigma Aldrich 

and used as received. 1 µm polystyrene microspheres (10% w/w) were purchased from 

ThermoScientific Co (California, US). Sodium dodecyl sulfate, 4-nitrothiophenol (4-

NTP) (80% purity) and 4-mercaptophenylboronic acid (90% purity) were obtained from 

Sigma-Aldrich (Missouri, US). 

5.2.2 Fabrication process of FC-patterned platform 

Microscope coverslips were cleaned in Nanostrip
TM 

for 5 min and rinsed thoroughly with 

de-ionized (DI) water prior to use. The fabrication process, as outlined in Figure 5.1, was 

performed in four main steps. This includes NSL using an interface method, 

photolithography, plasma polymerization, followed by a lift-off process. NSL using the 

interface method was previously described in detail.
2,21,37

  

 

Patterning of the plasmonic platform using optical lithography employed a patterned 

photoresist mask to protect regions of the plasmonic substrate. A positive photoresist was 

spin-coated onto the cleaned plasmonic substrate, with a thickness of approximately 500 

nm, as measured by atomic force microscopy.
32

 For the smaller features in range of 5 µm 

or less, use of a thinner layer of photoresist led to sharper patterns. The photoresist was 

then soft-baked at 115 °C for 1 min to evaporate the solvent, followed by baking in an 

oven at 90 °C for 20 min. It was then exposed to ultra-violet light through a chrome mask 

that had the desired pattern designed on it. For this purpose, a Karl Suss MA6 contact 

mask aligner (Suss MicroTech) was used for 8 s at an intensity of 12 mW cm
-2

.  
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Figure 5.1 Schematic illustration of the fabrication process for the FC-patterned 

plasmonic platform. 

The exposed photoresist was then removed by developing in Microposit MF-319 

developer for 1 min. It was then washed with DI water and dried under nitrogen. The 
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photoresist mask left on the surface is a replication of the original optical mask. 

Subsequently, the plasma deposition of the fluorocarbon polymer was carried out using a 

deep reaction ion etching instrument, and inductively coupled plasma (ICP) reactor, 

(Alcatel 601E). The source power and substrate bias were set to 1,800 and 80 W, 

respectively. The feed gas supplied was C4F8, controlled at a flow of 150 sccm [standard 

cubic centimeters per minute] with a total process time of 20 s at a temperature of 20 °C. 

The photoresist-patterned plasmonic platform fabricated on coverslips were mounted 

onto silicon wafers for the plasma deposition and were subsequently removed prior to the 

lift-off process.  

 

Figure 5.2 AFM topography of A) a node and B) a channel of a hexagonal grid-like 

FC-patterned substrate on glass coverslip. C) Cross section of the indicated area in 

B determining the thickness of FC film of 60 ± 5 nm. 

 

A uniform layer of approximately 60 ± 5 nm (see Figure 5.2) of fluorocarbon polymer 

was deposited on the plasmonic platform.  Finally, the protective photoresist was 

removed by a lift-off process in a photoresist solvent (NANO
TM

 Remover PG) for 10 min 

at 80 °C, followed by sonication in the solvent for 30 s. The sample was then rinsed 

thoroughly with isopropyl alcohol and dried under nitrogen. The final architecture of the 
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substrate is a thin fluoropolymer film (60 ± 5 nm) with regions wherein the 

nanotriangluar plasmonic platform is revealed.  

5.2.3 Functionalization of the platform  

A stock solution of 10
-3

 M 4-nitrothiophenol (4-NTP) in ethanol was prepared. This 

solution was then diluted to 10
-6

 M. From this solution, two 40 µL aliquots were drop 

casted onto the surface of a substrate that had been placed into a Petri dish. A clean 

coverslip was then gently placed onto the top of the substrate to sandwich the uniformly 

dispersed solution between the substrate and a coverslip. The Petri dish was covered with 

parafilm and left in the refrigerator to functionalize the surface for 24 hours. After 24 

hours, the coverslip was removed, and the substrate was dipped 5 times in 3 beakers of 

ethanol and then dried under nitrogen. 4-Mercaptophenylboronic acid (4-MPBA) was 

also dissolved in ethanol to form a 10 mM solution for functionalization of the platform 

as the Raman reporter for glycan study with the same procedure as 4-NTP.  

5.2.4 SERS setup 

The SERS measurements were performed using a Horiba Jobin-Yvon Labram HR Raman 

microspectrometer equipped with a 600 grooves/mm grating and a 632.8 nm excitation. 

The intensity was set to 1 mW at the sample. A microscope objective of 100X, 0.9 N.A. 

was used for all experiments. The pinhole of the spectrometer was opened to 200 µm. An 

acquisition time of 30 s with 5 accumulations was used for spectra shown in Figure 5.6. 

SERS maps ranged in size from as small as 5 µm × 5 µm to as large as 30 µm × 30 µm. A 

step-size of 1 µm was used for the SERS maps as this corresponds to the approximate 

size of the laser spot. For the construction of the SERS map shown in Figure 5.4, the 

acquisition time of each individual spectrum was set to 1 s. An acquisition time of 10 

second/spectrum is used for all the other SERS maps. SERS mapping was conducted on 

15 cells for each cell line for statistical purposes.  
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5.2.5 AFM 

AFM images were collected with a Bioscope Catalyst instrument (Bruker), operating in 

contact mode. A silicon cantilever with a spring constant of 40 N m
-1

 and an oscillating 

frequency of 325 kHz (NSC-15, Micromasch) was used. 

5.2.6 Scanning electron microscopy (SEM) 

SEM images were obtained using a LEO Zeiss 1530 (Zeiss, Oberkochen, Germany). 

Prior to imaging, substrates were coated with a 5 nm thick layer of osmium. 

5.2.7 Cultures of HEK, C2C12, and HeLa cells 

HEK 293, C2C12, and HeLa cells were maintained in Eagle’s Minimal Essential Medium 

(MEM, Invitrogen). They were then supplemented with 2 mM glutamine (used just for 

C2C12), 50 μg mL
-1

 gentamicin (Invitrogen), and 10% Fetal Bovine Serum (Invitrogen). 

The cultures were kept in an incubator at 37 °C, 5% CO2, 100% humidity, and were 

passaged every 3 days by trypsinization (0.25% trypsin-EDTA, Invitrogen). The cells 

were seeded onto the patterned substrates at a density of 8×10
5
 cells/dish and incubated 

for 48 h before fixation.  

5.2.8 Cultures of neuronal cells 

Cortical neuron cells (CD-1 strain mice, 14-15 day embryonic age) were also used. 

Primary cortical neurons were dissociated in Hank’s balanced salt solution (HBSS) and 

plated in Neurobasal
TM

 media supplemented with 0.5 mM L-glutamine, 2% B27 and 0.8% 

N2 supplements, and 50 units mL
-1

 penicillin-streptomycin (Invitrogen). Cultures were 

then plated onto the patterned surfaces at a density of 1×10
6
 cells/dish. The cultures were 

incubated at 37 °C for 14 days. The media was also changed every 2-3 days. Animal 

handling protocol was in accordance with Western University (The University of Western 

Ontario) Animal Care Committee. All of the cell lines and cortical neurons were fixed 
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using a solution of 4% paraformaldehyde and sucrose prepared in phosphate buffered 

saline (PBS, pH 7.4, Invitrogen). 

5.3 Results and discussion 

5.3.1 Characterization of FC-patterned plasmonic substrates 

 

Patterning over the plasmonic platforms was performed in hexagonal grid-like (Figure 

5.3 A-F) and triangular arrays (Figure 5.3 G-I). The FC-patterned plasmonic platform 

provides multiple organized sensing nodes that can be tailored, depending on the 

application. For example, triangular patterns can provide single isolated cells for further 

biological sensing applications as shown in this work and the organized hexagonal grid 

like channels can be utilized for interconnected cells such as neurons. 

 

Figure 5.3 shows that sensing windows are surrounded by the thin FC polymer film 

(thickness of 60 ± 5 nm; see Figure 5.2). The typical sizes of the features are limited to 

few microns in photolithography. Here we demonstrate in the hexagonal grids that it is 

possible to fabricate features as small as 4 µm as shown by the width of the channels in 

Figure 5.3 C-E. In the case of the triangular patterns, Figure 5.3 G-I shows that the 

plasmonic platforms are homogeneously distributed within the FC-polymer patterned 

regions. Here, the Au nanotriangles serve two purposes. First, the Au surface of the 

structures can be used for functionalization with a Raman reporter for a target molecule.  

Second, the bow-tie assemblies of nanotriangles serve as nanoscale antennas confining 

EM fields in the hot spot regions formed by the facing nanotriangles. Such localized 

enhancement of the EM field is critical to further enhance the Raman signal, providing 

monolayer sensitivity as well as surface detection of cells placed on nanotriangular 

plasmonic platform.  


