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Abstract 

Surface plasmon resonance (SPR) biosensing is a technique that is increasingly being used to 

investigate interactions between biomolecules due to its ability to be monitored in real-time and the lack of 

labelling needed. Traditionally, SPR biosensor chips utilized thiol-based self-assembled monolayers 

(SAMs) as linking layers on a gold surface, however, the use of thiols has been limited due to their tendency 

to oxidize in ambient conditions. Thus, a new and emerging class of surface modification using N-

heterocyclic carbenes (NHCs) as surface ligands is being explored as an alternative to thiol-based SAMs 

for biosensing surfaces. In this thesis, chemical modification of SPR biosensing surfaces using NHCs as a 

SAM on gold is examined.  

The first part of this thesis focuses on developing an NHC SPR biosensing chip comparable to the 

most commonly used biosensor, the Biacore general-purpose carboxymethylated (CM) 5 chip.  Using an 

interaction involving bovine serum albumin (BSA) and anti-BSA antibody, the capabilities of the 

homemade NHC-based sensor chip were examined using a 50 cycle analysis of antibody binding to the 

BSA surface. A response was observed for all binding interactions; however, the reproducibility of the 

interactions was inadequate due to non-specific binding. This limited the use of the NHC sensor chip in 

applications involving kinetic studies.  

The second part of my thesis describes the creation of a more stable NHC sensing surface using a 

high-affinity capture approach, circumventing non-specific binding. Protein A was immobilized as the 

surface ligand and immunoglobin G (IgG) was used as the analyte. Highly reproducible interactions over 

80 cycles involving little to no deterioration of the response were observed. This facilitated the study of 

kinetic analysis of the protein A – IgG system; however, due to mass transfer limitations (MTL), the rate 

constants derived were inaccurate. 

 Finally, NHC-based sensors were used in the creation of a lipid bilayer surface. This bilayer surface 

demonstrated instability as observed from its low binding ability and ease of being removed from the sensor 

surface. 
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Chapter 1 

Introduction 

1.1 Metals that exhibit Surface Plasmon Resonance: The Case of Silver and Gold 

Silver is the most electrically and thermally conductive metal, albeit only in its clean and 

unoxidized state. As a result, silver is an ideal metal to use in both electronics and in surface plasmon 

resonance (SPR); however, its susceptibility to oxidation and tarnish diminishes these advantageous 

properties. Despite the fact that silver also possesses anti-bacterial and cytotoxic properties, it is regarded 

as a  promising surface to be used in SPR biosensing.1,2 The application of silver in SPR biosensing is 

furthered by the use of a hydrogel matrix, which separates the biomolecules from the silver surface.3 

One of the leading roles of silver is the use of nanoparticles and their anti-bacterial properties.1,2,4 

Silver can be used in SPR  biosensing applications, either as a thin film or as nanoparticles. Nanoparticles 

are often used in localized surface plasmon resonance (LSPR), whereas thin films are used more commonly 

in bulk SPR.5,6 However, silver surfaces typically require a layer of coating to protect them from oxidation 

and tarnishing in order to take advantage of their strong SPR.7 Therefore, the formation of a stable silver 

surface that is resistant to oxidation and tarnishing can be valuable for SPR biosensing and other 

applications. 

Due to the difficulty of achieving a clean, unoxidized, untarnished, and metallic silver surface, the 

use of silver in SPR biosensing is not well documented. If used, silver often requires protection of the bare 

surface, such as another metal or a self-assembled monolayer (SAM), because of its reactive nature.8 Thiols 

have been commonly employed on silver and its lattice is well characterized; thiols on silver surface are 

considered to produce high-quality SAMs.2,9 

Unlike silver, gold does not react in ambient conditions and remains stable. Gold has many 

attractive properties, both chemically and physically, and thus, it has gained much attention. Properties of 

gold include high chemical and thermal stability, electrical conductivity, and ductility. This makes gold 
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suitable for a variety of diverse applications.10 In addition to these physical properties, gold is one of the 

most electrically conductive elements.10 Gold also possesses the easiest to clean surface compared to silver 

and copper. 

 

Figure 1. Top view of gold (111) surface facet 

The most stable structures of gold include gold (111), (110), and (100) as face-centred cubic, with 

surface energies of 0.05, 0.10, and 0.08 eV/Å, respectively.11,12 The gold (111) facet has one of the lowest 

surface energies and is thus, the most stable and commonly used facet in biosensing (Figure 1).12 Gold (111) 

domains are desirable as they offer a suitable platform for self-assembling of organic molecules. In addition, 

they are also used in electronic devices due to their resistance to oxidation, such as in SPR biosensing, and 

also in catalysis.2  

1.2 Self-Assembled Monolayers 

The spontaneous adsorption of organic molecules from a solution or gas phase onto a solid or liquid 

surface results in the formation of SAMs.2,13 The use of SAMs in nanotechnology has increased the attention 

organic molecules received within the field of molecular self-assembly.2,9 These SAMs have potential in a 

variety of applications, such as in nanopatterning, electronic devices, catalysis, and biosensing.14 
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The relative ease of preparation of SAMs on various metal surfaces enables their use in a wide 

range of biosensing applications. SAMs can also be easily tailored to have various properties, such as 

hydrophobic and hydrophilic properties.15 SAMs have several advantageous features for use in biosensing 

applications; the tight packing density and highly ordered nature of long-chain thiol SAMs on metal 

surfaces are particularly useful in biosensing.15 Such dense and highly ordered SAMs enable the attachment 

of polysaccharide matrices to the monolayers, which can undergo further modifications and even mimic 

biological environments, such as lipid-like environments, depending on the application required. 

SAMs are typically formed by organic molecules which undergo an organizational rearrangement 

at solid-liquid interfaces; they are affected by both covalent and non-covalent interactions between the 

molecules and the surface.2,15 SAMs can be considered as linking layers between organic molecules and 

metals.3 Therefore, self-assembly can provide a facile route to functionalize metal surfaces using a variety 

of molecules, such as thiol, disulfides, and more.15,16 Thiol SAMs on metal substrates have been widely 

employed and are observed to typically form well-ordered layers on metal surfaces.15 SAMs are typically 

deposited on planar metallic surfaces with a (111) facet as it is the most thermodynamically stable 

surface.2,17–19 

SAMs typically consist of three parts: a head group, a linker portion, and a terminal group (Figure 

2).20 The head group is the reactive moiety that commonly binds to the metal substrate whilst the linker 

group links the head and terminal group and controls the van der Waals interactions between adjacent 

molecules. Lastly, the terminal group normally contains a functional group which gives the SAM its desired 

chemical properties.  
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Figure 2. Schematic of the three groups of a SAM on a gold surface2 

1.2.1 Preparation of SAMs 

The surface structure and chemical composition of SAMs can be characterized by imaging 

techniques and chemical analysis. Microscopy and spectroscopy techniques are complementary techniques 

that enable identification of substrates and molecules at the metal surface. Common imaging techniques for 

surfaces and SAMs include atomic force microscopy (AFM) and scanning tunnelling microscopy (STM).21 

Chemical analysis can be carried out by a variety of techniques. One technique of note is the use of X-ray 

photoelectron spectroscopy (XPS) for the chemical analysis of surfaces. XPS is capable of identifying the 

elemental composition and electronic states of the surface in question.  

Two common deposition methods of SAMs are chemical vapour deposition in vacuum and a 

solution-based deposition of the SAM onto a metal surface.17,19 Vapour deposition of SAMs in vacuum 

entails the use of ultra-high vacuum conditions. This is to minimize contaminations and the effects of 

ambient conditions, such as water and air, which may react unfavourably with the organic molecules; this 

is especially true in applications involving electronics.2 On the other hand, solution-based depositions occur 

generally under ambient conditions and are commonly used in chemical sensor fabrications.9,19 
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Amongst all SAMs, thiol-based SAMs are most widely used in surface chemistry. Their use on a 

variety of metallic surfaces, including gold and silver, is well established and has been widely documented 

in literature.2,9,18,19 Gold is the most commonly used substrate due to its stability, ease of use and handling, 

and the strength of the thiol-gold bond formed. These properties combined result in the creation of well-

ordered SAMs on gold surfaces. 

Despite the thiolate-gold system being well studied, there has been debate in the literature in recent 

years questioning the binding mechanism of the thiol-gold bond.22–24 It is typically agreed upon that thiol-

based SAMs bind to gold in three stages: an initial physisorption process, followed by a chemisorption 

process, and lastly, a reorganization of the thiols to form ordered domains, resulting in a densely packed 

monolayer.15,19,25 

Chemisorption onto the gold surface after physisorption enables the formation of strong thiol-gold 

bonds; the thiolate bond is formed via the loss of the H atom on the thiol [Equation 1.0 and Equation 1.1].19  

 

CH3(CH2)nSH + Au → (CH3(CH)2)nSH)physisorb Au [1.0] 

 

(CH3(CH)2)nSH)physisorb Au →  CH3(CH2)nS − Au +  1 2⁄ H2 [1.1] 

 

Ulman proposed that the thiol initially undergoes an oxidative addition to the gold surface, which 

is then followed by reductive elimination of the H atom on the thiol.15 It was observed that the nucleation 

process of thiols on gold surfaces occurred faster at defective sites, where chemisorption of the thiol 

molecules occurred better.19 The facilitation of nucleation of the thiol molecules results in islands growing, 

in which the coverage of the thiol monolayer on the gold increases.19 

1.2.2 Quality and Stability of SAMs 

Thiol-based SAMs are well established and documented, particularly on gold, and have important 

applications in the fields of nanotechnology and biosensing.2,9,19 However, thiol-based SAMs have many 
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limitations and drawbacks. One such drawback would be incomplete coverage of the surface as a result of 

defects in the surface structure.19 Observed defects include pinholes and islands of adatoms.18,19 Pinholes 

can either be produced via defects on the metal surface or as an incomplete extension of the hydrocarbon 

chains. Surface defects result in an incomplete binding of the thiol to the metal whereas the latter affects 

the tilt of the molecule, causing potential holes in the structure of the SAM.2,19 Formation of islands of 

adatoms can also disrupt thiol-based SAM structures by affecting the binding of thiols to the surface (Figure 

3).19 As such, these drawbacks make thiol-based SAMs not ideal for many applications since these defects 

are present even on highly ordered and packed domains. 

 

  

Figure 3. Diagram of gold (a) adatoms and (b) islands 

The susceptibility of thiols to oxidation results in the poor stability of thiol-based SAMs.26 The 

degradation of sulfur headgroups in SAMs plays a key role in their desorption from surfaces, and it was 

found that oxidation of these headgroups form both disulfides and sulfonates.19 Therefore, thiol-based 

SAMs have limited applications, despite their wide use, due to surface degradation as a result of oxidation, 

even under atmospheric conditions. 

1.2.3 Applications of SAMs 

Thiol-based SAMs commonly use linker layers comprised of ethylene glycol subunits to resist non-

specific protein adsorption for use in biosensing. However, the susceptibility of thiols to thermal and 

oxidative reduction decreases their applicability.27 Therefore, despite being expensive to obtain, thiol-based 

SAMs have short shelf lives; commercially available SPR biosensor chips based on alkanethiol SAMs are 

commonly stored in nitrogen with a shelf life of approximately three to four months at 4 °C.28 Thus, the 
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instability of thiol-based SAMs makes them unfavourable for certain applications, such as biosensing, due 

to their high costs (in SPR biosensing sensor chips) and their tendency to degrade in ambient conditions.19 

Consequently, the development of more robust and stable SAMs to serve as alternatives to thiol-based ones 

is important in the field of biosensing and SAM technologies. 

Nevertheless, the limitations of thiol-based SAMs have not deterred industry from using them.29 

SPR biosensing, in particular, is a technology that uses the benefits reaped from the thiol-gold SAM. This 

is because in addition to gold’s stability, gold’s SPR effect also makes it sensitive to changes occurring on 

the surface.30 The thiol monolayer can be chemically modified to enable sensing of a wide range of 

biomolecules depending on the application, however, thiol-based sensors are limited by their instability in 

oxidative and ambient conditions.2,9,19 Thiol monolayers have also been used as protective coatings on 

metals or even as hydrophobic coatings to be used with longer hydrocarbon chains. The ease of preparation 

of SAMs makes their applications in industry appealing.19 Nevertheless, due to the long-term instability of 

thiol-based SAMs, we turn our attention towards a new class of surface ligands, N-heterocyclic carbenes 

(NHCs), for their potential as an alternative to thiols. 

1.3 NHCs and their use as Biosensors in SPR 

NHCs are heterocyclic species that contain at least one nitrogen atom and a carbene-containing 

carbon within a ring structure (Figure 4); NHCs are stabilized via steric and electronic effects.31 The carbene 

carbon is a sp2-hybridized carbon containing a lone pair and an empty p orbital.31 Carbenes are stabilized 

by heteroatoms, which donate electron density into the empty p-orbital.31–33 The nitrogen atoms in the ring 

have a σ-electron withdrawing effect, whereby the π-electrons of nitrogen are donated into the vacant p-

orbital of the carbene. Therefore, the strong σ-electron withdrawing  and π-backbonding properties of the 

NHC offer increased stability in addition to the stabilization provided by the aromaticity of the system.31 



8 

 

 

Figure 4. Structure of an NHC31 

Stable NHC monolayers were first reported in 2011, followed by the use of NHC-based SAMs on 

gold-coated silicon wafers in 2013.34,35 These works were further improved by the Horton and Crudden 

groups in 2014, by comparing the stability of NHC monolayers on gold surfaces to the thiolate monolayer.36 

The Horton and Crudden groups observed that NHC monolayers were more strongly bound to the gold 

surface than thiolate monolayers; the gold-NHC bond was observed to be 158±10 kJ mol-1 in comparison 

to a thiol-gold bond of approximately 125 kJ mol-1.37,38 Therefore, NHC-based SAMs are more stable than 

thiol-based SAMs. Furthermore, due to the larger size of NHCs, it was also observed from electrochemical 

and STM experiments that NHCs resulted in a more loosely packed monolayer on the gold surface 

compared to thiols.37 

In 2016, the Horton and Crudden groups furthered the use of NHC-based SAMs by providing a 

bench-stable NHC bicarbonate salt precursor.37 This bicarbonate salt was designed to be viable under 

ambient conditions, by-passing the limitations of the free-NHC salt in an inert atmosphere.37 The 

bicarbonate NHC salt enabled a solution-based SAM deposition, which made the production of  NHC-

based SAMs on metal substrates simpler. The bench stable NHCs were used in SPR biosensing and were 

compared to the commercially available thiol-based sensor chips, in particular, the hydrophobic association 

(HPA) chip.37 It was observed that the NHC-based sensor chip performed better than the thiol-based HPA 

chip in both the stabilization of the baseline as well as the quality of the bilayer formed.37 Thus, NHCs and 

NHC-based SAMs show promising applications in the field of biosensing. 
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1.4 SPR Biosensing 

Biosensors are analytical devices that are used to detect analytes in a sample using either biological 

or chemical receptors.28 Biosensors can be used to derive information such as the binding affinity or the 

kinetics of an interaction between analytes and their receptors.28 An increasing use of biosensors lies in the 

realm of label-free detection; label-free detectors such as SPR biosensing do not require the use of labelled 

molecules, and as such, experimental uncertainty induced by the labelling on the analyte of interest can be 

eliminated. Most label-free techniques typically employ a physicochemical transducer that is capable of 

measuring a physical property of the analyte of interest.28 By using a transducer, a physical property such 

as mass of the analyte can be thus converted into a quantifiable electronic or optical signal.28 Biosensors 

can be used in a wide range of applications; however, their inherent performance metrics dictates their 

suitability for use in biosensing. The main points that determine the suitability of a biosensor are usually its 

inherent instrument sensitivity, assay sensitivity, limit of detection, resolution, ease of use, cost, and 

throughput capability.3 

1.4.1 Theory of SPR Biosensing 

SPR biosensing is an optical-based technique that relies on the changes in the optical properties of 

a medium close to a metal-dielectric interface using attenuated total reflectance (ATR).28 In an SPR 

biosensor, a glass prism is used onto which the sensor chip is docked and a p-polarised light beam is shone 

on (Figure 5a).28 When the incident beam is at an angle greater than that of the critical angle, total internal 

reflection (TIR) occurs, and an evanescent wave is formed (Figure 5a).28 In SPR biosensing, the evanescent 

wave extends approximately 300nm into the metal film and the interfacing medium; however, it decays 

exponentially with increasing distance from the source.39 At a specific angle of incidence, the evanescent 

waves couple with the surface plasmons at the dielectric interface and a minimum in the reflected beam is 

observed; this is known as the SPR angle.40 As analytes are adsorbed onto the metal surface, its density 

increases, resulting in the SPR angle shifting to larger values; the response obtained is linearly proportional 
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to the changes on the sensing surface. Therefore, changes in the refractive index (RI) in the medium adjacent 

to the metal surface are detected by the evanescent waves and thus, the SPR angle shifts (Figure 5b).41  

The Kretschmann configuration is the most widely used arrangement in SPR instrumentation. In 

the Kretschmann configuration, the glass prism is in direct contact with the metal surface which maximises 

the SPR efficiency.42  

 

 

Figure 5. Schematic of (a) an SPR biosensor as the resonant angle of the initial light source (θ1) 

changes as molecules adsorb onto the surface (θ2) and (b) the change in resonant angle shift plotted 

as a reflectivity vs angle graph (θ1 to θ2) 

 

A typical SPR biosensing experiment is comprised of three distinct phases: ligand immobilization, 

ligand-analyte interaction, and regeneration.28 In order to run a successful analysis, the analyte must have 

an interaction partner, the ligand. As such, the ligand must first be immobilized onto the surface of a sensor 

chip. Following this, the analyte of interest is delivered to the activated surface through flow cells within 

the microfluidic system, enabling analyte-ligand interactions to occur. After a certain period of time, the 

analyte is replaced with only buffer to wash off non-specifically adsorbed molecules and other loosely 

bound molecules. The final step in an SPR analysis involves the use of a regenerative step that disrupts the 
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stable ligand-analyte complex formed.28 This enables sensor surfaces to be re-used for further experiments 

and replicates.  

1.4.2 Matrices for Non-Specific Adsorption 

Non-specific adsorption of biomolecules on gold is a matter of importance when designing the 

surface of SPR biosensors. This is because unmodified gold surfaces provide a platform for spontaneous 

adsorption and denaturation of biomolecules.43 Therefore, the development of surfaces that can prevent or 

minimize non-specific adsorption is vital to bioanalytical applications.43 Non-specific adsorption of 

proteins can be categorised into two groups: electrostatic interactions, hydrophobic interactions, or a 

combination of the two.3 

The issue of non-specific adsorption of biomolecules on gold has been solved with the use of 

bioinert matrices such as the use of carboxymethylated (CM) dextran, alginate, and poly(ethylene glycol), 

to name a few.27,43–45 The more widely used polysaccharide based chips will be discussed in further detail 

in Chapter 3. 

1.4.3 Sensor Chips 

Sensor chips are important in SPR biosensing as they enable the monitoring of biomolecular 

interactions. Sensor chips have two main features: a glass slide coated with 50 nm of gold that promotes 

the physical conditions necessary for SPR to occur and a SAM on the thin gold film for the attachment of 

ligands. SAMs also help protect biological samples from the gold surface and provide resistance to non-

specific binding.39,40 

Some sensor chips are further typically coated with a dextran matrix on top of the SAM coating. 

This creates a 3D environment for ligands to bind onto and also increases the ligand immobilization 

density.28 Depending on the experiment, there are a variety of sensor chips with different matrices suitable 

for different applications. 
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1.4.4 Hydrophobic Sensor Chips 

Two sensor chips of particular importance are the hydrophobic association (HPA) chip and the lipid 

capture (L1) chip. Both of these sensors consist of a matrix of hydrophobic ligands which allow for the 

creation of a phospholipid bilayer; the hydrophobic ligands are able to form a bilayer membrane by inserting 

themselves into the phospholipid bilayer of liposomes.3 

Liposomes are most commonly used in the formation of the bilayer membranes. This is because 

surfactant molecules in solution can spontaneously self-assemble into highly ordered and 

thermodynamically stable structures.3,43 Due to the non-covalent nature of the liposome capturing method, 

lipid sensor chips can be regenerated by using surfactants, solvents, or a combination of both.3 

Hydrophobic chips enable the study of biomimetic systems of living organisms since the supported 

lipid bilayers are inherently similar to those of cell membranes.3 Therefore, this enables the study of 

transmembrane proteins.41,43  

Bilayer membranes on supported solid interfaces are commonly formed by the adsorption and 

fusion of liposomes on hydrophilic surfaces via electrostatic and van der Waals forces.46 Formation of 

bilayer membranes were originally formed using the Langmuir-Blodgett (LB) technique to form LB films; 

however, the thermodynamic instability of LB films results in structural changes at different temperatures.47 

The current stable lipid membrane surface was developed using the formation of a planar supported hybrid 

bilayer membrane (HBM); they were formed by the deposition of a lipid monolayer onto a surface 

consisting of a hydrophobic SAM.48–50  

1.4.5 Specific Capture Sensor Chips 

Another type of a sensor chip of note is the specific capture chip, or high-affinity capture chip. The 

ligand in a specific capture chip is immobilized using a high-affinity interaction by a molecule that is 

covalently attached to the surface of the sensor chip. Specific capture chips are advantageous due to the 

lack of ligand modification needed, other than conformational changes induced by the capturing molecule, 

and the specific attachment and orientation of the ligand, which ensures that the binding sites are not 
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blocked.39 Other advantages include the lack of ligand purification required and the reusability of the 

sensing surface for a variety of different ligands, provided these ligands can be captured by the same 

capturing molecule.39 

Nevertheless, specific capture sensor chips have certain disadvantages. These include a high 

consumption of ligand, as new ligand is required for each cycle, a reduction in the maximum analyte binding 

capacity, and complications in the kinetic analysis, as a result of ligand (and capturing molecule) 

dissociation in the course of an interaction cycle.39 The most commonly used specific capture chips are 

streptavidin/ avidin capture, antibody-based capture, capture of tagged proteins, and either protein A, G, or 

A/G capture sensor chips.39 

1.4.6 Applications of SPR Biosensing 

SPR based biosensing is not limited to protein interactions only. SPR based biosensing can be 

applied to many other interactions such as DNA – DNA, protein – DNA, lipid – protein, and many more. 

There are a variety of applications in which biomolecular interactions can be analysed. The most common 

applications involve specificity as well as  affinity interactions, in addition to the structure-function 

relationships of biomolecules.40,51 

Specificity is of importance when screening for binding partners of molecules where the goal is to 

identify all possible candidates for binding to a ligand rather than obtaining kinetic data of interactions.51 

Affinity between binding interactants can also be obtained by performing kinetic and equilibrium analysis. 

This enables the association and dissociation rates of interactions to be obtained and thus, the equilibrium 

association and dissociation constants of interactions. Furthermore, structure and function relationships of 

biomolecules can also be studied by a combination of the above techniques.  

1.4.7 Kinetic and Equilibrium Analysis 

Analysis of SPR biosensor data can be resolved with a variety of fitting models. A general rule of 

thumb is to use the simplest model available to obtain the kinetic rates of an interaction. There are many 
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factors that can affect the interactions; not all data are expected to fit a pseudo-first order reaction. These 

factors include surface immobilization heterogeneity and cross-linking, mass transfer limitation (MTL), 

and rebinding of analyte to the active surface during the dissociation phase. Therefore, it is essential that 

experimental conditions are optimized in order to be able to fit data to the simplest model, the 1:1 Langmuir 

model. The 1:1 Langmuir model is validated by the following assumptions:40,52 

1) The system is in good experimental condition. 

2) The ligand and analyte are both pure and homogenous. 

3) There is minimal MTL. 

4) There is a wide analyte concentration range. 

5) There is minimal bulk shift by matching analyte buffer to running buffer. 

6) The injection times are long enough to observe the association and dissociation curves. 

7) There are multiple injections for repeatability. 

Under these assumptions, the interactions between the analyte and the ligand can be assumed to follow a 

pseudo-first order reaction.  

1.5 Objectives of Thesis 

In this thesis, the use of NHC-based SAMs on gold surfaces for use in SPR biosensing will be 

studied. The main objective is to determine whether or not sensor chips based on NHC SAMs can 

outperform commercially available alkanethiol-based sensor chips. Previous work by the Horton and 

Crudden groups has shown that NHC-based SAMs on gold are more stable than thiol-based SAMs in a 

variety of conditions. Furthermore, it was observed that NHC-based SAM sensor chips resulted in shorter 

equilibration times in comparison to commercial thiol-based sensor chips. Although it was shown that NHC 

based sensor chips work, the platform it was previously tested on is limited. Studies by the Horton and 

Crudden groups have demonstrated that NHC-based sensor chips can be an alternative to the Biacore CM- 

series chips: the HPA, and the nitrilotriacetic acid (NTA) chip. However, NHC-based sensor chips have not 
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been tested against the L1 chip nor against all other sensors within the SPR biosensing market. Thus, my 

goal is to further this research by including a specific capture chip, an L1 chip, and further experiments on 

the previously explored CM- series work. 

The second objective of this thesis is to apply NHC-based SAMs onto silver surfaces for use in 

SPR due to silver’s enhanced SPR capability. Silver is not commonly used due to tarnishing and ease of 

oxidation. Therefore, by using NHCs, we hope to improve the stability of silver coatings so as to retain the 

strong silver SPR effect for use in SPR biosensing. 

1.6 Structure of Thesis 

This first chapter gives a brief introduction into SPR biosensing and the fields related to it. The 

following second and third chapters detail the concepts and knowledge required to understand how an SPR 

experiment works and the importance of sensor chips. The fourth, fifth, and sixth chapters describe the 

experiments carried out for SPR experimentation and their importance, encompassing bovine serum 

albumin (BSA) – antibody BSA experiments, protein A – immunoglobin G (IgG) interactions, and lipid 

bilayer membrane sensor chips, respectively. The final chapter summarizes the work done and will 

comment on the future work based off the experiments described in this thesis. 
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Chapter 2 

Surface Plasmon Resonance 

SPR is an optical biosensing technique based on changes of the optical properties at a metal-

dielectric interface as light shines on it.28 The first commercial SPR biosensor was launched in 1990 by 

Pharmacia Biosensor AB, known today as Biacore, which provided a novel optical method of direct 

monitoring of biomolecular interactions.28 Biosensors are analytical instruments which utilize a 

physicochemical transducer capable of converting signals from biomolecular interactions into a readily 

analysable electronic signal.28 SPR biosensing is advantageous since quantitative data can be collected 

quickly and in real-time, without the need for labelling, in contrast to more traditional methods.3,28,41 The 

SPR biosensing instrument used throughout this project was the SensiQ Pioneer System (currently Pall 

ForteBio) (Figure 6).  

 

 

Figure 6. Image of a SensiQ Pioneer SPR system 

However, the downside to direct biosensing and SPR biosensing is their lack of intrinsic selectivity; 

SPR is not able to selectively determine what is on the surface, as the sensor signal is linearly proportional 

to the mass on the sensor surface.3,28 Thus, despite being able to detect subtle changes in the RI at the sensor 

surface layer, SPR is not able to selectively determine contributors to surface mass. Changes in RI may 



17 

 

arise from the use of different buffers and non-specific adsorption of biomolecules, to name a few.28 

Therefore, SPR sensors need modification for selective capturing of ligands and analytes in addition to a 

good experimental protocol for selective detection by SPR.   

2.1 Physical Basis of SPR 

A typical set-up in SPR measurements involves a monochromatic p-polarized light shone through 

a high refractive medium, usually a prism, onto a thin metal film (usually gold) deposited on the prism.28 

The side of the metal not facing the prism is the active region for biosensing, known as the sensor surface, 

and it is typically exposed to solutions containing the biomolecules of interest. As p-polarized light is shone 

through the prism onto the gold surface, TIR occurs at an incidence angle greater than that of the critical 

angle. Under TIR, ATR occurs as the photons from the incident light are able to interact with the outer shell 

electrons in the thin metal film by excitation of surface plasmons.42 The energy required to excite the surface 

plasmons is provided by the light source, whose reflected light experiences a reduction in intensity. This 

minimum in intensity can be monitored by a photodetector in the SPR and is known as the SPR angle.28 

The SPR angle is defined by the optical differences between the RI of the glass substrate and the RI close 

to the surface of the metal layer, the biorecognition layer.28 

The binding of molecules on the sensor surface side of the instrument results in a change in the RI, 

which can be measured as a change in the SPR angle.40 In addition to this, some SPR instruments display 

the RI value as a response unit (RU) instead, which is a more readily interpretable value.28 

Under TIR, for the surface plasmons to be excited by the light source, the energy of the incident 

beam must match that of the metal-dielectric interface. At a specific angle, the incoming light undergoes 

TIR and an evanescent wave forms at the glass-metal interface (Equation 1.0).28  

 

Kev =
ω0

c
ηg sin θ (1.0) 
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Where Kev is the wave vector of the evanescent field, ω0 is the frequency of the incoming light source, c is 

the speed of light in vacuum, ηg is the RI of the denser medium (the prism), and θ is the angle of the 

incidence light. 

When Kev = Ksp, the incoming light waves couple and excite surface plasmons on the metal 

surface.28 As a result of this energy transfer, the intensity of the incoming light is reduced. However, Ksp is 

dependent on changes at the medium of the sensor surface (Equation 1.1).28 

 

Ksp =
ω0

c
√

εmηs
2

εm + ηs
2  (1.1) 

 

Where Ksp is the wave vector of the surface plasmon, εm is the dielectric constant of the thin metal film, and 

ηs is the RI of the sensing medium. 

As shown in equation 1.1, the wave vector of the surface plasmons is related to the RI on the 

medium of the sensor surface. Thus, when molecules associate with the surface, the RI of the sensing 

medium changes, altering the wave vector of the surface plasmons. Since the wave vectors of the surface 

plasmon must match that of the evanescent wave for coupling of the light to occur, the incoming light 

source must therefore undergo a change in the angle of reflection, so as to bring about a change in the wave 

vector of the evanescent wave for them to match. 

This makes it possible to monitor biomolecular interactions by monitoring the angle of minimum 

reflectivity (the SPR angle) where resonance occurs. Ksp is dependent on the RI of the medium directly 

above the metal film since the evanescent field decays exponentially with increasing distant from the 

surface.28 Due to this, a change in the RI medium at the metal surface, such as the adsorption of a ligand, 

will result in a change in the SPR angle.41 Adsorbed analytes and biomolecular interactions can thus be 

detected by monitoring the change in the angle of reflection. 
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2.2 Instrumentation 

SPR biosensing instruments usually have three main components: a sensor chip for bio-analytical 

interactions, which will be discussed in the next chapter, an optical system to couple the light source to the 

metal surface, and a liquid handling system to provide for buffer flow as well as sample delivery (Figure 

7).28 

The sensor chip is a crucial component of SPR as it enables different analytes and biomolecules to 

be analysed by providing a surface with suitable chemistry and matrices for bio-analytical interactions to 

occur.39 The SPR signal is produced and detected by the optical system as the evanescent wave is coupled 

to the surface plasmons in the thin metal film.39 Lastly, the liquid handling system is used to deliver a 

continuous flow of buffer as well as controlled delivery of analytes of interest over the sensor surface using 

a pump and a microfluidic system.39 

 

 

Figure 7. Diagram of the SensiQ Pioneer processing unit including the optics compartment, where 

the sensor chip is located, an autosampler compartment where the reagents are located, and pumps 

and syringes that enable the flow of buffer and analytes across the sensor surface and into a waste 

compartment 
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2.2.1 Optical System 

Among the different SPR configurations possible, the Kretschmann configuration is the one that is 

most commonly and commercially used. The Kretschmann configuration uses a prism-based coupler in 

which the prism is in direct contact with the thin metal layer.53 

The most commonly used SPR systems use a fan-shaped beam instrument; the SensiQ Pioneer 

utilizes a diverging beam of light (Figure 8).28 Since the diverging beam is not specifically shone on a 

defined location on the sensor chip, the location of minimum is considered to “walk” over the sensor surface 

where the biomolecular interactions occur.28 

 

 

Figure 8. Schematic of (a) the SPREETA optical system used in the SensiQ Pioneer SPR system and 

(b) the reflectivity vs angle graph of the shift in the SPR angle from initial (solid line) to molecules 

adsorbed on the sensor surface (dotted line)39 

2.2.2 Liquid Handling System 

Other than the optical system and the sensor chips, another important system of SensiQ SPR system 

is the microfluidic system. The microfluidic system transports solutions of buffer, ligand, or analyte into 

the flow cells where biomolecular interactions occur.39 This microfluidic system is formed as a block with 

microfluidic channels pressed against the gold sensor surface, with the grooves forming the flow cells.39 

Flow routing and a remote stream selector valve in the SensiQ system are used to control the flow in the 

flow cell.39 
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2.3 Experimental Procedures 

To conduct an experiment using SPR, an assay must be constructed so that a suitable sensorgram 

can be obtained. Before starting an assay, it is crucial to obtain a reliable baseline by priming the sensor 

surface with running buffer.54 This generates a stable baseline on the SPR sensorgram suitable for further 

experimental steps to occur. The ligand is bound onto the activated sensor surface with different coupling 

chemistries. Excess, non-covalently bound molecules are further washed off to create a stable sensor surface 

(Figure 9). A solution of analyte in running buffer (preferably) is then passed through the microfluidic 

channels across the activated ligand-bound sensor surface. The formation of the analyte-ligand complex 

(association) can be monitored in real-time as the RU increases until a plateau occurs due to saturation of 

the sensor surface (Figure 10). The RI of the medium on the metal surface changes as analyte binds to the 

ligand on the sensor surface, which changes the angle at which light is absorbed.42 This change in the SPR 

angle can be monitored by the photodetector within the SPR and is used to monitor the amount of analyte 

bound in real-time to the ligand.42 Once the association of the analyte has reached steady state, the analyte 

solution is replaced with running buffer only so as to remove any loosely bound analyte (if applicable), in 

a step known as dissociation (Figure 10). The amount of analyte adsorption can be inferred from the 

difference between the final and the initial reading on the sensorgram for pre- and post- analyte adsorption 

signal. Therefore, this enables label-free detection and direct monitoring of the ligand-analyte binding 

complex on the surface.52 Lastly, sensor chips must be washed with a regeneration solution to disrupt the 

ligand-analyte complex formed whiles retaining the activity of the ligand for re-use of the sensor chip for 

subsequent experiments or replicates (Figure 10).3,28,55 The ability to leave the activity of the immobilized 

ligands intact is a vital step in SPR assays in order to perform replicate tests. 
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Figure 9. Schematic of a sensorgram of activation and immobilization of a sensor surface with a 

ligand. From left to right, the dextran carboxylate groups are first activated by EDC/ NHS, ligand is 

then coupled onto this activated surface, and finally, ethanolamine is used to wash off all non-

covalently bound molecules  
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Figure 10. Schematic of a sensorgram of binding of an analyte to and regeneration of the sensor 

surface. From left to right, analyte is initially passed over the activated surface (association phase), 

followed by a buffer only phase to wash off all loosely bound ligands (dissociation phase) and finally, 

a regeneration phase where the active surface is restored (ideal regeneration is not obtained in this 

sensorgram as response signal does not match response at t0) 

 

An essential consideration to take into account is controlling the amount of immobilized ligand on 

the surface.40 Specificity measurements require enough ligand immobilized to produce a good signal, but 

do not have a specified range of immobilization. Kinetic measurements require a low amount of ligand to 

avoid disturbances such as MTL. Affinity measurements can use a range of low to high ligand density, 

requiring only that saturation of the ligand occurs after a specific period of time. Low molecular mass 

interactions require high-density sensor chips so as to bind the maximum amount of analyte possible to 

generate a good signal.40 

The amount of ligand to be immobilized could be calculated by the following (Equation 2.0 – 2.1).39 
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Rmax =  
Rligand ×  Mranalyte × Binding sitesligand

Mrligand

(2.0) 

 

Rligand =  
Rmax ×  Mrligand

Mranalyte × Binding sitesligand

(2.1) 

 

Where R is the response obtained in RU and Mr is the molecular mass of the molecule.  

Some factors that influence the amount of ligand to immobilize include the activation time of the 

surface, immobilization buffer and ligand concentration, reactivity, and contact time.40,56 A longer 

activation time of the sensor surface results in more carboxylic groups being activated, and thus increases 

the amount of potential bound ligand. Buffer and ligand immobilization conditions affect the pre-

concentration by effectively changing the charges present.40 After activation of the surface and binding of 

the ligand, the sensor surface is deactivated with ethanolamine. Ethanolamine blocks all remaining active 

groups as well as washes away electrostatically bound ligand with its high ionic strength.40 

2.4 Coupling Procedures for Ligand Immobilization 

As previously mentioned, a typical SPR experiment has three phases: immobilization of ligand, 

association and dissociation of analyte, and regeneration of the activated sensor chip surface. 

Ligand immobilization is a crucial first step in designing an SPR biosensing experiment as this 

creates the active surface for biomolecules of interest to interact and thus, be analyzed.28,43 For the 

fabrication of reliable sensor surfaces, attaining suitable immobilization levels is necessary in order to retain 

both the activity and accessibility of the immobilized ligand.  Several techniques exist for the 

immobilization of ligands to sensor chips surfaces, including covalent immobilization, affinity capture, and 

hydrophobic interactions.28  

There are numerous covalent immobilization methods for SPR biosensing. Covalent 

immobilization using amine coupling is usually the first choice for the immobilization of ligands due to is 
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relative ease, high coupling yields, and formation of stable ligand-matrix bonds; it is also the immobilization 

of choice in my experiments (Figure 11).28,40,55 The carboxyl reactive groups are first activated by 1-ethyl-

3-(3-dimethylaminopropyl)carbodiimide (EDC) which converts them into an O-acylisourea intermediate. 

Notably, the intermediate, O-acylisourea, hydrolyses quickly, making it unstable and unable to retain 

activity between the activation step and the injection of the ligand. For this reason, N-hydroxysuccinimide 

(NHS) is used instead to convert the unstable O-acylisourea into a more stable product with a longer half-

life.28 

The ligand is then passed over the activated surface and covalently immobilized via amine 

coupling. The final step of ligand immobilization involves the use of ethanolamine to wash off all loosely 

bound ligands and to cap off all remaining active carboxyl groups to prevent further reactions.40 

 

 

Figure 11. Reaction scheme of EDC/ NHS activation of the carboxyl groups on the sensor surface 

Covalent immobilization of ligands is advantageous in comparison to other immobilization 

methods because of its high stability and minimal ligand modification.28 This results in the need for low 

EDC 

NHS

 

Ligand 
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amounts of ligand as well as ease of control of immobilization levels. However, a drawback to this includes 

the random orientation of ligands attached onto the surface. This results in the possibility of blocked binding 

sites, and thus, reduced analyte affinity for the ligand.28 

However, it should be noted that a key feature of covalent immobilization is the pre-concentration 

step that precedes it. This step results in the ligand molecules approaching the reactive groups in the matrix 

as close as possible before covalent coupling occurs. Essentially, it follows the rule of “interaction before 

reaction.”28 This is done by altering the pH of the buffer such that it is below the pI of the protein, resulting 

in a positively charged protein which would be attracted to the negatively charged surface.28 

Unlike the covalent immobilization approach, which is prone to ill-defined ligand orientation and 

limited access to binding sites (Figure 12a), alternative methods such as affinity capturing may provide a 

sensor surface with a specific ligand orientation (Figure 12b).40,41 Affinity capturing allows for an indirect 

immobilization via the specific capture molecules so that sensor chips retain the ligand’s activity and 

structure. However, this can only be done if the ligand of interest forms a stable complex with a high enough 

affinity to the capture system.40 Affinity capturing is advantageous since it allows the use of unpurified 

ligands and/ or complex samples, similarly to affinity purification.40 However, it is crucial that the capture 

system of affinity capture does not interfere with the binding site of the ligand, nor should it dissociate 

during analyte interaction with the ligand.40 Most affinity capture systems consist of a covalently bound 

protein, also commonly immobilized via amine coupling. 
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Figure 12. Diagram of (a) random orientation of immobilized ligands from EDC/ NHS activation and 

(b) correct orientation of immobilized ligands from affinity capture28 

 

An alternative immobilization method of importance is the use of hydrophobic attachment for 

transmembrane ligands. This is important as these proteins denature rapidly once they are out of their 

natural environment, a lipid bilayer membrane.28 The HPA technique is important as it enables 

immobilization of transmembrane proteins as ligands since they require a similar membrane environment 

in order to retain activity.28 Therefore, immobilization using hydrophobic interactions (lipid membranes) 

are important in order to provide a system similar to that of the transmembrane protein host environment.28 
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Chapter 3 

Surface Plasmon Resonance Biosensor Chips 

3.1 Properties of Sensor Chips 

Sensor chips are one of the most important aspects of SPR biosensing (Figure 13). Since 

biomolecular interactions occur on the surface of the sensor chip, the quality and properties of the chip 

directly impact the performance of an SPR device and the data quality obtained.28 Two important features 

of sensor chips that enable the monitoring of biomolecular interactions are: the substrate (commonly glass) 

for the sensor chip and the thin metal layer, usually a 50 nm layer of gold.40 The thin gold layer and the 

glass substrate are of particular importance since the former enables the excitation of surface plasmons 

which can only occur as light is coupled to this surface via TIR in the latter.40 The surface of the gold layer 

is also suitable for further functionalization of the sensor chip with a linking layer (SAMs) and the 

immobilization of matrices.28 Such functionalisation enables the detection of specific biomolecular 

interactions. In regard to the functionalisation, additional features such as the type of immobilization matrix 

or  immobilized ligand, for analyte selectivity, are also inherently important to the functionality of a sensor 

chip.28  

Although silver exhibits better SPR responses, the use of gold on SPR sensor chips is currently 

considered the “gold standard” due to its chemical inertness.40 



29 

 

 

Figure 13. Image of a COOH2 sensor chip from Pall ForteBio (previously SensiQ) 

3.2 The Sensor Surface 

As discussed in Chapter 1, gold is the most commonly utilized plasmon metal for SPR sensor chips 

in comparison to copper or silver due its stability, increased resistance to oxidation, and biocompatibility.40 

However, an unmodified gold surface has the tendency to spontaneously adsorb biomolecules, which 

commonly results in their denaturation.43  As a result, the surface exhibits a low active ligand density, 

rendering the surface chip unreliable.57 Therefore, gold is often functionalized with a layer of long chain 

thiol-based SAMs such that target biomolecules can be attached using a variety of immobilization 

methods.40  

The use of thiol-based SAMs provides a bioinert layer to serve as an effective barrier between the 

biomolecules and the gold surface, increasing the viability of the sensor chips.28 The SAMs are typically 

capped with functional groups – commonly carboxylates – which are suitable for ligand immobilization.40 

Additionally, the thiol-based SAMS also provide a platform (an adhesive layer) for effective and stable 

linking of a polysaccharide immobilization matrix onto the gold surface.28 

Commercially available sensor chips use a well-established method of immobilizing a SAM of 

alkanethiols on a gold surface, where the sulfur head binds a gold (111) lattice at the three-fold hollow site 

as a thiolate.22 This alkanethiol-SAM on gold is relatively easy to make, by immersing the gold surface in 
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an alkanethiol solution. By terminating the SAM with a hydrophilic group, the undesired adsorption of 

biomolecules onto the bare gold surface is circumvented, and establishes a platform for even further 

modifications of the sensor chip.28  

3.3 Biocompatible Matrices  

A key issue in designing biocompatible sensor chips for SPR use is the elimination and/or reduction 

of non-specific adsorption of biomolecules on sensor surfaces.43 Non-specific adsorption of biomolecules 

can occur via a combination of both electrostatic and/or hydrophobic interactions.28 

When choosing to deliberately attach biomolecules to sensor chip surfaces, a number of interactions 

can be exploited, including: adsorption, electrostatic interactions, hydrophobic interactions, covalent bonds, 

or affinity capture.3  

Many types of immobilization matrices have been employed to reduce non-specific adsorption of 

biomolecules on sensor surfaces. Such is seen by the use of a SAM-based model of oligoethylene glycol 

alkanethiols on gold surface as well as a non-cross linked CM dextran layer on gold.27,44,45 An important 

aspect of the immobilized matrices are their hydrophilic properties and packing density. These properties 

are crucial for repelling proteins in SPR sensor chips, serving as protein-resistant layers, and minimizing 

non-specific adsorption.28 

In addition to the hydrophilicity of the sensor surface, the surface charge also plays a key role in 

non-specific adsorption of biomolecules as proteins will be attracted to opposite charges.28 However, this 

electrostatic attraction can be reduced with the use of medium to high ionic strength buffers and 

physiological pH.28 Nonetheless, it is preferable to have an uncharged sensor surface to minimize non-

specific ionic interactions.28 

3.3.1 Biocompatible Hydrogels 

The bioinert capabilities of sensor chip surfaces can also be tailored by means other than suitable 

functional groups. By controlling the structural means on the surface with the use of a hydrogel (polymer), 
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non-specific adsorption of proteins is minimized.28 An additional advantage of using hydrogels for SPR is 

the ability to tune the sensing surface to the evanescent field.28 This enables ligands to not only be 

immobilized directly on the surface, but also in the evanescent volume, providing a suitable environment 

for increased ligand loading. However, a thick and dense hydrogel can be disadvantageous as biomolecules 

may be unable to enter the evanescent volume, resulting in a decreased loading capacity and decreasing 

signals.28 

Besides a SAM coating of the gold surface, sensor chips are further coated with a dextran matrix 

to create a 3D environment for ligands to bind onto as well as to increase the immobilization density.28 A 

variety of sensor chips with different matrices are available to suit specific applications, such as alkanethiol, 

oligoethylene oxide, and alginate (surfaces), to name a few. Despite the vast variety, the main purpose of 

these matrices is to reduce non-specific binding of biomolecules and increase immobilization. 

The most commonly used hydrogel is based on the CM dextran.28 A CM dextran layer (typically 

on the order of 500 kDa) provides a highly uniform and flexible immobilization matrix whereby the 

carboxyl groups can be used to immobilize ligands. In addition to this, the dextran layer serves as a further 

barrier between the gold surface and the biomolecules and provides a platform for increased loading 

capacity of ligands.28 

3.4 Sensor Surfaces: 2D vs 3D 

Sensor chips can be grouped into two categories: 2D and 3D surface. Two-dimensional surfaces 

consist of a SAM on the gold surface whereas 3D surfaces have a gold-SAM further functionalized with a 

hydrogel. As such, ligands on a 2D sensor chip are immobilized onto a planar 2D SAM surface whilst 

ligands on a 3D chip are immobilized on a hydrogel that provides a 3D environment for ligands to bind 

onto.  

Sensor chips suitable for use in the detection of larger analytes and biomolecules utilize a 2D 

surface, in which the sensing surface is made up of a SAM only, without being further functionalized with 

a matrix (hydrogel) (Figure 14a).28 The absence of a hydrogel layer makes it possible for such bulky 
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biomolecules to be contained within the evanescent volume, which might make binding sites inaccessible 

due to steric hindrance blocking off active sites. Due to the use of a monolayer as the interaction surface, 

2D sensor chips provide a suitable surface for low capacity immobilization of ligands, typically used for 

high molecular weight molecules.28  

The homogeneity of the surface of a 2D chip is of particular importance in sensor chips as possible 

steps and gaps can result in pinholes in the SAM coating. This could possibly affect the immobilized 

ligand’s activity and positioning, leading to increased non-specific adsorption as well as the denaturation 

of biomolecules.28 Therefore, most sensor chips commonly utilize two “protective” coatings, an initial SAM 

of thiols followed with a second coating of polymer (the hydrogel).28 The hydrogel adds an additional layer 

of stability to the sensor chip coating which is also able to serve as a spacer group; this improves the loading 

capacity of the sensor chip in addition to increasing accessibility towards the ligand.28 Two-dimensional 

sensors include the COOH1 sensor chip of the Pioneer system, and Biacore’s C1 and HPA sensor chips.  

Sensor chips with 3D surfaces (Figure 14b) offer an alternative high-density ligand loading capacity 

in comparison to a 2D surface; the latter is inefficient in applications that require the analysis of small 

molecules.28 The efficiency of sensor chips has been improved with the development of tunable 3D 

hydrogels. These modifications provide a platform for increased ligand loading capacities, decreased non-

specific biomolecular interactions, improved ligand-analyte accessibility, and minimized biomolecule 

denaturation, by keeping the ligand further away from the bare sensor surface.28 

Many different types of carboxylated polysaccharide hydrogels for 3D chips have been explored 

other than CM dextran, including alginate, pectin, carboxymethylcellulose; however, CM dextran is the 

most commonly employed.28 Three-dimensional sensor chip structures include an immobilization matrix 

usually consisting of a CM dextran, as in the case with Biacore’s CM series, and SensiQ’s COOH2, 5, and 

specific capture chips.  
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Figure 14. Diagram of (a) 2D capture chip with ligands immobilized on the surface vs (b) 3D capture 

chips with ligands immobilized on a dextran matrix 

3.5 NHC Sensor Chips: Experimental and Results 

3.5.1 Chemicals and Materials 

Unmodified gold surfaces (gold chip kit) were obtained from Pall ForteBio (originally SensiQ, not 

obtainable currently). NHC, 5-((11-hydroxyundecyl)oxy)-1,3-diisopropyl-1H-benzo[d]imidazol-3-ium 

hydrogen carbonate was synthesized by the Crudden lab at Queen’s University.58  Anhydrous, septum-

sealed bottle dri-solv methanol was obtained from EMD Millipore, and epichlorohydrin, Mr 450,000-

600,000 dextran from Leuconostoc spp. and bromoacetic acid was obtained from Sigma-Aldrich. 

3.5.2 Fabrication 

The gold only sensor chip was initially cleaned with methanol, followed by rinsing with MilliQ 

water and finally dried under a stream of argon. The cleaned chip was immersed in a solution of 6.5 mM 

NHC using dri-solv methanol for 48 hours at room temperature in the absence of light. This was followed 

by washing with methanol and thorough washing with MilliQ water as a rinsing step. Chips were then 

reacted with 2% v/v epichlorohydrin in 0.1 M NaOH for four hours at ambient conditions. Chips were 

washed with both methanol and MilliQ water.  A solution of 300 g/L 500 kDa dextran in 0.1 M NaOH was 
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used to immerse the functionalized sensor chip for 24 hours at ambient conditions. MilliQ water only was 

used to wash after this step, and finally, the chips were immersed in a 1.0 M solution of bromoacetic acid 

in 2.0 M NaOH for 20 hours. Chips were thoroughly washed with MilliQ water, dried, and stored under 

argon or mounted on the sensor chip cartridge. 

3.5.3 Characterization 

The chips were characterised using contact angle measurements and XPS. Contact angle 

measurements were conducted on the three main layers of the sensor chip: the unmodified gold surface, the 

NHC SAM on gold, and the NHC functionalized dextran gold chip (Figure 15). The average contact angle 

using water for these layers were 64° ± 4°, 73° ± 1° and 72° ± 0.1° respectively, using a minimum of three 

replicates. The contact angle of the unmodified gold surface was comparable to the literature value of 65°.59 

The increase in contact angle upon functionalization of gold with NHCs was consistent with successful 

deposition of NHC on the surface, and the presence of the hydrophobic dodecane chain of the NHC 

employed. With the modification of the sensor chip using 500 kDa dextran, the contact angle decreased, 

consistent with the presence of multiple hydroxyl functional groups, as the surface would be more 

hydrophilic. 

 

Figure 15. Contact angle measurements of the homemade sensor chips on (from left to right) a gold 

only surface, a gold surface immobilized with a SAM of NHCs, and a fully formed gold sensor chip 

functionalized with a dextran matrix on an immobilized NHC SAM 
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Figure 16. XPS spectra of the homemade NHC-based surfaces of O 1s, C 1s, N 1s, and Au 4f peaks 

XPS analysis of the NHC sensor chip spectra showed a N 1s peak at 400.5 eV, two O 1s peaks at 

531.6 and 532.9 eV, three C 1s peaks at 285.0, 286.5, and 288.5 eV, and Au 4f7/2 and 4f5/2 peaks at 84.3 and 

87.9 eV respectively (Figure 16). The peaks obtained corresponded to sp3 N, sp3 and sp2 O, sp3 C-C, sp3 C-

O and sp2 C=O, and bulk gold respectively. Therefore, this demonstrated the presence of the NHC on the 

gold surface. 
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Chapter 4 

N-Heterocyclic Carbene Dextran Based Sensor Surfaces 

4.1  NHC-based CM Dextran Sensor Chips 

In this chapter, we present the experimental results of our homemade NHC-based CM dextran 

sensor chips as an alternative sensing platform to the widely used CM- series, and in particular, the CM5 

sensor chip. The experiments were carried out to demonstrate whether the NHC-based sensor surfaces could 

yield results comparable to those of commercially available sensor chips, in reproducibility, sensitivity, and 

usability. This was tested using a BSA and antibody system due to their affinity for each other as well as 

the numerous literature available. 

4.2 Antibodies 

Antibodies, also known as immunoglobins, are proteins produced by the immune system in 

response to a foreign molecule, an antigen.60 Antibodies can bind antigens with high specificity and thus, 

are very useful in research, particularly in the detection of specific proteins. 

Antibodies bind to antigens via the epitope. However, antigens commonly contain many different 

epitopes, and thus, multiple antibodies can recognize an antigen due to the numerous binding sites available. 

Correspondingly, paratopes are the antigen binding sites of the antibody and each paratope is only capable 

of binding to one specific epitope. This recognition mechanism enables specific detection of a protein while 

ignoring proteins not of interest. However, it must be remembered that an epitope can belong to several 

antigens, thus, an antibody could bind different proteins if they contained the same epitope. 

There are two types of antibodies: monoclonal and polyclonal. Monoclonal antibodies (mAbs) refer 

to antibodies produced by a single B cell and are all identical, thus, they only bind to one unique epitope.61 

MAbs offer homogeneity amongst different batches as well as provide better results in quantification assays 

due to their high affinity towards an epitope. However, monoclonal antibodies are expensive and have a 

longer production time. In addition to that, they can offer decreased sensitivity if the target protein is 
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denatured or in an altered conformation as the antibody would not be able to recognize conformational 

changes in the epitope’s structure. They are also more sensitive to changes in the environment such as 

buffer and pH changes, and are harder to work with as a result. Polyclonal antibodies (pAbs) on the other 

hand, are antibodies produced by different B cells that react specifically with a target antigen.61 They offer 

advantages over mAbs such that they are cheaper and less time consuming to produce, as well as featuring 

increased stability to environmental changes such as buffer and pH changes. Besides, increased sensitivity 

and detection may be attainable because of multiple epitope recognition. However, because they are 

produced from different B cells, the inherent variability in pAbs batches impacts batch homogeneity, 

therefore increasing the probability for cross reactivity due to its ability to recognize multiple epitopes. 

4.3 Structure and Classification of Antibodies 

An antibody contains both heavy and light chains which both contain constant and variable regions. 

It consists of two heavy and two light chains of ~ 50 kDa and ~25 kDa each, respectively, and is normally 

in the shape of a “Y”.60 Two identical halves of an antibody are connected by disulfide bonds, with both 

halves containing one heavy chain paired with one light chain, also connected by disulfide bonds. 

There are two distinct regions of an antibody, a fragment crystallizable (Fc) portion at the C-

terminus located at the base of the Y, and a fragment antigen binding (Fab) portion at the N-terminus, found 

at the arms of the Y (Figure 17).60 

The Fc portion is made up of only heavy chains and contains amino acid sequences that do not vary 

much among different antibodies, and as such, it is commonly referred to as the constant region. On the 

other hand, the Fab portion contains both heavy and light chains, as well as both constant and variable 

regions. The variable region of the Fab portion consists of amino acid sequences that varies greatly between 

antibodies, which gives an antibody a specific affinity towards an antigen.60 As such, the antigen binding 

site of an antibody is due to the combination of the variable regions on both the heavy and the light chain, 

which is linked by a disulfide bond, and thus, each antibody monomer can bind up to two antigens.  

 



38 

 

 

Figure 17. Structure of an antibody 

4.4 NHC CM5-Based Sensor Chips 

The CM- or the COOH- sensor chips are sensor are the most commonly used sensor surfaces within 

SPR biosensing.  These sensor chips typically consist of a matrix of CM dextran attached to the gold surface 

using thiol-based SAMs as a linking layer.55 These sensor chip series often contain different levels of 

carboxymethylation for use in various applications; CM3 sensor chips contain a shorter dextran matrix, 

CM4 has a lower degree of carboxylation in comparison to the CM5 series, and the CM7 sensors have a 

higher degree of carboxylation.40,55 The CM- and COOH- series chips are considered 3D sensor chips as a 

result of the presence of the flexible CM dextran matrix. Such a matrix allows for the relative movement of 

attached ligands on the sensor surface; ligands can be attached using a variety of immobilization methods.55 
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By using the different functional groups found on biomolecules, ligands can be attached via many different 

coupling methods, such as amine coupling, thiol coupling, and aldehyde coupling, to a name a few.55  

In particular, the CM5 and the COOHV sensor chips are the most widely used sensor chips and are 

considered commonly as a general-purpose chip.55 Such sensor chips are used so much more often as a 

result of the dextran surface matrix attached. The dextran matrix provides for a range of potential 

applications to be tuned towards, offers high loading capacities of biomolecules, high stability of the matrix, 

as well as diverse coupling options.40,55 This enables the study of many types of biomolecules, with the 

ability to obtain a high response that can be replicated as a result of the high binding capacity, high stability, 

and chemistry found on the sensor surface.40,55  

Herein, we verified the effectiveness of the NHC modified CM-based sensor surface for use as an 

NHC CM5-based sensor chip with a stable capture platform by using a series of antibody BSA analyte 

injections against BSA as the ligand. 

4.5 Experimental Procedures 

Using the NHC CM5-based sensor chip as described in the previous chapter, BSA (Sigma-Aldrich) 

was immobilized as the ligand onto the sensor surface via amine coupling. The sensor surface was initially 

activated by injecting a 1:1 mixture of 0.4 M EDC/ 0.1 M NHS (GE Healthcare) for ten minutes at a flow 

rate of 10 μL/ min. BSA at a concentration of 30 nM in 10 mM sodium acetate pH 4.5 (GE Healthcare) was 

then injected over the activated surface for six minutes at 10 μL/ min and a solution of 1.0 M ethanolamine-

HCl pH 8.5 (GE Healthcare) was used to block the surface for 11 minutes at 10 μL/ min. The reference 

surface was only activated by the EDC/ NHS mixture and blocked with ethanolamine, whereas the active 

channel further underwent amine-coupling of BSA onto the sensor surface. 

To test the validity of the NHC CM5-based sensor surface with BSA immobilized as the ligand, 

the surface was subjected to a 50-cycle test of BSA antibody (ThermoFisher Scientific) binding. Antibody 

at a concentration of 16.67 nM in Phosphate-buffered saline (PBS) (20 mM phosphate buffer, 29 mM KCl, 

1.37 M NaCl, pH 7.4, 0.005% v/v Tween 20) was injected over the BSA surface for four minutes at a flow 
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rate of 5 μL/ min with a dissociation time of five minutes followed by regeneration of the ligand surface 

with 20 mM NaOH for three minutes at 5 μL/ min with a three-minute dissociation period. A protocol for 

50 cycles of antibody binding to BSA was established using the above parameters and the reference surface 

signal was subtracted from the active surface signal. 

Validity of the sensor chip over a longer time frame was also verified by using a 12-hour test in-

between binding of the antibody to BSA. As with above procedures, EDC/ NHS was used to activate the 

surface for ten minutes at a flow rate of 10 μL/ min followed by an injection of 37.88 nM BSA in sodium 

acetate pH 4.5 for six minutes at 10 μL/ min. Ethanolamine-HCl pH 8.5 was injected over this surface for 

11 minutes at 10 μL/ min and finally, 20 mM NaOH followed by PBS buffer was injected subsequently 18 

times over the ligand bound sensor surface  to stabilize the baseline. 

To test binding, 16.67 nM antibody in PBS buffer was injected for three minutes at 10 μL/ min and 

regenerated with 10 mM NaOH for one minute at 10 μL/ min. This was replicated for a minimum of five 

trials. After 12 hours, the same procedure was repeated using the same parameters for another five 

replicates. The reference surface was subtracted from the active surface. 

4.6 Results and Discussions 

In testing for the applicability of the NHC CM5 modified sensor chip as a stable surface and 

reproducible sensor surface chip, BSA was first immobilized and antibody BSA was passed over this ligand 

activated surface. After activation with EDC/ NHS, a response of 265.7 RU was obtained, demonstrating 

an increase of 233.3 RU as a result of the binding of BSA to the surface. After the wash with ethanolamine 

however, the sensorgram showed a decrease in response of 36.1 RU to a level 187.2 RU, corresponding to 

the amount of BSA remaining on the sensor surface (Figure 18). This NHC sensor chip was calculated to 

have a surface concentration of 28.4 μM BSA immobilized (Equation 4.0).62 

   

Concentration =
Response unit

100 x Molecular mass
 (4.0) 
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Figure 18. Sensorgram (without reference subtraction) of immobilization of BSA as ligand using 

EDC/ NHS coupling 

 

Following immobilization of BSA as the ligand, BSA antibody binding and regeneration tests were 

carried out, yielding an analyte binding and removal response of +71.2 RU and -66.9 RU, respectively 

(Figure 19).  

BSA 

end 

Ethanolamine 

end 

Ethanolamine 

start 

EDC/ NHS 

end 

EDC/ NHS 

start 

BSA 

start 

EDC/ NHS 

start 

EDC/ NHS 

end 



42 

 

 

Figure 19. Sensorgram (without reference subtraction) of BSA antibody binding and surface 

regeneration 

 

As deduced from the high removal response of 94% of antibody BSA from the surface, it can be 

concluded that this surface is suitable for testing BSA with antibody due to its ability to bind and be 

regenerated strongly. Therefore, a 50-cycle stability analysis was carried out to determine the long-term 

stability of the sensor chip under constant binding regeneration cycles. A decreasing trend was observed 

for the responses obtained over 50 cycles for the binding of the antibody whereas an increasing trend was 

noticed for the surface regeneration responses (Figure 20).   
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Figure 20. Response of BSA antibody binding and surface regeneration of the NHC CM-based sensor 

chip over 50 cycles 

 

Although this appears that the NHC CM5-based sensor chip is not a highly stable or reliable chip, 

this correlation between binding and regeneration can be attributed to the increasing presence of sodium 

azide (from the stock analyte solution) on gold. In addition to this, I suspect that the increased spacing in 

an NHC monolayer due to its larger sterics in comparison to a thiol monolayer enable the diffusion of azide 

molecules to the sensor surface, resulting in a poor regeneration of the sensor surface. Furthermore, it is 

possible that the effectiveness of using antibody BSA as an analyte for this test was hindered due to a loss 

of activity over the course of the experiment. Although this is a possibility, I attribute the loss of binding as 

a result of non-specific binding, particularly in relation to the presence of sodium azide. This build-up of 

non-specifically bound molecules that cannot be regenerated would thus affect binding as the sensing 

surface cannot be fully cleaned. It was demonstrated that the difference between the first and the final 

regeneration cycle shows a decrease in the regenerative capability of the sensor chip by 26 RU whilst the 

difference in antibody binding between the first and final binding cycle amounted to 29 RU (Figure 20). As 

can be compared to the average RU obtained over the course of 50 cycles for binding (+54.1 ± 8.9 RU) and 

regeneration (-52.7 ± 7.0 RU), we can assume that this sensor chip provides a stable sensor surface over 
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the course of each individual cycle or a set of cycles as opposed to a long-term chip experiment. Despite 

the negative trends observed, the ability to regenerate most of the sensing surface (approximately 97.4% of 

surface regenerated) for each individual interaction demonstrates that this NHC CM surface can be applied 

for SPR biosensing. 

To further test the ability of the sensor chip, we decided to carry out a 12-hour experiment to verify 

the effectiveness of the sensor chip. Unlike the 50-cycle analysis, this 12-hour experiment involved five 

binding regeneration cycles followed by an additional five cycles 12 hours later. By doing so, we were able 

to minimize the problem of sodium azide from overcrowding the sensor surface.  

In this, we notice that the binding of the antibody initially resulted in an average of +46.3 ± 0.9 RU 

for binding and -40 ± 2.6 RU for regeneration (Figure 21). In comparison, the results obtained for the 

binding that occurred after a period of 12 hours for binding and regeneration were +41.7 ± 1.6 RU and -

38.8 ± 2.7 RU respectively (Figure 21). These response changes demonstrated that our NHC CM sensor 

chip was valid over a prolonged period of time due to the similar binding and regeneration responses 

observed. The average binding and regeneration responses were relatively consistent for both assays, with 

an average of 90% of the active surface being regenerated. Nevertheless, it can be deduced that the 

effectiveness of the sensor chip does diminish with time. However, by minimizing the presence of sodium 

azide on the sensor surface, the binding responses obtained are also more consistent over smaller analysis 

cycles as compared to a larger 50 cycle analysis, as observed from the standard deviation. Thus, we can 

conclude the effectiveness of the NHC CM-based sensor chip as a potentially stable and reliable surface. 
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Figure 21. Response of BSA antibody binding and regeneration of sensor surface at time zero (T0) 

and 12 hours later (T12) using five replicates each 

4.7 Summary 

Herein, we have demonstrated the feasibility of the NHC CM-based sensor chip for use in SPR 

biosensing as a stable and reproducible surface. Despite this, replicates and further testing of this NHC CM-

based sensor chip are required to demonstrate the ability to obtain more reliable data, as well as kinetic and 

equilibrium data of biomolecular binding complexes.  
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Chapter 5 

N-Heterocyclic Carbene Specific Capture Chip 

5.1 Specific Capture Approach 

In this chapter, we further the experimental results of our homemade NHC-based CM dextran 

sensor chips from Chapter 4 by employing an affinity capture approach. The experiments were carried out 

to demonstrate the applicability of NHC-based sensor surfaces in a specific capture system, which could 

circumvent the problems encountered in the previous chapter, using protein A and IgG. 

5.2 Protein A Sensor Chip 

Protein A has been incorporated into SPR biosensing in the form of a protein A sensor chip and is 

commonly used for concentration analyses despite its numerous applications. This chip is composed of a 

CM dextran matrix that is pre-immobilized with protein A, the capturing molecule, which binds within the 

Fc region of the IgG.63 

The protein A chip is useful due to its ability to bind only to the Fc region within the heavy chain. 

This results in IgG being captured on the surface in a specific orientation, allowing binding of antibodies 

in a site-directed capture method. In addition to this, protein A offers the advantages of having a high 

binding capacity, reproducibility and robustness as a sensor.39  

The protein A surface can be regenerated with the removal of the antibody and the bound antigen, 

if applicable, enabling a “new” protein A surface that is capable of further analyte binding cycles.55 Thus, 

this sensor chip provides an excellent platform for antibody-antigen analyses, especially for site directed 

and specific orientation capture. This results in less problematic binding as all active sites of the antibody 

are rendered available. The use of affinity capture chips offers certain advantages such as reproducible 

antibody-antigen binding cycles as regeneration of the chip removes the immune complex formed as a 

whole, eliminating the problem of analyte leaching during analysis cycles.55   
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Therefore, the use of a sensor surface immobilized with protein A allows for an affinity capture 

approach of antibodies in a controlled and reproducible environment. By binding to antibodies through their 

Fc region, a uniform and oriented antibody surface can be produced, enabling a site-mediated capture 

method by making available the antigen-binding site.  

Herein, we test the applicability of the NHC modified CM5-based sensor surface for use as an 

NHC-protein A sensor chip by further functionalizing it with recombinant protein A. Thus, the ability of 

the NHC-protein A sensor as a stable capture platform with the formation of a stable and reproducible 

surface is hereby examined using a series of antibody injections. 

 

 

Figure 22. Schematic of the fabrication of the protein A sensor chip from the CM dextran matrix. 

From left to right, immobilization of the capturing molecules (protein A) using EDC/ NHS followed 

by specific capture of the IgG antibody by the protein A surface64 

5.3 Fabrication of NHC-based Protein A Chip 

An NHC CM5-based version of our sensor chip was made as described in Chapter 3; whereby the 

gold chip was functionalized with an NHC SAM and further immobilized with a 500 kDa dextran. The 

protein A chip was subsequently fabricated in the SPR instrument by immobilizing protein A on the 500 

kDa NHC sensor surface via amine coupling in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) buffered saline (HBS-EP) (0.01 M HEPES pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005% v/v 

Surfactant P20) (GE Healthcare) (Figure 22).  
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The NHC CM-based sensor chip was installed in the SPR system and activated with a 1:1 mixture 

of 0.4 M EDC/ 0.1 M NHS for eight minutes at a flow rate of 5 μL/ min after stabilization of the baseline. 

Following this, 4.76 μM protein A (Sigma-Aldrich) in 10 mM sodium acetate pH 4.5 was injected over the 

activated surface for eight minutes at a flow rate of 5 μL/ min. An injection of 1.0 M ethanolamine-HCl pH 

8.5 for ten minutes at a flow rate of 5 μL/ min was finally used to remove loosely bound ligands and 

deactivate any remaining activated carboxylic groups on the sensor surface. The reference surface was only 

activated by the EDC/ NHS mixture and blocked with ethanolamine, whereas the active channel further 

underwent amine-coupling of protein A onto the sensor surface. 

5.4 NHC-Protein A Sensor Chip Antibody Binding 

Following activation of the sensor chip with protein A, normal mouse IgG (Santa Cruz 

Biotechnology) was used to test the functionality of the NHC-protein A sensor chip using a stability and 

kinetics test of the surface.64 

An 80-cycle protein A surface stability test was verified by injecting 13.33 nM IgG over the sensor 

chip surface for one minute at a flow rate of 5 μL/ min followed by regeneration of the surface using a one-

minute injection of 10 mM glycine-HCl pH 2.0 (GE Healthcare) to disrupt the complex formed. A protocol 

spanning 80 cycles was established using a one-minute injection of 13.33 nM IgG at 5 μL/ min with a one-

minute dissociation followed by a regeneration injection of glycine-HCl pH 2.0 for one minute at 5 μL/ 

min. The reference surface was subtracted from the active surface. 

Several concentrations of mouse anti-goat IgG (213.33 nM to 6.67 nM) (Santa Cruz Biotechnology) 

were prepared using serial two-fold dilution and used to test the binding kinetics of the protein A- IgG 

complex; these concentrations were calculated based on the assumption that the concentration of the 

antibody obtained from the provider was accurate. HBS-EP buffer was first injected over the protein A 

surface for one minute at a flow rate of 5 μL/ min followed by a dissociation time of three minutes. Finally, 

a one-minute injection of glycine-HCl pH 2.0 at 5 μL/ min was used to regenerate the surface. Following 

this, IgG solutions from 3.33 nM to 213.33 nM were injected over the protein A surface using the 
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parameters described for HBS-EP buffer and from lowest to highest concentrations. Each cycle included a 

one-minute wait period before injection of the analytes for establishing a stable baseline, with a one-minute 

buffer injection after the regeneration step to minimize carryover effects between analyte injections. A 

minimum of triplicate injections for each concentration was performed for repeatability and the reference 

surface was subtracted from the activated surface. 

To test the effectiveness of the protein A surface against molecules of non-interest, 757.58 nM BSA 

was injected over the protein A surface for three minutes at a flow rate of 5 μL/ min with a stabilizing time 

of 13 minutes followed by a one-minute injection of 0.005% sodium dodecyl sulfate (SDS) at 5 μL/ min to 

regenerate the protein A surface. This was replicated with a minimum of five injections with the reference 

surface subtracted from the active surface.    

5.5 Results and discussion 

The amount of protein A immobilized onto the NHC CM5 based sensor resulted in a response of 

540 RU following activation of the immobilization matrix with EDC/ NHS and a washing step with 

ethanolamine (Figure 23). This corresponded to a protein A concentration of 129 μM on the sensor surface 

(Equation 4.0). 
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Figure 23. Sensorgram (without reference subtraction) of immobilization of protein A as ligand using 

EDC/ NHS coupling 

 

To determine the ability of the protein A sensor surface generated, we conducted a series of binding 

cycles of IgG to the protein A surface followed by a surface regeneration step (Figure 24). This resulted in 

an IgG binding response of +60 RU and a regeneration response of -58 RU as the IgG was removed off the 

protein A surface using glycine-HCl pH 2.0.  
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Figure 24. Sensorgram (without reference subtraction) of IgG binding and surface regeneration 

For the sensorgrams shown (Figure 23 and Figure 24), raw data without reference subtraction were 

used for easier visualization, however, all subsequent calculations were done using reference subtraction of 

the active channel (ligand immobilized on this channel) from the reference channel (no ligand 

immobilized). 

For each cycle of antibody binding and surface regeneration of the NHC protein A sensor surface, 

the sensorgram responses showed that binding and regeneration on the protein A surface was stable within 

minutes, highlighting the possibility of the NHC protein A surface for use as a sensor chip. Due to this, 

long term-stability of the protein A sensor surface was determined by binding and regeneration of IgG on 

the sensor surface. It was demonstrated over the course of 80 cycles, IgG binding and surface regeneration 

of the protein A sensor was highly consistent, averaging +60.3 ± 2.4 RU and -60.8 ± 2.1 RU, respectively 

(Figure 25). It can be determined from this that 100% of the surface was regenerated, showing stability of 
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the protein A surface towards IgG as well as its applicability towards industry as an NHC-based protein A 

sensor chip for use in biomolecular interactions and in SPR particularly. In particular, this validates the use 

of NHC in SPR sensor chips due to the reliable response obtained using protein A, as compared to the 

stability of the BSA immobilized NHC-based sensor chip. 

 

 

Figure 25. Response of IgG binding and surface regeneration of the protein A sensor chip over 80 

cycles64 
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Figure 26. Sensorgram (with reference subtraction) of testing non-specific binding of protein A 

sensor chip using BSA 

 

Furthermore, the protein A surface was tested for non-specific adsorption by using BSA as a control 

test. It is known that BSA has a high affinity for CM dextran matrixes and attaches to it non-specifically. 

However, as demonstrated, there was little to no adsorption of BSA as seen from the lack of change in the 

RU of the sensorgram, with an average change of 0.76 RU over five cycles (Figure 26). Thus, this minimal 

non-specific binding response obtained demonstrates the high selectivity of protein A towards IgG and its 

use as a stable surface, resistant to non-specific binding. 

Following the determination of a stable protein A sensor chip, a kinetic analysis was conducted by 

binding IgG to protein A using a series of concentrations of 213.3 nM to 6.7 nM, prepared by serial dilution, 

of IgG. The injections of these concentrations were carried out from the lowest to the highest to minimize 

carry-over effects. The subsequent kinetic plots obtained were overlaid and analysed with Qdat, using the 

double-referencing technique and fitting it to a simple 1:1 Langmuir Isotherm model.  
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5.5.1 Pseudo First-Order Kinetics 

In SPR analysis, the preferred analysis model is based on pseudo first-order kinetics, or the 1:1 

Langmuir Isotherm fit, due to its simplicity for analysing binding interactions without overcomplicating the 

data.40  

When analysing binding of analytes to receptors immobilized on a sensor surface, a second order 

reaction model is normally employed. However, since SPR biosensing instrument utilizes a dynamic system 

and flow cells, the concentration of the free analyte in the flow cell remains constant as the dynamic system 

ensures that there will be a constant supply of analytes being replenished.52 Therefore, this enables SPR 

analysis to use pseudo first-order kinetics based on the 1:1 Langmuir Isotherm model, however, as 

mentioned in chapter 1, there are a set of assumptions that must be followed before this model can be 

applied successfully. 

During a kinetic binding cycle between the ligand (B) and analyte (A), there are two distinct phases, 

the association and the dissociation phase. The response of formed complex AB during the association 

phase increases with time whereas the dissociation phase consists of a decreased response due to zero 

analyte concentration as it is replaced with running buffer, where complex AB undergoes a time-dependent 

dissociation. The association and dissociation rates can be described by ka and kd, respectively, and which 

can be used to describe the net rate of complex formation between A and B (Equation 5.0 – 5.1).51  

 

A + B 
ka

⇋
kd

 AB  (5.0) 

 

d[AB]

dt
= ka[A]t[B]t − kd[AB]t (5.1) 
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In the 1:1 Langmuir model, the concentration of analyte in solution is constant due to the dynamic 

flow cell system utilized (Equation 5.2 – 5.3). This ensures the following: 

 

[A]t ∝ C  (5.2) 

 

[B]t =  [B]max − [AB]t = Rmax − Rt  (5.3) 

 

Where C is a constant, Rmax is the maximum binding capacity and response of the ligand in which the ligand 

is fully saturated with analyte, and Rt is the response of complex formed at a time t.  

Therefore, the response obtained from the association phase can be determined by the following 

(Equation 5.4 – 5.5):40 

 

dR

dt
= kaC(Rmax − Rt) − kdRt  (5.4) 

 

Rt =
Rmax[A]

KD + [A]
(1 − e−(ka[A] +kd)t) (5.5) 

 

Equation 5.5 can be further reduced to the Michaelis-Menten model. During the dissociation phase, 

the analyte solution is replaced by the running buffer, rendering a zero-analyte concentration and the 

dissociation rate is as follows (Equation 5.6 – 5.8): 

 

d[AB]

dt
= −kd[AB] (5.6) 

 

dR

dt
= −kdRt (5.7) 
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Rt = R0e−kdt (5.8) 

 

Where R0 is the response at the start of the dissociation phase.  

The kinetic curves obtained were thus fitted to a simple 1:1 Langmuir model using the Qdat analysis 

software and the double referencing technique. A global KD fit was not obtained for the concentration curves 

due to the experimental set-up, however, the data was able to be fitted locally for each individual 

concentration instead (Table 1). This resulted in equilibrium dissociation constants (KD) primarily in the 

nanomolar range for each local fit, with KD values ≈ 10-9 M.  

 

Figure 27. Kinetic fits obtained from six concentrations of IgG binding using a simple 1:1 model via 

Qdat analysis software using a minimum of three replicates each64 
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Concentration [IgG] (M) KD (M) 

6.7 nM > 3.3 ± 0.005 nM 

13.3 nM 870 ± 1 pM 

26.7 nM 1.4 ± 0.002 nM 

57.3 nM 2.2 ± 0.003 nM 

106.7 nM 3.4 ± 0.005 nM 

213.3 nM 5.4 ± 0.010 nM 

Table 1. Equilibrium dissociation constants obtained from the local fits 

Furthermore, it can be determined that the fitting of our curves to a simple 1:1 model deviates at 

both the lower and higher concentrations (Figure 27). In the lowest concentration, the fitted curve shows 

an almost linear progression whereas at the higher concentrations, it is demonstrated that the fitted curves 

reach saturation, whereas the experimental curves obtained do not (Figure 27). 

From the shape of the curves obtained in comparison to the fit model, it was inferred that there was 

a MTL. MTL corresponds to a phenomenon in SPR biosensing when the obtained association and 

dissociation rates of an interaction do not agree with the physical on- and off- rates.52 This phenomenon is 

due to a lack of concentration of analyte close to the sensor surface in comparison to the bulk as a result of 

the rate limiting step of analyte diffusing from the bulk towards the surface.52  

Under the assumption of MTL, both the association and dissociation phase will be influenced by 

the lack of concentration of analyte near the surface. Thus, the observed kinetics of an interaction with MTL 

can differ by many orders of magnitude from their actual values.52 A linear association phase in comparison 

to an exponential increase is typically seen in SPR sensorgrams having MTL. As a result of the lack of 

analyte concentration near the sensor surface, equilibrium cannot be attained, and thus, a linear increase 

during the association phase occurs, as seen in the lowest concentration curve (Figure 27). Furthermore, a 

larger deviation is shown for the higher concentrations between the obtained curves and the fitted models 

(Figure 27). MTL is further indicated by the lack of equilibrium reached in the obtained kinetics in 
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comparison to the fitted model, because of the lack of analyte close to the sensor surface, resulting in an 

inability of the sensor surface to bind analyte until equilibrium. 

Thus, MTL limits the use of the 1:1 Langmuir model in fitting the data since the apparent 

association and dissociation rates are inaccurate. As such, we plotted the response obtained against the 

concentration in a Michaelis-Menten model (Figure 28) and by taking the reciprocal of response against 

the reciprocal of concentration, we used the Lineweaver-Burk plot to analyse our interaction kinetics 

(Figure 29). 

Nonetheless, it can also be argued that the experimental kon phase follows a pseudo-first order curve 

as overlaid, however, there the larger experimental decrease observed in the koff phase could be attributed 

to the presence of non-specifically bound molecules (Figure 27). As such, these non-bound analytes would 

dissociate quickly after the kon phase, resulting in a sharp decrease, before following a pseudo-first order 

desorption curve. This phenomenon is expected to be more prominent at higher concentrations, which is 

observed from the kinetic fits (Figure 27). As such, it can be further explained that our kinetic fits deviate 

from the experimental curves due to non-specifically bound molecules, which dissociates off the surface 

quickly, resulting in a non-first order desorption.  
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Figure 28. Michaelis-Menten plot of a response vs concentration graph obtained from the local fits 

of IgG binding to the protein A surface 

 

As observed from the Michaelis-Menten plot, we can further demonstrate the low limit of detection 

offered by the NHC-based sensor chip to be in the range of 3-6 nM. This demonstrates the effectiveness of 

our sensor chip with regards to both the sensitivity and the low limit of detection observed.  
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Figure 29. Lineweaver–Burk plot of the reciprocal of the response vs concentration graph (Michaelis-

Menten plot) 

 

Using the Lineweaver-Burk plot, we were able to fit equation 5.5 with the Michaelis-Menten model 

(Equation 5.9) to obtain a KD value of 61.3 x 10-9 M. However, we can ascertain that our data does not fit 

to the 1:1 model as a result of the presence of MTL and the presence of non-specifically bound molecules, 

as observed from the poor curve fitting obtained. MTL can be however minimized and/ or eliminated by 

increasing the flow rate of the analyte solution and decreasing the amount of ligand immobilized onto the 

sensor surface. 

 

V =  
Vmax[S]

KM + [S]
 (5.9) 

  

Where V is velocity, Vmax is maximum velocity, [S] is substrate concentration, and KM is the concentration 

of substrate at half Vmax. 

y = 0.1717x + 0.0028
R² = 0.9998
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5.6 Summary 

Thus far, it is demonstrated that the NHC-based protein A surface is a consistent and effective 

sensor chip over the course of numerous cycles. We can further conclude that despite the lack of reliable 

kinetics obtained, the results could be improved on by optimizing experimental conditions so as to minimize 

MTL and thus, obtain the true kinetics of an interaction. Overall, we have determined that our protein A 

sensor chip is a stable and efficient sensor surface that can be used in SPR biosensing applications.  
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Chapter 6 

N-Heterocyclic Carbene Lipophilic Capture Chip 

6.1 Hydrophobic Systems 

In this chapter, we present the experimental results of our homemade lipophilic sensor chip as an 

alternative sensing platform to the widely used L1 sensor chip. The experiments were carried out to 

demonstrate whether or not the NHC-based sensor surface could yield a stable and practical lipid bilayer 

surface, which could then be used in the study of transmembrane proteins. 

6.2 Original Development of Hydrophobic Surfaces 

Hybrid lipid layers were originally formed via LB films, through the physisorption of amphiphiles 

onto a surface.43 However, due to the thermodynamic instability of LB films that resulted in structural 

changes with temperature, they have been replaced by SAMs on metal surfaces which are superior for 

biosensing applications.47 

Membrane surfaces used for biosensing are currently based on the use of planar supported HBMs. 

HBMs are advantageous for biosensing due to ease and reproducibility in forming stable HBMs.3,52  They 

are formed by the deposition of a lipid monolayer onto a hydrophobic terminated SAM of alkylthiols on a 

surface.  

Unlike hydrophobic surfaces, hydrophilic surfaces tend to mitigate non-specific protein adsorption 

on surfaces.28 However, lipid bilayers are desirable for their ability to facilitate membrane protein studies. 

These lipid bilayers are often attached using a chemical linker layer between the gold surface and the 

biomolecules. Currently, the two most widely used sensor chips for hydrophobic surfaces are the HPA and 

the L1 chip from Biacore. 
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6.3 Hydrophobic Sensor Chips 

Commercially available sensor chips that are used in transmembrane and lipid-based studies are 

commonly obtained from Biacore as the HPA chip or the L1 chip. Either can be used to work with 

biomimetic studies, however there are slight differences between the two. HPA sensor chips consist of a 

flat 2D hydrophobic surface functionalized with a SAM of long-chain alkanethiols attached directly to the 

gold layer.55 A supported lipid monolayer forms as liposomes from solution spontaneously adsorb onto this 

hydrophobic SAM to form a hybrid lipid bilayer.28 

The L1 chip on the other hand is a 3D surface, that consists of a SAM as well as a CM dextran 

attached to it, pre-immobilized with lipophilic groups.55 The L1 sensor chip thus offers an alternative 

method to the HPA chip for a stable and high-capacity capture of liposomes for the creation of a lipid 

bilayer and is thus suitable for transmembrane protein studies. A lipid bilayer forms as liposomes from the 

solution diffuse towards the surface of the sensor chip and are non-covalently anchored onto the surface as 

the lipophilic groups on the dextran are incorporated onto the liposomes to form a lipid bilayer membrane.55 

There are many techniques that have been used for biomolecular membrane studies, including 

circular dichroism, nuclear magnetic resonance, and fluorescence spectroscopy, to name a few. Although 

these techniques provide important information regarding structure relations and functions, there lacks a 

method for real-time monitoring of the kinetics of membrane protein interactions.  

Lipid bilayers are essential in being used to study the role of membrane proteins in biological 

processes due to their ability to mimic a natural lipid bilayer that is found in vivo.28 This is important 

because membrane proteins are complex and can be present at very low levels in biological membranes, 

making it problematic to obtain larger samples sizes that are stable in their innate environments.28 In 

addition to this, SPR offers the advantage of being able to facilitate the monitoring of membrane protein 

interactions in real-time as most membrane proteins are insoluble or lack solubility in buffer solutions, 

adding a layer of difficulty to working with membrane proteins, despite their importance. 
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The binding of active membrane peptides to lipid membranes is well known as a two-step process.65 

The peptide initially binds to the lipid membrane via physisorption, distributing itself on the formed bilayer 

surface. Following this, the peptide undergoes a surface reorientation using hydrophobic interactions and 

inserts itself into the hydrophobic interior of the lipid bilayer.52,65,66  

6.4 Liposomes  

Liposomes are self-assembled amphipathic molecules in which the hydrophobic tails are oriented 

towards each other (in) and the hydrophilic heads towards the solution (out). They can be used to form 

(hybrid) lipid bilayers which provide for model biomimetic systems due to its similarity to cell membranes. 

Therefore, lipid bilayers facilitate the study of transmembrane proteins since these biomolecules can be 

incorporated into this system.  

6.5 Surfactants 

Similar to liposomes, surfactants are amphiphilic organic molecules. Unlike liposomes which 

consist of a bilayer, surfactants form aggregates (micelles) in aqueous environments; the hydrophobic tails 

aggregate inside, leaving the hydrophilic heads in contact with the exterior surrounding liquid. 

Detergents can either be one surfactant, or a mixture of surfactants, that can be used to dissociate 

lipid aggregates and bilayers as well as unfold and solubilize proteins. Detergents are amphipathic 

molecules that are commonly used to solubilize transmembrane proteins due to their similarity to a natural 

lipid bilayer.67 Detergents can be categorized into 3 groups; ionic, non-ionic, and zwitterionic. Ionic 

detergents (SDS) contain either a cationic or an anionic hydrophilic head group with a hydrophobic 

(hydrocarbon) tail group and has the ability to denature proteins.3,52 Non-ionic detergents (octyl β-D-

glucopyranoside) are comprised of uncharged hydrophilic head groups and a hydrocarbon chain and are 

considered to be mild detergents, and thus, can be used to solubilize many different membrane proteins 

while retaining their inherent properties.55 Zwitterionic detergents (3-[(3-
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cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate (CHAPS)) combine both the properties 

of ionic and non-ionic detergents and are widely used in transmembrane studies.52 

6.6 Fabrication of NHC Lipid Sensor Chip 

Using an NHC CM5-based sensor chip as previously described, dodecylamine (ACROS Organics) 

was used to further functionalize the NHC sensor surface. Dodecylamine at a concentration of 10 mM in 

water was prepared by heating the solution for 30 minutes at 60 °C and filtered with a 0.22 μm syringe 

filter. 

The sensor surface was first activated with a 1:1 mixture of 0.4 M EDC/ 0.1 M NHS for ten minutes 

at a flow rate of 10 μL/ min. Following this, dodecylamine in water was injected over the activated surface 

for 30 minutes at a rate of 10 μL/ min followed by an injection of 1.0 M ethanolamine-HCl pH 8.5 for 30 

minutes at 10 μL/ min. 

6.6.1 Preparation of lipid 

L-α-lysophosphatidylcholine from egg yolk (Sigma-Aldrich) and dissolved in a 2/1 v/v mixture of 

chloroform/ methanol. The solution was sonicated and vortexed to ensure the lipid dissolved. Following 

this, the lipid solution was dried under nitrogen gas until a lipid layer remained and this was subject to 

further vacuum drying for two hours. PBS buffer was added to the dried lipid to yield a 2 mM lipid solution 

in PBS. The lipid solution was then subjected to eight cycles of freezing and thawing in a dry-ice/ acetone 

bath and 80 °C hot water bath respectively, for six minutes each. The final step involved sonicating the 

resulting lipid solution on ice for an hour. The resulting liposomes were then dropped onto formvar coated 

copper transmission electron microscopy (TEM) grids and allowed to dry overnight and subjected to TEM 

imaging using a Hitachi H-7000 TEM operating at 75 kV. 

6.6.2 Binding of Lipid Bilayer to NHC L1 Chip 

After functionalizing the NHC CM5-based sensor chip with dodecylamine, 2 mM of the lipid 

solution was injected over the surface for 15 minutes at 10 μL/ min. An injection of CHAPS (GE 
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Healthcare) was then used over the surface quickly for 30 seconds at 10 μL/ min to condition the surface. 

Liposomes were again injected over the surface for 15 minutes at a rate of 10 μL/ min followed by a 30 

second injection of 50 mM NaOH at 100 μL/ min. To test the validity of the lipid surface against non-

specific interactions, 757.6 nM BSA was injected over the lipid surface for one minute at 10 μL/ min 

followed by a 30 second injection of CHAPS at the same rate to regenerate the surface. Liposomes were 

reinjected over the dodecylamine surface for three minutes at 10 μL/ min followed by regeneration using 

CHAPS using the same parameters as mentioned to verify lipid formation under different contact times. 

6.7 Results and Discussion 

The resulting TEM images of the prepared liposomes mentioned above were analysed using ImageJ 

for determination of average diameter and overall morphology (Figure 30). TEM showed that the size of 

the liposomes formed via sonication resulted in an average diameter of 61.2 ± 12.3 nm and an overall 

spherical morphology (Figure 30 and Figure 31). However, it is also demonstrated that there was an 

aggregation of liposomes which can be attributed to the close proximity and high concentration of the 

liposomes present. Nonetheless, the formation of 60 nm small unilamellar vesicles (SUVs) was an ideal 

size to allow for the formation of a lipid bilayer through the spontaneous adsorption of liposomes onto the 

hydrophobic long-alkyl-chain functional groups.28 
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Figure 30. TEM images of the prepared SUVs 

 

 

Figure 31. Size distribution plot of the prepared SUVs 

After the preparation of the liposomes, the sensor surface underwent immobilization of long alkyl 

chains as a means to capture the SUVs for the formation of a stable lipid bilayer surface. The NHC CM5-

based surface was activated with EDC/ NHS and functionalized with dodecylamine. This resulted in an 
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increase of approximately 2300 RU, however, after washing the surface with ethanolamine, an increased 

response of almost 2200 RU was observed (Figure 32). Following this, the consecutive injection of the 

prepared liposomes and CHAPS over the surface resulted in a decreased response of 700 RU and 3000 RU, 

respectively (Figure 33). Although we can infer the immobilization of dodecylamine onto the sensor surface 

via the increase in response, the large increase in response for ethanolamine and decrease for the liposomes 

was an anomaly. The drop in response with the injection of liposomes and especially in using CHAPS, was 

attributed to an unclean surface. CHAPS is commonly used prior to the injection of liposomes to clean the 

sensor surface of impurities, as well as to condition the hydrophobic surface and prime it towards the 

formation of a lipid bilayer. By comparing the responses of ethanolamine and CHAPS, we can determine 

that our sensor surface prior to CHAPS injections was dirty, with a lot of non-specifically bound molecules 

on the surface. This could be a consequence of preparing dodecylamine in water, which despite our utmost 

efforts to ensure it was fully dissolved, it was possible that some dodecylamine remained undissolved or 

partially dissolved, clogging the tubes as well as the sensor surface. Water was chosen due to the damage 

that organic solvents could inflict towards SPR biosensing tubes and flow cells. As such, the injection of 

liposomes would not result in a bilayer formation due to the presence of non-specifically bound molecules, 

hindering the adsorption of liposomes onto the hydrophobic surface. Thus, we hypothesize that the presence 

of dodecylamine impurities remaining in the system being washed off led to the large response decreases 

using injections of ethanolamine, liposomes, and CHAPS. 
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Figure 32. Sensorgram (without reference subtraction) of immobilization of dodecylamine using 

EDC/ NHS coupling 

 

However, after cleaning with CHAPS, a lipid bilayer was formed as liposomes were injected over 

the surface as seen from the increase in response of 700 RU on the sensorgram (Figure 33). The injection 

of NaOH after the bilayer formation was to stabilize the lipid surface by washing away non-specifically 

adsorbed molecules and liposomes respectively. Through this, it was observed that the bilayer surface 

formed was unstable as it was not adsorbed onto the hydrophobic surface of the sensor chip, as a result of 

the 500 RU decrease in response when cleaning with NaOH (Figure 33). Nonetheless, the difference 

between cleaning the surface using NaOH and lipid adsorption demonstrated a difference of 200 RU, 

indicating that there was a slight formation of a lipid bilayer, despite most of the liposomes being washed 

off the surface. This work was compared to previous studies performed by the Crudden and Horton groups 

whereby the NHC sensor chip formed a hybrid bilayer membrane within a much shorter timeframe than 

that of the commercial HPA chip as well as increased resistance towards non-specific binding of BSA.68 
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However, as demonstrated in this NHC L1 chip, the formation of a lipid bilayer was not as successful 

despite the knowledge that NHC sensors can surpass the performance of the commercial sensors. 

 

 

Figure 33. Sensorgram (without reference subtraction) of the effects of pre- and post- CHAPS lipid 

bilayer binding 

 

To test this partial bilayer surface, BSA was used. It was found that there was a slight decrease in 

the response as BSA was injected over this surface, demonstrating that BSA did not bind to the sensor 

surface, validating the use of our lipid surface against non-specific adsorption of molecules (Figure 34). 

The injection of CHAPS that followed was used to remove the formed lipid bilayer and a decrease of 550 

RU implied that the lipid bilayer was effectively removed. We can also infer from this that the formed lipid 

bilayer was weak and not strongly adsorbed onto the hydrophobic surface due to the ease of removal of this 

lipid layer from a single CHAPS injection. 
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Figure 34. Sensorgram (without reference subtraction) of testing non-specific binding of the formed 

bilayer surface using BSA 

 

Lastly, the formation of the lipid bilayer as a response to different deposition times was determined 

(Figure 35). By injecting liposomes regenerated alkyl chain surface for three minutes in comparison to 15 

minutes as previously done followed by CHAPS, the time dependency of bilayer formation could be 

monitored (Figure 35). It was determined that an increase in 500 RU occurred with the injection of three 

minutes of liposome, with a subsequent decrease in 500 RU as CHAPS was injected. This demonstrates 

that despite the formation of a lipid layer, it is fully removed with an injection of CHAPS as compared to 

15 minutes of liposome injection, in which 80% of the bilayer surface was stripped off.       
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Figure 35. Sensorgram (without reference subtraction) of testing a three-minute injection of lipid 

binding onto the hydrophobic sensor surface 

6.8 Summary 

To conclude, the fabricated lipid sensor chip was not successful, however, further tests are required 

in order to determine the feasibility of an NHC-based lipid sensor chip. It is known from literature that an 

NHC-based HPA chip was created and had similar performance metrics to the commercially available 

Biacore HPA chip. As such, it is too early to determine the potential of an NHC lipid sensor chip for 

biomolecular interactions without further tests. 
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Chapter 7 

Conclusion and Future Work 

To conclude, I have explored a novel method for the fabrication of SPR biosensing chips based on 

a new and emerging class of surface ligands using NHCs. I have demonstrated that NHCs as surface linking 

ligands for use in SPR sensor chips are a viable alternative to traditional thiol-based SAMs. 

In Chapter 4, a simple BSA antibody binding to BSA on the surface of a CM5-based sensor surface 

was explored. Despite being unable to obtain kinetic data as well as consistent and reproducible binding 

responses, the observed response trend was hypothesized to be due to the presence of impurities on the 

sensing surface as well as the delicate nature of biomolecules. Thus, my tests have demonstrated that the 

use of NHC SAMs in biosensing are reliable and can serve as an alternative to thiol-based SAMs. 

To further the applicability of NHC SAMs in SPR biosensing, Chapter 5 demonstrated the use of 

NHC SAMs in a specific capture chip, thereby highlighting the poor response trend obtained in Chapter 4 

to the inherent nature of biomolecules. It was demonstrated that by using a high affinity capture system, 

reproducible and stable responses were obtained. This indicated that NHCs provided the biomolecular 

sensing surface with a stable and working linking layer to the gold surface where the SPR phenomenon. 

Lastly, an increasingly important aspect of biosensing is the study of transmembrane proteins due 

to their inability to stabilize outside lipid membranes. Thus, Chapter 6 focused on the formation of a L1 

chip in order to mimic biomimetic systems for study of membrane proteins. However, it was seen that the 

L1 chip created was not comparable to commercially available ones due to the inability in forming a stable 

lipid bilayer. Despite this, it was demonstrated that there was formation of an unstable partial lipid bilayer. 

Therefore, further tests are required to characterize the surface and also improve on the capture ability of 

the SUVs by the hydrophobic alkyl chains immobilized on the surface. The use of NHCs as SAMs in 

hydrophobic capture sensor chips cannot be eliminated thus far. 
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The use of NHC SAMs in SPR biosensing, particularly the CM series sensors, have shown that 

NHC as a biosensing platform is a reliable and viable alternative to more traditional based thiol SAMs. 

However, certain drawbacks such as the inability to form a stable lipid bilayer surface and the lack of 

modelling NHC sensors after other available sensor chips limit the use of NHCs as a thiol SAM 

replacement. Therefore, further studies encompassing the different sensor chips available would have to be 

explored before the NHC biosensor platform can be used to replace thiol-based SAMs in biosensing.  

Furthermore, the potential of NHCs as better stabilizing surface ligands in comparison to thiol 

molecules are currently being explored. Thus, future work involving NHCs in SPR biosensing could be 

applied to bimetallic and other metallic surfaces that exhibit SPR. In particular, NHCs show promise in 

silver applications, which have been limited by their predisposition to oxidation. The ability to stabilize 

silver with NHCs highlight their potential use in SPR biosensing by taking advantage of its stronger SPR 

effect over gold, thereby offering an increasingly stable and sensitive sensor chip.  
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