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Abstract 

Surface plasmon resonance (SPR)-based biosensing is an excellent tool to probe the recognition 

process between biomolecules in real-time, without need for labels. Thiol-based self-assembled 

monolayers (SAMs) on gold have been widely used as linker layers for biosensor chips used in SPR. 

However, their use is hampered by the gold-thiol linkage’s high propensity for oxidation in ambient 

atmosphere. To this end, a new family of materials based on N-heterocyclic carbenes (NHCs) has 

emerged as an alternative anchor for surface modification. Most importantly, the NHC SAMs outperform 

thiol analogues under a wide range of harsh conditions. 

Here, we compare the performance of an alkylated NHC SAM on gold with a commercial thiol-based 

analogue, a hydrophobic association (HPA) chip. Compared to the thiol-based sensor surface, the NHC 

sensor surface features a desired list of performance merits, including lower non-specific binding 

capacity, better chemical stability, higher reproducibility, shorter equilibration time, and longer life span. 

We also demonstrate that the NHC sensor surface can be used for rapid and efficient formation of a 

hybrid lipid bilayer for use in membrane interaction studies. 

A sensor surface consisting of an NHC SAM coupled to carboxymethylated dextran was also 

developed. Standard SPR instrument tests demonstrated the NHC-dextran surfaces to be homogeneous 

and sufficiently responsive to meet performance standards. In terms of the real-life biosensing validation, 

we found that the NHC-supported dextran surfaces yielded comparable performance to commercial 

thiol-supported biosensor surfaces in kinetic analysis of drug/plasma protein and antibody/antigen 

interactions. Three types of NHC-based dextran surfaces derivatized with affinity-capture functional 

molecules to enable specifically oriented binding of ligands for biosensing applications were developed: 

NHC-Streptavidin (SA), NHC-Nitrilotriacetic acid (NTA), and NHC-Protein A. Our results show that, 

when properly designed and applied, the NHC-based platform has the potential that allows facile tuning 

of surface properties in a highly divergent fashion, enabling various ligand to be efficiently immobilized 

for reliable biomolecular interactions. These results highlight the potential viability of chemical 



iii 

 

modifications to gold surfaces using NHC ligands as a robust and versatile platform to enable efficient 

evaluation of a wide range of biomolecular interactions. 
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Introduction 

1.1 Introduction of Gold 

1.1.1 Physical and Chemical Properties of Gold 

    Gold possesses special features and has attracted considerable attention because of its high 

chemical and thermal stability, mechanical softness, high electrical conducting, and beautiful 

appearance.1,2 In addition, gold is the most electronegative metal and has a face-centered cubic 

(fcc) geometry that makes it soft and ductile.2 

    The chemical and physical properties of gold make it highly suitable for exploitation in diverse 

nanotechnologies.1 For example, the affinity between the gold and sulfur has stimulated much 

scientific interest, since it makes the gold an excellent platform for self-assembling various 

organic molecules.3 Additionally, gold has great potential for use in electronic devices, as it is 

resistant to oxidation and mechanically robust.1 Moreover, gold can be used as a heterogeneous 

catalyst operating at ambient temperature.2 

    The electronic configuration for Au(0) is 5d106s1, Au(I) is 5d106s0 (10 electrons in a closed set 

of 5d orbitals), and Au (–I) is 5d106s2. The most prominent feature of the electronic structure of 

Au is the strong relativistic effect.4 Theoretical and computational studies show that neutral gold 

has larger relativistic 6s orbital contraction (stabilization) compared with its neighbouring 

elements, exhibiting unusual features such as the stabilization of high oxidation states, a high 

tendency to form intermetallic compounds, photochemistry and chemiluminescence of Au(I) and 

Au(III) compounds, homogeneous catalysis of Au(I) and Au(III) in solution, and heterogeneous 

catalysis of gold nanoparticles on support surfaces.1,5 This large relativistic 6s contraction leads to 

an increase in the ionization potential and electron affinity.4,5 Furthermore, the relativistic 

contraction of the 6s orbital in Au generates markedly strengthened Au–ligand bonds.2,4 It is 
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obvious that the large relativistic effects for Au markedly change its physical properties when 

compared with copper and silver (Table 1.1).6 

Table 1.1 Comparison of properties of Cu, Ag, and Au.6 

Property Cu Ag Au 

Colour bronze silver yellow 

Specific resistivity (10–8 Wm) 1.72 1.62 2.40 

Thermal conductivity (J cm–1 s–1 K–1) 3.85 4.18 3.10 

Electronic heat capacity (10–4 J K–1 mol–1) 6.926 6.411 6.918 

Melting point ( C) 1083 961 1064 

Boiling point ( C) 2567 2212 3080 

Atomic volume (cm3 mol–1) 7.12 10.28 10.21 

Electronegativity  1.90 1.90 2.40 

Common oxidation states I, II I I, III 

 

    Gold has the highest electronegativity of all metals, which suggests its noble character.2 The 

standard electrode potential of the gold is the highest of any metal, hence gold cations tend to 

accept electrons from most reducing agents to form metallic gold. 

Gold (III)         Au3+(aq) + 3e–  Au(s)                              +1.52 E/V                                      (1.1) 

Silver (I)          Ag+(aq) + e–  Ag(s)                                 +0.80 E/V                                      (1.2) 

Copper (II)      Cu2+(aq) + 2e–  Cu(s)                               +0.34 E/V                                      (1.3) 

For compounds such as RbAu and CsAu, gold has a higher electron affinity and adopts the 

negative oxidation state of –1. Destabilization of 5d orbitals allows the easy formation of the 

oxidation state of ＋3 in gold, whereas the stabilization of the 6s orbitals explains the stability of 

gold (I).2 
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1.1.2 Gold Films 

Gold films with a thickness approximately 50 nm are essentially identical in their physical and 

chemical properties as compared to bulk gold.2 The thin gold films prepared by physical vapor 

deposition followed by annealing process displaying large and flat Au(111) domains (Figure 1.1), 

which are desirable for self-assembly of organic molecules, along with the potential adaptability 

to a wide range of analytical instruments, such as surface plasmon resonance (SPR) or a quartz 

crystal microbalance (QCM).1,3 

 

Figure 1.1 Gold (111) surface. 

1.1.3 Gold Clusters and Nanoparticles 

    Gold nanoparticles have interesting physical and chemical properties that make them excellent 

candidates for various chemical and biological applications.1,2 For example, they can be used for 

detecting various targets, such as metal ions, organic molecules, proteins, nucleic acids, and 

microorganisms. 

    Synthesis of small and monodisperse gold nanoparticles is of great interest in nanotechnology.7 

These small clusters/nanoparticles are not stable in aqueous solution. Thus, a layer of capping 

ligands, such as thiols or phosphines, is required to keep them dispersed, along with the 

opportunity to tailor various surface functionalities (Figure 1.2). 
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Figure 1.2 Gold nanoparticles capped by thiols. 

    Gold nanoparticles can provide high surface-to-volume ratio and excellent biocompatibility by 

using appropriate ligands, such as thiolates, disulfides, and phosphines.8 Gold nanoparticles 

protected by a monolayer of thiolated ligands show interesting properties, such as single-electron 

charging, molecule-like HOMO-LUMO energy gap, and can be used in optical, chemical, 

biomolecular sensing.3,4 Due to the strong sulfur-gold bond, the thiol-protected gold nanoparticles 

show better stability as compared with their phosphine counterparts, with capabilities to be easily 

handled, characterized, and functionalized.3 

    Ligand exchange on gold clusters has also been studied extensively.7,9 One type is the 

exchange of weakly bonded citrate ligands on gold clusters by thiols. Another type of ligand 

exchange is the substitution of initially anchored thiol ligands by other thiols, introducing 

chemical functionality to the gold clusters. Furthermore, various functional groups can be 

introduced to the gold nanoparticles using corresponding thiols to exchange with 

phosphine-stabilized nanoparticles.9 

1.2 Self-Assembled Monolayers 

Molecular self-assembly has received ever-increasing attention as one of frontiers of 

nanotechnology.3 Self-assembled monolayers (SAMs) are important materials with promising 

applications in a number of areas, such as nanopatterning, molecular electronic devices, 

biosensing, catalysis, tribology, and corrosion inhibition.10,11 The formation of SAMs is an 

organization process of organic molecules at solid-liquid interfaces, which is influenced by 
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covalent and noncovalent interactions between the molecules and the underlying surface.3,12 This 

technique can incorporate various organic functional groups to form highly ordered and oriented 

monolayers with fine chemical control at the molecular level.12 

    SAMs have been considered as linking layers with different physical and chemical properties 

between metals and organic materials.13 Therefore, self-assembly techniques can provide a simple 

route to functionalize metal surfaces using various organic molecules, such as thiols, disulphides, 

amines, silanes, and phosphines.12 

1.2.1 Basics of Self-Assembled Monolayers 

SAMs are formed spontaneously from solution or gas phase by adsorption of organic 

molecules onto a solid or liquid surface, tailoring surfaces into well-defined, ordered 

nanostructures.3,14 The molecules for self-assembly can be divided into three parts: head group, 

main chain, and terminal group.15 The head groups have significant effects on the anchoring 

chemistry, which is also controlled by the interfacial properties of the metal, metal oxide, or 

semiconductor substrate during the self-assembly process. The van der Waals interactions 

between two adjacent molecules, and hence the SAM packing density and surface stabilization, 

are controlled by the length of the main chain. Finally, molecules can be modified with different 

terminal groups to target biomolecules via covalent bond formation or non-covalent interaction 

(electrostatic, hydrophobic, polar interaction).16 

    SAMs of organic molecules can offer a number of promising applications. For example, Wirth 

et al. demonstrated the successful application of mixed SAMs of octadecyl and methyl chains 

organize into a dense, two-dimensionally cross-linked network in application of separation of 

biomolecules, which shows substantial impact on separation of highly charged biomolecules.17 

Genzer et al. reported the successful preparation of superhydrophobic polymer surfaces via 

mechanically assembled monolayers with semi-fluorinated molecules, along with superior 

nonwetting and barrier properties even after prolonged exposure to water.18 Halik et al. reported 
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the preparation of low-voltage organic transistors with amorphous molecular gate dielectric by 

using alkyltrichlorosilane with aromatic functional groups, resulting in great application potential 

for advanced silicon transistors.19 

    Scanning probe microscopy techniques, such as atomic force microscopy (AFM) and scanning 

tunneling microscopy (STM), have been widely used to characterize the structural properties of 

SAMs.20 Vibrational spectroscopies, such as infrared spectroscopy (IR), fourier transform 

infrared spectroscopy (FT-IR), and high-resolution electron energy loss spectroscopy (HREELS), 

have also been used to investigate packing density, crystalline order, molecular orientation, and 

defects of the SAMs.3,12,21 

1.2.2 Advantages of SAMs for Biosensing 

    SAMs offer several features for biosensing applications.13,22 First, miniaturization is feasible 

due to the minimum usage of resources for forming SAMs (usually a monolayer containing 

1013 molecules/cm2 or 10–7 moles/cm2). Second, the highly ordered and densely packed nature of 

long chain thiols on metal surfaces can mimic the lipid layers of cellular in a biological 

environment or can be used as a linker layer for attaching a dextran matrix overlayer which can 

itself undergo chemical modification. Last, the relatively easy preparation procedure with various 

properties (hydrophobic and/or hydrophilic) and compatibility with different metal surfaces by 

rational design of head groups of SAMs enables a wide range of biosensing applications. 

1.2.3 Limitations of SAMs for Biosensing 

The chemical stability of some types of SAMs is poor as they can be oxidized easily.23,24 

Moreover, electric field induction and thermal desorption of some SAMs limit their use in 

biosensing.22 Therefore, development of a more robust chemical linker on a gold surface is of 

great interest. 
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1.2.4 Alkanethiol SAMs 

Thiols, dithiols, dialkyldisulfides, and dialylsulfides (Figure 1.3) have been reported that can 

be self-assembled on different metal surfaces, such as Au, Ag, Cu, Pd, Pt, Ni and Fe.3,12 This is 

because the cationic surfaces of transition metals are soft electron pair acceptors and have strong 

affinity towards soft electron pair donors, such as thiols, disulfides, and thioethers. Among these 

metal substrates, alkanethiolate SAMs on gold have been received great attention, and these 

organic thiols self-assemble on gold surface adopting an upright geometry with a specific tilt 

angle.23 

 

Figure 1.3 Examples of thiol compounds. 

The thiol SAM consists of three parts (Figure 1.4):15 the sulfur headgroup that can form a 

strong covalent bond with the metal substrate. The bond energy is approximately 50 kcal mol‒1 

for the interaction between the sulfur headgroup and gold surface through the thiolate bond, 

which plays a key role in molecular self-assembly.25,26 In addition, the hydrocarbon backbone 

stabilizes the SAMs by van der Waals interactions, whereas the terminal groups can be modified 

with different moieties for various functionalities. The van der Waals interaction between 

hydrocarbon chains is calculated to be 1‒2 kcal mol‒1 per methylene.23 The head group, the length 

and geometry of hydrocarbon chains, and the terminal group together can afford for the molecular 

packing geometry and physical and chemical properties of the SAMs.3 
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Figure 1.4 Schematic diagram of an ideal, single-crystalline thiol SAM supported on a gold 

surface.3 

1.2.4.1 Formation Process of Alkanethiol SAMs 

    The formation of thiol SAMs consists of an initial physisorption process, a chemisorption 

process, and a slow reorganization process, to forming ordered domains of molecules in a densely 

packed crystalline configuration.21,23 

After an initial physisorption process, thiol molecules tend to chemisorb onto the gold surface 

forming a strong sulfur-gold bond by losing the mercaptan H atom, resulting in the formation of 

thiolate.15 The adsorption processes can be described as follows: 

CH3(CH2)nSH + Au  (CH3(CH2)nSH)phys Au                                                                         (1.4) 

(CH3(CH2)nSH)phys Au  CH3(CH2)nS–Au + 1/2H2                                                                 (1.5) 

Ulman proposed that the reaction occurs via an oxidative addition of the S-H bond to the gold 

surface, followed by a reductive elimination of the hydrogen.23 Chemisorption of thiol molecules 

tends to be easier at defective sites of gold surfaces to facilitate the nucleation process.12,25 Then 

the islands begin to grow to increase the coverage of thiolate on the gold surface. The nature of 

the covalent sulfur-gold bond can be determined by X-ray photoelectron spectroscopy, vibration 

spectroscopy and electrochemical techniques. The results show that the chemical state of the 

sulfur is similar to that of thiolates and the SAM displays a (√3  × √3) 𝑅 30° overlayer structure 

on the gold surface (Figure 1.5).3,23 
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Figure 1.5 A schematic of the √3 × √3 ∙ 𝑅30°  overlayer structure formed by alkanethiolate 

SAMs on gold surface (111). 

1.2.4.2 Examples of Alkanethiol SAMs 

The CH3(CH2)nS–Au SAM is the standard model of organic monolayers on metal surfaces.3,15 

This SAM’s √3 × √3 ∙ 𝑅30° alkanethiolate lattice exhibits a hexagonal symmetry, which is a 

stable configuration that is not affected by different functional groups.23 Control over the 

interfacial properties of such SAMs by substituting the terminal group or preparing mixed SAMs 

by adsorption of mixtures of two or more components from solutions shows promise in the future 

development of organic interfaces.15 

    Aromatic-containing SAMs are also of significant interest, because optoelectronic devices 

usually employ an aromatic chromophore as the functional unit.27 The phenyl ring-terminated 

alkanethiolates C6H5(CH2)nS–Au and C6H5–(C6H4)2–(CH2)nS–Au have been demonstrated to have 

similar bonding properties to gold as compared to thiol SAMs. Tao et al. studied the structure of a 

series of aromatic-derivatized thiol monolayers on gold surfaces.28 They pointed out that the 

location of the aromatic ring plays a central role in structural order and packing density. Lee et al. 

reported the structure, wettability, and frictional properties of phenyl-terminated alkanethiols on 

gold.29 The study showed that the phenyl-terminated SAMs exhibited a higher thickness, similar 

well-ordered packing morphology, slightly higher friction response as compared with the 

alkanethiol SAMs. 
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    SAMs of CF3(CH2)nS−Au are examples of terminal group-substitution which have been 

studied by Graupe et al.30 They compared the wetting properties of fluorinated SAMs on gold 

using nonpolar and polar solvents to study the polar contributions to the overall interfacial 

properties.  

1.2.4.3 Factors Affect the Quality of Alkanethiol SAMs 

    Alkanethiol SAMs are typically prepared by immersing a clean gold substrate into a solution of 

the target thiol.3 The quality of resulting SAM is important for potential applications. There are 

several types of defects typically found for thiol SAMs on Au(111) surfaces, such as disordered 

boundaries between crystalline regions within the SAMs and vacancy islands.3,12,23 These defects 

are present even on highly ordered, densely packed, crystalline alkanethiolate domains – that is, 

an ordered arrangement of molecules with identical packing density and coherence. 

Optimized preparation methods are required to produce highly ordered films and consistent 

batches. There are several factors affect the quality of SAMs, such as the nature and cleanliness 

of substrate surfaces, solvents properties, nature and concentration of organic molecules, 

temperature and immersion time.23 Bain et al. reported that an effective cleaning process is 

crucial for obtaining high quality SAMs.15 In addition, adsorption process of SAMs strongly 

depends on the nature of organic molecules. Usually, 2–12 h are enough for long chain 

alkanethiols to form a well-ordered SAMs, whereas at least 24 h are necessary for short chain 

alkanethiols or thiols with different terminal groups other than methyl-terminated thiols.3,23 Lower 

concentration of thiol solutions commonly require longer immersion time for SAMs formation, 

whereas higher concentration of thiol solutions need a shorter immersion time. Many organic 

solvents can be used for the self-assembling process.12 Ethanol is the most widely used polar 

solvent for different types of thiol derivatives. Several studies show that the nonpolar solvents are 

prone to give a poor organization/orientation of SAMs compared to those formed in ethanol.31 
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1.2.4.4 Stability of Thiol SAMs 

Thiol SAMs display limited physical and chemical stability due to their susceptibility to 

oxidation.32 Therefore, degradation of the thiol-based SAM surfaces is one of the most serious 

limitations for varied practical applications, even under ambient atmosphere. Lee et al. compared 

the stability of SAMs of aliphatic dithiocarboxylic acids and n-alkanethiols on gold surface under 

a variety of conditions.33 They found that oxidation of the sulfur headgroups plays a critical role 

in the desorption process. Vericat et al. concluded that the oxidation of thiol’s sulfur headgroups 

would result in the formation of disulfides and sulfonates.34 Thiol SAMs containing ethylene 

glycol subunits are commonly used as linker layers and have shown excellent resistance to non-

specific protein adsorption.35 However, both the sulfur headgroups and ethylene glycol subunits 

are susceptible to thermal/oxidative degradation, leading to a shorter shelf life. Langer et al. 

reported the loss of integrity of undecanethiol and tri(ethylene glycol)-terminated undecanethiol 

SAMs in biological media for 35 days.36 As a practical example, commercially available SPR 

sensor chips (GE Healthcare and SensiQ) based on alkanethiol chemistry are packaged in a 

nitrogen atmosphere and have a shelf life approximately 3 months at 4 ºC.37,38 Once the package 

is opened, the manufacturer recommends that the sensor chip should be used as soon as possible. 

These unstable SAMs are therefore not favorable for applications in some special biosensing 

studies. The high cost and propensity to degradation of the thiol-based commercial sensor 

surfaces are key obstacles for their broad deployment. Therefore, development of robust 

alternatives is an important task for next generation of SAM technologies. 

1.3 Carbene Chemistry 

    Carbenes are neutral chemical species containing a divalent carbon atom with six valence 

electrons, featuring either two singly occupied nonbonding orbitals (a triplet state) or a lone pair 

and an accessible vacant p orbital (a singlet state).39 Because of the incomplete electron octet and 



 

12 

 

coordinative unsaturation properties, carbenes are inherently unstable and considered to be 

reactive intermediates.39 

The carbon atom of a carbene adopts either linear or bent geometry (Figure 1.6).40 The linear 

geometry is based on sp-hybridized carbene carbon with two non-bonding energetically 

degenerated p orbitals (px, py). However, most carbenes adopt bent geometry with sp2-hybridized 

carbon atom and the corresponding non-bonding p orbital is termed as pπ orbital after 

sp2-hybridization. Two non-bonding electrons at sp2-hybridized carbene carbon could occupy two 

different empty orbitals (σ and pπ) with a parallel spin orientation, leading to the triplet ground 

state (σ1pπ
1 configuration).40 Due to the two unpaired electrons, the triplet carbenes can be 

considered as diradicals.41 

 

Figure 1.6 Frontier orbitals and possible electronic configurations of carbene carbon atoms.41 

For the singlet carbenes based on sp2-hybrid orbitals, the two non-bonding electrons can be 

paired in the same σ or p (σ2pπ
0 or σ0pπ

2) orbital.41 For these two different singlet configurations, 

the σ2Pπ
0, which possess a long pair of electrons and a vacant pπ orbital, exhibiting Lewis acidic 

and Lewis basic properties, which is generally more stable than σ0pπ
2.41,42 It is generally 

recognized that the carbene ground state multiplicity is determined by the relative energy of σ and 
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pπ orbitals. The singlet ground state is favored if there is a large energy difference between the σ 

and pπ orbitals. Hoffmann et al. reported that an energy difference of at least 2 eV is required to 

stabilize the singlet ground state, whereas an energy difference less than 1.5 eV leads to the triplet 

ground state.43 

1.3.1 General Properties of Ligands 

    Ligands in organometallic chemistry can be classified into two groups; covalent ligands and 

dative ligands.44 Covalent ligands can form a bond to the transition metal by a sharing of one 

electron from the ligand and one from the metal. The ligands that donate one electron to the metal 

center and accept one electron from the metal are termed “X-type” ligands. Dative bonds, known 

as coordinate bonds, are considered to form a bond to the transition metal by donating two 

electrons from the ligand and no electrons backdonated from the metal. Such ligands are termed 

“L-type” ligands, including CO, PR3, NH3, H2O, carbenes, and alkenes. 

In Lewis acid-base interactions, the metal acts as a Lewis acid and the ligand as a Lewis base, 

and the electrons from the ligand are donated to the metal.44 For example, phosphine, a neutral 

two-electron ligand is considered to be a two-electron donor. Ligands in organometallic 

chemistry and coordination chemistry act not only as -donors but also as -acceptors or 

-donors or both. The most -accepting ligand is carbon monoxide (Figure 1.7). Ligands that are 

involved in -bonding with transition metals have unoccupied *-orbitals, and the donation of 

electrons from the metal to the *-orbitals is termed as “backbonding”.44 

 

Figure 1.7 An example of M–CO backbonding.44 
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1.3.2 Fisher Carbenes and Schrock Carbenes 

Metal carbene complexes fall into two categories: Fisher carbenes and Schrock carbenes.42 

Figure 1.8 depicts the interaction of Fisher and Schrock carbenes with transition metals. 

Fisher-type metal carbenes interact with late transition metals (groups 6 to 8) in a low oxidation 

state.42 This bond is based on σ electron donation from the filled lone pair orbital of the carbene 

centre to an empty metal d-orbital. The carbene carbon behaves as an electrophilic centre and is 

stabilized by π electron backbonding from a filled metal d-orbital to the empty p-orbital of the 

carbene centre. In contrast, Schrock-type carbenes are nucleophilic, as they are π-donor ligands 

instead of π-accepting ligands that can bind with early or middle transition metals (groups 3 to 6) 

in high oxidation state. 

 

Figure 1.8 Interactions of Fisher and Schrock carbenes with transition metals. Direct C→M 

donation predominates for the Fischer carbene, and the carbon tends to be positively charged. In 

the Schrock carbene case, two covalent bonds are formed and each polarized toward the carbon, 

thus leading to a negative charge on the carbon. 

1.3.3 N-Heterocyclic Carbenes 

    As excellent ligands for transition metals, N-heterocyclic carbenes (NHCs) have risen from 

academic oddities to versatile and widely employed compounds in a variety of applications.39 

NHCs are neutral heterocyclic compounds containing a carbene carbon and at least one nitrogen 

https://en.wikipedia.org/wiki/Nucleophile
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atom within the ring structure (Figure 1.9). The reactivity of NHCs is related to the steric and 

electronic properties, which can be finely tuned by varying substituents on the heterocyclic 

ring.39,41 Coordination of a carbene ligand to a metal generates a complex with a formal metal–

ligand double bond in most cases, whereas the N-heterocyclic carbenes that bind to transition 

metals adopt metal–ligand single bond formation.39 

 

Figure 1.9 Structures of commonly applied classes of NHCs.39 

Generally, NHCs can bind to both soft and hard metals, thus increasing their diversity and 

versatility. However, the relatively unstable feature of NHCs once exposure to air makes them 

difficult to handle. The unstable NHCs have a high propensity to dimerization, resulting in a 

double bond between two NHCs. Alder et al.45 and Graham et al.46 systematically studied the 

dimerization reaction of imidazolin-2-ylidenes, and they reasoned that the dimerization was more 

like a proton-catalyzed process, and it also depended on the steric effect, N–Carbene–N bond 

angle and the basicity of the carbene centre. 

    A landmark in carbene history was the isolation of stable carbene IAd (1,3-

bis(adamantly)imidazole-2-ylidene) by Arduengo et al. in 1991, which was effected by 

deprotonation of the corresponding imidazolium chloride using base of NaH and catalytic 

amounts of KOtBu or DMSO anion.47 Following this important work, they found that the electron 
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stabilization by the nitrogen atoms is a much more critical factor for these stable carbenes 

compared with the bulky substituents, which can be explained by the electronic effect rather than 

steric effect.48 In addition, the steric hindrance of the bulky substituents adjacent to the carbene 

centre also kinetically stabilizes the species by disfavoring dimerization to the corresponding 

olefin.49 

1.3.3.1 Electronic Properties of NHCs 

Studies demonstrate that the sp2-hybridized lone pair is the highest occupied molecular orbital 

(HOMO) of the singlet ground state of NHCs, whereas the unoccupied empty p-orbital at the 

carbene centre is the lowest unoccupied molecular orbital (LUMO).39 This is due to the strong π 

donation of the two amino groups adjacent to the vacant orbital of the carbene centre.39,50 Thus, 

the singlet NHCs have a noteworthy low energy HOMO and a high energy LUMO 

distribution.50,51 

 

Figure 1.10 A downhill energy pathway from methylene to isolable heterocyclic carbenes.51 
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Figure 1.10 demonstrates the downhill energy pathway from methylene to isolable heterocyclic 

carbenes. For singlet carbene, the orbital of σ-symmetry contains an electron pair, while the 

orbital of π-symmetry is unoccupied. The singlet carbene will donate two electrons to the metal 

centre in a dative bond and accept d-electrons in a π-backbond. However, NHCs are typically 

strong σ-donors and weak π-acceptors, and they can be stabilized by inductive and mesomeric 

effects by the nitrogen substituents (leading to N1–C2–N3 p-delocalization), as shown in 

Figure 1.11.39,50 The carbene carbon of NHCs is soft and less electronegative than amines, so it 

acts as a strong electron-pair donor. With respect to the weak π-acceptors for these ligands, it can 

be explained by the electrons of the p-orbital of carbene carbon participate in strong π-bonding 

with the amino substituents. The strong σ-donation and weak π-acceptance makes the electronic 

properties of NHCs similar to those of alkylphosphines.39,51 

 

Figure 1.11 Electronic stabilization of NHCs. 

The inductive effect of σ-withdrawing substituents stabilizes the σ non-bonding orbital by 

increasing its s character (lowering of the relative energy of the non-bonding σ orbital) and 

leaving the pπ orbital unchanged.41 Thus the relative energy gap between the non-bonding σ 

orbital and empty pπ orbital is increased and thus favoring the singlet ground state. In contrast, 

substituents with the σ-donating properties decrease the relative energy gap between the σ and Pπ 

orbitals, thus the triplet ground state is favored.40 

In addition to inductive effects, mesomeric effects also play a key role.51 There are two types of 

substituents that can interact with the carbene centre, π electron donating groups (such as –F, –Cl, 

–Br, –I, NR2, PR2, –OR, –SR, –SR3) and π electron withdrawing groups (such as –COR, –CN, –
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CF3, –BR2, –SiR3). Singlet carbenes substituted with two π donors are strongly bent at the carbene 

centre. The π electrons donated from substituents would fill into the empty Pπ orbital without 

affecting the relative energy of σ orbital at the carbene centre, thus raising the σ-π energy gap to 

further stabilizing the bent singlet ground state.51 In addition, four-electron three-centre π system 

can be obtained by interaction of π electrons of the substituents with the pπ orbital at the carbene 

centre, providing a partial double-bond character for the X–C bonds.50 In contrast, most of the 

carbenes with π electron withdrawing groups favor the linear singlet carbenes.51 

Bulky substituents adjacent to carbene centre also allow kinetic stabilization of the NHCs to a 

certain extent.50,51 Specifically, this steric effect would impact the ground state multiplicity when 

the electronic effects were negligible.40 

1.3.3.2 Basicity of NHCs 

    The pKa in solvent of the corresponding imidazolium salt is important for deprotonation to 

yield the desired NHCs in situ. Alder et al. reported that the pKa of IiPrMe (1,3-diisopropyl-4,5-

dimethylimidazolylidene) in DMSO was 24.0.52 Amyes et al. further studied the pKa of a number 

of NHC compounds in water at 25 C, and they found that the benzimidazolylidenes tend to be 

less basic and deprotonated more easily and rapidly.53 Moreover, oxygen or sulfur instead of 

nitrogen in NHC structures would reduce the pKa and increase the deprotonating rate. 

O’Donoghue and co-workers reported the pKa of a range of carbene precursors in aqueous 

solution by measuring the exchange of the C1 proton with deuterium in D2O solution.54 Their 

results show that the imidazolium salts were more acidic than the corresponding imidazolinium 

salts, and larger ring-size analogues were considered to be more basic. 

1.3.3.3 Abnormal NHCs 

    In addition to the classical NHCs, replacement of a σ-withdrawing and π-donating amino 

substituent by a σ-donating and non-π-donating alkyl group, termed as ‘non-classical carbenes’, 

have also been received much attention, such as Cyclic (Alkyl)(Amino)Carbenes (CAACs).55 Due 
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to the lower number of heteroatoms, π-stabilizing effects are reduced compared to the classical 

NHCs. Moreover, the electron-withdrawing effect of the heteroatoms are also decreased, giving 

rise to the stronger donor properties as compared to their classical analogues.56 

1.3.3.4 NHC Hydrogen Carbonates 

    It is well known that the instability of NHCs on exposure to air makes them difficult to 

handle.57 Thus NHCs must be stored and manipulated under dry and inert conditions. Figure 1.12 

shows the different approaches to obtain the corresponding NHCs. Generally, NHCs are typically 

prepared by deprotonation of azolium salts using a strong base in dry and air-free conditions.51 

Alternatively, carbene adducts of small molecules such as HCCl3, ROH, HC6F5 or CO2, can be 

induced to thermally eliminate the small molecule, generating the corresponding carbenes. 

 

Figure 1.12 Different approaches to obtain the corresponding NHCs. 

The Ccarbene-CO2 bond of NHC-CO2 adducts is able to hydrolyze in solution, giving rise to the 

stable imidazolium hydrogen carbonate salts (denoted as [NHC(H)][HCO3]).58,59 In the case of 

[NHC(H)][HCO3], NHC can be reversibly generated by the formal loss of H2CO3. Subsequently, 
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the reaction of NHC with CO2 from decomposition of H2CO3 would afford the NHC-CO2 

adduct.60 

In order to avoid the manipulation of air-sensitive free carbene intermediates and provide an 

easy approach to [NHC(H)][HCO3] salts, Taton et al. reported a facile synthesis of 

[NHC(H)][HCO3] salt precursors by a simple anion metathesis of imidazolium halide precursors 

(imidazol(in)ium chlorides, [NHC(H)][Cl]) with KHCO3 to afford air stable imidazole(in)ium 

hydrogen carbonates.60 This method has previously been used for the synthesis of molecular and 

polymeric [NHC(H)][HCO3]-based ionic liquid, utilizing NH4HCO3, NaHCO3, or KHCO3 as an 

HCO3
– source and i-PrOH or water as the reaction medium (Figure 1.13). This [NHC(H)][HCO3] 

salt precursor has potential application for use as a genuine source of NHCs. It can deliver free 

NHC in solution at room temperature by deprotonation of the imidazolium cation and 

concomitant loss of H2O and CO2 via a concerted low energy route. 

 

Figure 1.13 (a) Strong base method typically used for generating NHCs. (b) Hydrogen carbonate 

salts method, where the counteranion acts as an internal base, deprotonating the imidazolium 

cation to generate NHCs. 
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1.3.4 NHC SAMs on Planar Gold Surface 

    In 2011, Weidner et al. studied chemisorption of 1,3-diethylbenzimidazol- 2-ylidene dimer on 

a planar gold surface, which affords monomeric 1,3-diethylbenzimidazol-2-ylidene; this is the 

first example of NHC monolayers formed on planar gold surface (Figure 1.14).61 

 

Figure 1.14 First example of NHC monolayers on gold surface.62 

In 2013, Johnson and colleagues developed new NHC ligands for planar gold surfaces with the 

capabilities of stable and chemically addressable surfaces (Figure 1.15).63 The NHCs were 

commonly generated using strong base to deprotonate the imidazolium cation under high inert 

atmosphere. However, they found that certain types of strong base, such as potassium 

hexamethyldisilazide (KHMDS), cause surface contamination problems. They employed density 

functional theory (DFT) to calculate a C‒Au bond length of 2.03 Å for the NHC ligand bonded 

on gold surface, which is similar to the bond length of 1.98 Å for an analogous Au(I) complex. 

They also demonstrated the feasibility of grafting of novel fluorinated polymers from 

surface-bound robust NHC monolayers, which shows great promise for employing NHCs as 

general, alternative, and stable surface anchors. 
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Figure 1.15 Formation of NHCs on planar gold surface, followed by functionalization via 

surface-initiated ring-opening metathesis polymerization.63 

    In 2014, Crudden and Horton et al. reported the strong binding of NHCs to planar gold 

surfaces and showed evidence that the NHC SAMs outperform thiol analogues in a wide range of 

stability tests (Figure 1.16).64 They demonstrated that the NHC SAMs were essentially much 

more kinetically stable (150 kJ mol‒1) than thiolate SAMs on gold surfaces in a range of 

conditions, except under reducing condition. Scanning tunneling microscopy testing revealed the 

restructuring or etching effect of the NHC SAMs on the gold surface. Moreover, DFT result 

suggests that the most stable/favorable binding mode for the NHC on the gold surface is a single 

gold-carbon bond at atop sites. Both observations are well-known for the thiols on gold surface. 

The corresponding C‒Au bond length is calculated to be approximately 2.118 Å, which is 

consistent with other molecular NHC‒Au species, such as the bond lengths obtained from 

Bertrand’s research, being 1.99 Å and 2.08~2.09 Å for (CAAC)2Au and (CAAC)2Au2, 

respectively.65 The packing density of the NHCs on planar gold surface was estimated to be 

3.5 molecules/nm2 by electrochemical study. Their work represents an important contribution to 

the NHC chemistry for use in chemical modification on planar gold surfaces. 
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Figure 1.16 (a) Complete removal of dodecyl sulfide from Au (111) surface by treatment with 

N,N′-diisopropylbenzimidazol-2-ylidene (iPr2bimy). (b) Bonding geometry of iPr2bimy on 

Au (111) surface calculated by DFT. (c) STM image of iPr2bimy on Au (111) surface. (d) Cyclic 

voltammetry of an alkyl derivative of iPr2bimy deposited on Au (111) surface with no observable 

change in peak current over the course of 150 scans as compared to dodecanethiol surface.64 

    In 2016, Crudden and Horton et al. described the use of benzimidazolium hydrogen carbonates 

as bench stable solid precursors for preparing NHC SAMs on gold surfaces in solution or by 

vapor-phase deposition, which do not require inert conditions and strong base or toxic regents 

(Figure 1.17).66 Specifically, two synthetic approaches were developed: the first involved 

oxidative removal of the (iodide) counterion in the presence of hydrogen peroxide and CO2, and 

the second utilized an ion exchange resin method. Both approaches have been highly effective for 

forming high-quality NHC SAMs, as evidenced by scanning tunneling microscopy and 

electrochemical tests. The NHC‒Au bond strength was analyzed by the temperature programmed 

desorption method and the corresponding value is 158 ± 10 kJ mol‒1, similar to the previous 

reported value of 149 kJ mol‒1 by density functional theory calculation using free carbine 

deposition method.64 Importantly, the simple, scalable, and user-friendly preparation methods of 
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these precursors have great promise for fulfilling industrial implementation, which requires 

efficient and robust synthesis with a high yield, along with low cost and low energy input. 

 

Figure 1.17 (a) Strong base method commonly employed for the generation of NHCs. (b) 

Synthesis method of benzimidazolium hydrogen carbonates. (c) Preparation of NHC films in 

organic solvent or by heating the neat solid in vacuo.66 

In 2016, Wang et al. investigated the self-organization process of NHC SAMs on gold surfaces 

using physical vapor deposition of the NHCs under ultrahigh vacuum.67 Scanning tunnelling 

microscopy and first-principles calculations results show that these NHC ligands extract a gold 

atom from the surface to form an NHC–Au adatom complex, resulting in a high surface mobility 

by a ballbot-type motion. This is essential to understand the formation of ordered and strongly 

bound NHC SAMs and a surface-assisted synthesis of gold complexes on the gold surface. 

1.3.5 Examples of Imidazolium-Based Surfaces for Biomolecular Studies 

    There are limited reports about imidazolium-based surfaces for biosensing or biomedical 

applications. Ratel et al. reported ionic liquid SAMs based on alkyl imidazolium derivatized with 

either biotin or carboxylic acid groups for biosensing.68 Viel et al. developed biochips for 

immobilization of biomolecules via electroreduction of corresponding diazonium salt followed by 

biomolecule photochemical grafting.69 Hovestädt et al. prepared surfaces by electrochemically 
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grafting aryl diazonium salts for use in SPR biosensors and showed feasibility for evaluating 

biomolecular interactions.70 However, both approaches require special devices, precise controls, 

and complex preparation process. MacLeod et al. reported PEGylated-NHC-ligand functionalized 

nanoparticles showed biocompatible in biological conditions.71 Wang et al. developed 

imidazolium-based lipids with biological activities that result from the typical chemical 

structures.72 These studies showed great promise by employing imidazolium-based platform for 

biological studies. 

1.4 Surface Plasmon Resonance-Based Biosensing 

1.4.1 Biosensors 

    Biosensors are analytical devices, which consists of a biological element and a 

physicochemical transducer, to detect binding events between the target analytes and biological 

species by producing electronic signals proportional to the amount of the analytes involved in the 

interaction.37 

The capability of a biosensor for a particular application depends on its performance across 

many metrics.73 (1) Sensitivity: the amount of change in sensor output response resulting from a 

unit change in mass density on the sensor surface, which is frequently used in comparing the 

sensor performance. (2) Assay sensitivity: the minimum detectable concentration of an analyte. 

The assay sensitivity depends on the surface chemistry method, the affinity between the analyte 

and immobilized ligand, buffer, and the molecular weight of the analyte. (3) Ease of use. (4) 

Sensor cost. (5) Throughput: the number of assays completed per unit time. 

1.4.2 Physics of Surface Plasmon Resonance-Based Biosensor 

    In a typical surface plasmon resonance (SPR) experiment, polarized light (typically in the IR 

region) is directed through a transparent, high refractive medium (typically glass or quartz) and 

undergoes total internal reflection off the backside of a thin metal film (typically Au) deposited 

on the transparent medium.37 The other side of the metal film is the active region, and is typically 



 

26 

 

exposed to a solution in which the target analyte is present. The metal film itself may be 

chemically modified to preferentially interact with the target analyte.  This entire arrangement – 

of prism, metal film and modified surface layer – is known as the SPR sensor chip.37 Photons of 

monochromatic p-polarized light will interact with the free electrons of the thin metal layer, 

giving rise to the excitation of a surface plasmon: an oscillation of the free electrons at the metal 

surface.73 This adsorption to form the surface plasmon reduces the intensity of the reflected light, 

which can then be observed using a photodetector. Such an experimental setup is known as the 

Kretschmann configuration, and has been widely used in SPR-based devices that depend on the 

phenomenon of total internal reflection.74 

    The wave vector of the evanescent field (𝐾𝑒𝑣) is described as:37 

𝐾𝑒𝑣 =
𝑤0

𝑐
η𝑔 sin 𝜃                                                                                                                        (1.6) 

    where 𝑤0 is the frequency of incident light, ηg is the refractive index of the dense medium, 𝜃 is 

the incidence light angle and c is the speed of light in vacuum condition. 

    the wave vector of a surface plasmon (𝐾𝑠𝑝) can be described as: 

𝐾𝑠𝑝 =
𝑤0

𝑐
√

𝜀𝑚η𝑠
2

𝜀𝑚+η𝑠
2                                                                                                                         (1.7) 

    𝜀𝑚 is the dielectric constant of the metal film and ηs
2 is the refractive index of the dielectric 

medium. 

    The evanescent wave of the incoming light will couple with the plasmons (free oscillating 

electrons) at the interface with the metal film at a specific angle. When 𝐾𝑒𝑣 = 𝐾𝑠𝑝, the surface 

plasmon is excited, resulting in a reduction in the intensity of the reflected light.75 Thus, the SPR 

adsorption profile can be obtained by monitoring the angle at which the resonance occurs. 𝐾𝑠𝑝 

itself is dependent on the refractive index of the medium above the metal film, as the strength of 

field decays exponentially with the distance from the surface (with a practical maximum detector 

length of about 300 nm).76 Thus, any change in the refractive index at the metal surface, for 
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example through the adsorption of a target analyte biomolecule from solution, will lead to a 

change in the angle of reflection.77 Through monitoring changes to the angle of reflection, trace 

quantities of adsorbed analyte may be detected. 

1.4.3 The principle of Surface Plasmon Resonance for Use in Biosensing 

    In 1990, Biacore introduced the first commercial SPR spectrometer, with the surface plasma 

resonance optical phenomenon being used for studying biomolecular interactions.37,76 In the 

research described this thesis, I used the Biacore 3000 platform (GE Healthcare).76 

    SPR biosensing is a label-free and highly sensitive optical technique that may be used to probe 

biomolecular interactions in real-time.37,73 In a typical SPR-based biosensing experiment, the 

surface is primed with the buffer to be used to create a stable baseline on the SPR sensorgram, 

then a solution of analyte flows through a microfluidic array across the ligand-bound surface 

(Figure 1.18). As the analyte binds to the ligand, it alters the refractive index of the medium close 

to the metal surface; and changes the maximum reflectance angle at which light is absorbed and 

then can be used to determine the quantity of analyte adsorbed to the surface in real-time.74 

Finally, the analyte solution is replaced with buffer to remove loosely bound analyte. The 

difference between the initial and final signal implies the extent of analyte adsorption. Thus, 

label-free detection of biomolecules may be achieved, as well as direct measurement of 

ligand-analyte binding affinity and kinetics.75 To date, the SPR-based biosensing technique has 

made great strides in pharmaceutical and life sciences research, although there still remain areas 

which can be improved, such as designing devices that can be used in the field, or by non-expert 

technicians.37,75 
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Figure 1.18 Schematic experimental set-up of SPR sensor (Biacore 3000). 

    The ability to dispense with any molecular labeling requirement and the ability to perform 

real-time analysis are two key advantages of the SPR technique.77 No need for labeling reduces 

the time required to modify samples and minimizes the concern that the label may alter the 

properties of desired proteins.73 Real-time monitoring allows the study of interactions between 

immobilized receptors and analytes as they happen, generating detailed binding data to measure 

association and dissociation kinetics (in the range of 102 to 108 M–1s–1 and 1 to 10–6 s–1, 

respectively), specificity, and affinity of the interactions.78 

1.4.4 Surface Plasmon Resonance Instrumentation  

    The Biacore system used here consists of five components (Figure 1.19):76 

 

Figure 1.19 Biacore 3000 processing unit.76 

1. Liquid delivery pumps. One for maintaining a constant flow of liquid over the sensor chip 

surface and the other for handling samples in the autosampler. 
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2. Autosampler is designed for preprogrammed sample handling. 

3. Integrated µ-Fluidic Cartridge (IFC), containing liquid delivery channels, sample loop and 

valves the detector unit, including optical and electronic components for creating and measuring 

SPR response. 

4. Four detector flow cells formed by the IFC pressing against the sensor chip. 

5. Microprocessors for controlling pumps, autosampler, and IFC valves for basic processing of 

the SPR signal. 

1.4.5 Surface Plasmon Resonance Biosensor Chips 

The biosensor chip usually consists of the following elements: the substrate (glass) is covered 

with a thin gold layer that enables the surface plasmon to be excited, and its geometry should be 

compatible with the device.76 In addition, there should be a linker layer between the gold surface 

and the immobilization matrix. The matrix should be in direct contact with the ligand and the 

analyte. Figure 1.20 shows an example of commercial Biacore CM5 sensor chip. 

 

Figure 1.20 Commercial Biacore sensor chip. 

    Specifically, gold is used as the underlying layer of the biosensor chip, as it is resistant to 

oxidation, and biocompatible. It exhibits intense SPR signals and can be evaporated or sputtered 

to form homogeneous coatings on a wide range of backing materials including glass, silicon, mica 

or even plastic.78 Gold has the advantage of being electrically conducting, optically translucent, 
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and resist to oxidation. A thin gold film (~ 50 nm) is commonly used in SPR-based biosensors.78 

Additionally, transition metals, such as gold and silver, are soft electron pair acceptors and have a 

strong affinity towards soft electron pair donors (thiols, disulfides, and thioethers).13,37 

    However, an unmodified gold surface has a high tendency for spontaneous adsorption of 

biomolecules, and many proteins may undergo denaturation or random orientation on noble 

metals through strong thiol-metal bonds.79 Thus, the resultant surface has an extremely low active 

ligand density that can only be partially regenerated with limited use, resulting in unreliable 

assays.80 In such applications, gold is often functionalized with thiol-based SAMs to which 

various tail groups have been functionalized to react specifically with target biomolecules.78 

A fundamental goal in biology is to identify and characterize biomolecular interactions.37 

Extensive efforts have been dedicated to the development of versatile biosensor surfaces81 

(Table 1.2) to accommodate various biomolecules for successful implementation82 (Table 1.3). 

Densely packed, organized thiol SAMs are commonly deposited on the gold surface according to 

the requirements of biomolecules to be studied. The SAM serves to prevent biomolecules from 

contact with the gold surface and acts as a linker layer for attachment of dextran matrix to further 

enhance the functionality in investigating biomolecular interactions. 
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Table 1.2 Commercial Biacore sensor chips.81 

Sensor 

Chip 
Surface Chemistry Comments 

HPA 
Methyl-terminated alkylthiol 

SAM surface 

For membrane studies. Problem with 

non-specific binding 

L1 
Dextran derivatized with 

lipophilic groups 

For membrane studies. Lower levels of 

non-specific binding than HPA chip 

CM5 
Carboxymethylated dextran 

matrix 
All-purpose detection of analytes 

CM3 
Shorter carboxymethylated 

dextran matrix Large analytes such as cells, serum, and virus 

particles 
CM4 

Same dextran as CM5, but with a 

low degree of carboxylation 

CM7 
Higher density of 

carboxymethylated dextran 
Small molecules 

C1 
No dextran matrix. 

Carboxymethylated 
Large analytes such as cells and virus particles 

SA 
Streptavidin pre-immobilized 

dextran matrix 
Capturing of biotinylated molecules 

NTA 
NTA pre-immobilized dextran 

matrix 
Capturing of his-tagged molecules 

Protein A 
Protein A pre-immobilized 

dextran matrix 
Site-directed capture of antibody 

Au Unmodified gold surface User defined surface chemistry 

 

  



 

32 

 

Table 1.3 Examples of biomolecular interactions on commercial Biacore chips.82 

Sensor 

Chip 
Ligand Analyte Applications 

HPA 

GPI-anchored 

membrane 

receptor 

Toxin Affinity and specificity 

β-galactosidase 
Anti-β-

galactosidase IgM 
Antibody-antigen interactions 

L1 

Liposome Factors IX and X Interactions and interference of FIX-bp 

Liposome Toxin Toxin and lipid membrane interactions 

CM5 

Anti-human Fc Antibody Antigen-antibody interactions 

Protein Knr4 Protein Tys1 Specificity between protein and protein 

CM3 Synaptic vesicle Annexin V 
Real-time analysis of intact organelles 

binding 

CM4 
Heam agglutinin 

of influenza A 
RNA-aptamer Selection of RNA-aptamer 

SA 

RNA-aptamer 

Non-structural 

protein 3 (NS3) 

protease 

Determination of binding position 

RNA Tenascin-C 
Binding and equilibrium dissociation 

constant 

Au 

Rat sCD4 RNA-aptamer Affinity and specificity 

Thiolated DNA 
DNA, RNA and 

protein 
Comparative studies 

 

Moreover, various sensor surfaces have shown appealing potential applications in delivering 

reliable and reproducible results. Tatemichi et al. presented a combined liquid phase deposition 

and molecular imprinting techniques to prepare organic/inorganic hybrid films for a wide range 

of target compounds recognition for use in metal oxide-based molecular recognition materials.83 

Ducker et al. demonstrated photochemical modified OEG-terminated SAMs to facilitate the 

formation of patterning of the surface, with the functional groups bind biomolecules in one step.84 

Uzawa et al. developed glycochips by a layer-by-layer adsorption method, enabling effective 

analysis of Shiga toxins.85 Whitesides et al. introduced a mixed nitrilotriacetic acid-terminated 

and tri(ethylene glycol)-terminated alkanethiols on gold surface and demonstrated its feasibility 
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to bind His-tagged proteins.86 Whitesides et al. also reported a mixed SAMs of tri(ethylene 

glycol)-terminated and carboxylic acid-terminated alkanethiols on a gold surface, with low 

non-specific protein adsorption ability, to effectively immobilize proteins using amine coupling 

chemistry.87 Löfås et al. developed a non-crosslinked carboxymethylated dextran layer on a gold 

surface, with the merits of hydrophilic, flexible, and protein compatible, which is highly desirable 

for biomolecular interactions.88 Granqvist et al. prepared a shorter dextran matrix surface that 

facilitates the formation of a highly stable supported lipid bilayer as compared to a thiolated 

polyethylene glycol surface.89 

1.4.6 Surface Plasmon Resonance-Based Biosensing Assay 

    The SPR biosensing process can be briefly described as follows (Figure 1.21): initially, the 

surface should be equilibrium with the running buffer, analyte is then passed over the 

ligand-bound surface. Analyte-ligand complex formation process occurs as the SPR signal 

increase with time, followed by a plateau due to saturation of the ligand surface. Finally, the 

analyte is replaced with buffer to remove loosely bound analyte. The difference between the 

initial and final signal implies the amount of analyte adsorption. Due to the substantial half-lives 

of many complexes in biology, several pulses of regeneration solutions are commonly employed 

to disrupt the complex to regenerate the sensor surface.37 

 

Figure 1.21 A typical sensorgram illustration of a binding cycle of an analyte injection with a 

subsequent regeneration step. 
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There are several drawbacks about this SPR-based technique.37,73 Compared with other 

analytical techniques such as mass spectrometry or UV spectrometry, which can be used without 

concerning the biological activities of samples, an SPR biosensor depends on the availability of 

active biological molecules to obtain a signal. In addition, it requires a high level of user expertise 

to design and implement the analytical assays. Moreover, SPR sensors lack intrinsic selectively. 

The refractive index changes in the evanescent field are reflected in changes of signals, which are 

related to the changes in buffer composition, concentration, and the amount of adsorbed materials 

on the sensor surface. Thus, the sensor surface needs to be modified to allow selective capturing 

of the target compounds. In addition, one or two reference flow cells should be used and the 

corresponding signal should be subtracted from that of the active flow cell. 

1.5 Surface Chemistry in Surface Plasmon Resonance-Based Biosensing 

1.5.1 Bioinert Matrices for Non-specific Adsorption 

    Immobilization of biomolecules on sensor surfaces is mainly based on physical absorption, 

hydrophobic and electrostatic interactions, covalent coupling, and affinity attachment.73 

    Non-specific adsorption of heterogeneous macromolecules, such as proteins and larger 

aggregates, on surfaces is a central issue in designing biocompatible materials. Thus, the 

development of surfaces that inhibit non-specific protein adsorption has been an important topic 

for biotechnological applications.79 Non-specific protein adsorption is complex but it can be 

categorized into three main mechanisms: adsorption by charge-charge interaction, hydrophobic 

interaction, and a combination of both effects. 

    Poly(ethylene glycol) (PEG) has been commonly used in surface science to prevent adsorption 

of proteins in aqueous solutions.79 This is because the steric repulsion effect in the high molecular 

weight PEG, which is an entropic effect, caused by the unfavorable change in free energy related 

to the dehydration and confinement of polymer chains.90 
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A model system based on SAMs of oligo(ethylene glycol) (OEG) alkanethiols on gold surfaces 

were first introduced by Whitesides and co-workers to study the interactions of proteins with 

various functional organic surfaces, and the resultant efficiency for non-specific protein resistance 

was proportional to the length of OEG chains.91 Grunze et al. studied protein adsorption on a 

series of oligoether-terminated alkanethiols with different oligoether backbones, length, and alkyl 

terminal groups.92 They found that the interior hydrophilic chemical structure is critical to exhibit 

protein-repelling properties. The combination of hydrophilicity of the terminal groups, the 

hydrophilicity of the internal units, and the packing density together accounts for the formation of 

excellent protein resistant layers. Whitesides et al. reported the effect of surface wettability of 

SAMs of alkanethiolates on gold surfaces on non-specific adsorption of proteins using SPR.93 

The results show that the adsorption of proteins to uncharged SAMs are dependent on the 

wettability of the coating surfaces, and the adsorbed proteins can be desorbed from the SAMs by 

treatment with appropriate detergents. Polymers grafted on the gold surface were also showed to 

be effective in preventing the non-specific protein adsorption and can be finely tuned to fit the 

evanescent field of the SPR device (Table 1.4).37,79 
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Table 1.4 Examples of hydrophilic protein-compatible polymers.37,79 

Class Polymer 

Polysaccharides, natural Dextran 

Polysaccharides, modified 
Carboxymethyldextran 

Carboxymethylcellulose 

Polyalcohols Poly(vinyl alcohol) 

Polyalcohol and polyether Polyglycerol (dendrimer) 

Polyethers 
Poly(ethylene glycol) 

Poly(propylene glycol) 

Polycarboxylates Poly(acrylic acid) 

Polyamines Poly(L-lysine) 

 

1.5.2 Hydrophobic Attachment  

1.5.2.1 Lipid Membranes 

    Surfactant or polymeric molecules in solutions can spontaneously self-assemble into 

well-defined and thermodynamically stable structures.79 In nature, membranes are composed of 

various lipids, lipopolysaccharides, sterols, and other species. Proteins and other biomolecules 

can be incorporated within the membrane itself or within the interior portion of lipid vesicles and 

used for drug delivery or gene therapy studies, amongst other applications.77,79 Lipid vesicles, or 

liposomes, are composed of amphipathic molecules self-assembled together to ensure the 

hydrophobic regions orientate towards one another, and the polar hydrophilic regions face the 

aqueous environment. The properties of such liposomes are based on many factors, including the 

type and concentration of phospholipids (charged or uncharged), size of liposomes, membrane 

fluidity, and ionic strength of the aqueous solution.79 

    Supported lipid membrane structures are excellent biomimetic systems, as they closely 

resemble a cell membrane.73 Incorporation of membrane proteins, receptors, and other biological 

molecules would facilitate real-life biological membranes studies.77 Natural membranes typically 

carry a charge on their surfaces, which depend on the nature of lipids (Figure 1.22) and its 
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cellular location. Negatively charged phospholipids include dipalmitoyl phosphatidyl glycerol 

(DPPG), dipalmitoyl phosphatidic acid (DPPA), phosphatidylserine (PS), phosphatidylinositol 

(PI). Uncharged neutral lipids include phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

sphingomyelin and alkyl ether lecithin. The choice of lipid bilayer components affects the 

long-term stability of the vesicles, and the unsaturated lipids tend to be oxidized easily. Evans et 

al. reported the adsorption kinetics of lipid vesicles on mixed SAMs, highlighting the importance 

of underlying SAM composition on lipid bilayer formation.94 

 

Figure 1.22 Different types of lipids. 

1.5.2.2 Detergents 

    Detergents are amphipathic molecules consisting of polar head groups and hydrophobic 

chains.75,95 They are commonly used to solubilize membrane proteins by creating an environment 

similar to that of a natural lipid bilayer.95 Based on their structures, detergents can be classified 

into ionic, nonionic, and zwitterionic types (Figure 1.23). Ionic detergents contain a head group 

with a cationic or anionic net charge and a hydrophobic hydrocarbon chain. Sodium dodecyl 

sulfate (SDS) is an anionic surfactant, an organic compound consists of 12-carbon tail attached to 
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sulfate group, with a formula of CH3(CH2)11SO4Na. Although it is extremely effective in 

solubilizing membrane proteins, it has the side effect of denaturing proteins to some extent.73,75 

Nonionic detergents, comprised of uncharged hydrophilic head groups of either polyoxyethylene 

or glycosidic groups, are considered to be mild and relatively non-denaturing detergents. They 

have shown effectiveness to break lipid-lipid interactions and lipid-protein interactions.73 Many 

membrane proteins can be solubilized in the nonionic detergents without affecting their inherent 

properties. One such nonionic detergent is -octyl glucopyranoside, which is considered to be 

non-denaturing to many proteins and effective at desorbing proteins from the surfaces. Therefore, 

it has been widely used in special applications where the structures of proteins are sensitive to the 

changes of environments.81 Zwitterionic detergents such as Chaps, 3-[(3-

cholamidopropyl)dimethylammonio]-1-propanesulfonate, combine the properties of ionic and 

nonionic detergents and have been widely used in structural studies of membrane proteins.75 

 

Figure 1.23 Three types of detergents. 
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1.5.2.3 Traditional Approaches for Forming Membrane Surfaces 

    Bilayer membranes supported on solid substrates are formed by adsorption and fusion of 

vesicles on clean, hydrophilic surfaces such as mica, glass, or other oxide substrate surfaces via 

electrostatic, hydration and van der Waals forces.96 Oxide surfaces, such as silicon oxide, 

aluminum oxide, titanium oxide, indium tin oxide, zirconium oxide, gadolinium oxide, 

magnesium oxide, and other surfaces are available for biosensing work with SPR Navi™. 

However, there are disadvantages using these oxide surfaces for biosensing.79 First, although 

the water film facilitates the fluidity of the membrane, interactions between the lipid head and the 

oxide surfaces tend to restrict the later diffusion of the lipids. Second, the layer between the 

membrane and oxide surface is not enough to facilitate the incorporation of the transmembrane 

proteins for biosensing studies. Third, some proteins might interact with the oxide substrate to 

some extent, resulting in the loss of mobility and bioactivity. 

1.5.2.4 Development of A Suitable Membrane Support for Forming Membrane Surfaces 

    Langmuir-Blodgett (LB) films are formed by physisorption of amphiphiles and are useful tools 

in biosensing field.79 However, the thermodynamically unstable properties of LB films would 

result in their structural changes under temperature changes. Therefore, the relatively higher 

stability and a wider choice of suitable metal surfaces make SAMs superior candidates compared 

to LB films for biosensing applications. 

Currently, membrane surfaces are based on pioneering works of Plant et al., who demonstrate 

the stability and promise of planar supported hybrid bilayer membrane (HBM) systems for use in 

biomolecular interactions.97–99 The HBMs are formed by a lipid monolayer serving as the upper 

leaflet deposited onto a hydrophobic surface of SAM of alkylthiols on gold. The potential 

advantage of employing HBM for biosensing is the facile and reproducible formation of HBMs 

with mechanical stable properties, which shows great promise in a number of analytical 

techniques.73,75 
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    Hydrophobic surfaces tend to adsorb protein non-specifically, whereas hydrophilic surfaces 

have the ability to suppress protein adsorption. Thus, the lipid bilayers that are covalently 

attached to the solid support via hydrophilic tethers or polymer cushions are desirable. Many 

methods use chemical linker layers between the gold surface and biological components. 

Functionalized alkanethiols form stable SAMs on planar gold surfaces that can act as the linker 

layers. The terminal groups of these thiols can be derivatized into ethylene glycol subunits to 

minimize the non-specific adsorption of proteins. It has been reported that oligo(ethylene glycol) 

(OEG) moiety is the most widely used spacer unit of hydrophilic tethers, which can effectively 

suppress non-specific protein adsorption.79 These tethers allow the formation of the aqueous 

region between the bilayer and substrate, and would facilitate studies of incorporation of 

transmembrane proteins and ionic reservoir for ion channel functions. 

Membrane proteins are complex and sometimes present at low levels in biological membranes, 

thus it is difficult to obtain sufficient amount and stable form from their native environments.77 

Moreover, most membrane proteins are not soluble in buffer solutions. Despite the inherent 

difficulty to work with membrane proteins, it is fundamentally important to study their roles in 

biological processes. Ideally, membrane protein studies should be in an environment that closely 

mimics the natural lipid bilayer that surrounds membrane protein in vivo. 

1.5.2.5 Peptide/Lipid Membrane Interactions 

    Many biophysical techniques have been used to study biomolecular membrane interactions, 

such as circular dichroism (CD), nuclear magnetic resonance (NMR), fluorescence spectroscopy, 

and fourier transform infrared spectroscopy (FT-IR).73,89 These methods provide important 

information of specific structural related functions for peptide-membrane interactions. However, 

fully characterization of the binding of proteins or peptides to lipid membranes requires the 

kinetics and thermodynamic data to be determined.75 

    Due to the very fast binding reaction between peptide and membrane, it is difficult to 



 

41 

 

differentiate the steps to identify how particular interactions occur by conventional methods. In 

addition, determination of the affinity of certain types of peptides for a particular membrane is 

central to understand the mechanisms of these actions.100 To address these issues, SPR has been 

applied to study the peptide-membrane interactions with enhanced understanding of 

membrane-mediated peptide functions.75 

    It is well known that the binding of membrane active peptides to lipid membranes is through a 

two-step process.101 During the first step, the polypeptide binds to the lipid membrane surface by 

electrostatic attraction, localizing itself on top of the membrane surface. In the second step, the 

polypeptide relocates on the surface or further inserts into the hydrocarbon part of the lipid 

membrane through hydrophobic interactions. More specifically, the interaction of peptides with 

lipid membranes involves a number of intermediate steps,75,100,101 which include 1) initial 

attraction of peptide to membrane surface through either electrostatic or hydrophobic interactions, 

depending on the properties of peptide and the structure of phospholipid; 2) further stabilize its 

structure upon interaction of peptide with phospholipid membrane surface; 3) reorientation of 

peptide at membrane surface, resulting in the partial insertion of the peptide into the membrane; 

4) complete partition of the peptide in the membrane interface to either lie parallel to the surface 

or fully insert into the membrane. 

    The overall standard free energy of interaction of a peptide with the immobilized lipid 

monolayer, Gassoc, was introduced by Ben-Tal et al.,102 which can be described by the 

following equation: 

∆𝐺𝑎𝑠𝑠𝑜𝑐
° = ∆𝐺𝑠𝑜𝑙𝑣

° + ∆𝐺𝑖𝑚𝑚
° + ∆𝐺𝑙𝑖𝑝

° + ∆𝐺𝑐𝑜𝑛𝑓
°                                                                           (1.8) 

    ∆𝐺𝑠𝑜𝑙𝑣
°  is the standard free energy change associated with changes in the solvation of the 

peptide upon binding through contributions of electrostatic and hydrophobic. ∆𝐺𝑖𝑚𝑚
°  is the 

standard free energy change corresponding to immobilization of the peptide in lipid layer, ∆𝐺𝑙𝑖𝑝
°  

is the standard free energy change related to the lipid perturbation effects, and ∆𝐺𝑐𝑜𝑛𝑓
°  is 
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associated with peptide conformational changes upon interaction with the lipid surface. 

1.5.3 Covalent Coupling Methods for Ligand Immobilization 

    The interfacial properties between the sensor chip surface and the biological system are key 

components for biosensing studies.37,77 Receptors should be attached to the sensor surface and 

retain their native conformation and binding activity. Such attachment should be stable and 

withstand several courses of binding assays. Moreover, the sensor surface should be resistant to 

non-specific binding of proteins. Thus, development of a suitable biosensor surface is a crucial 

requirement for successful binding assays. 

    There are a number of methods for covalent and non-covalent attachment of receptors to planar 

SAMs surfaces and polymer films.77 Appropriate coupling methods require careful consideration 

of the activity and orientation of the receptors and their local environments on the surface, the 

stability of the linkage under the regeneration conditions, and effects of the coupling chemistry on 

binding interactions.37 The method commonly used to immobilize proteins is the formation of 

covalent bonds between nucleophilic functional groups, such as lysine of amino groups and 

cysteine of thiol groups of proteins, and electrophilic groups such as activated carboxyl groups on 

the sensor chip surfaces. 

Coupling the ligand to the matrix of the sensor surface is a vitally important step for 

monitoring biomolecular interactions.73,79 This coupling step should be able to produce a range of 

practical immobilization levels, and both the activity and steric accessibility of the ligand should 

be preserved to give reliable binding performance. Covalent immobilization on dextran surface is 

commonly employed in biosensing, which involves irreversible attachment of the ligand by 

amine, thiol, or aldehyde groups.37 It is highly desirable for biomolecular interaction analysis, 

which has the merits of being efficient, stable, and controllable. Negatively charged carboxyl 

groups on the dextran modified NHC surface can be used to determine suitable coupling pH. 

Therefore, positively charged ligands can be effectively adsorbed to the dextran surface by 
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electrostatic attraction, followed by covalent coupling to NHS-activated carboxyl groups. Among 

these coupling methods, amine coupling is the most widely used approach to couple reactive 

nucleophiles to carboxyl groups on the dextran surface (Figure 1.24).37 The first step is the 

generation of reactive N-hydroxy succinimidyl (NHS) esters from carboxyl groups on the dextran 

surface by derivatization with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 

(EDC) and NHS. Secondly, the nucleophilic coupling of these active NHS esters with ɛ-amine 

groups of lysine residues or primary amino groups of biomolecules forms amide bonds. Finally, 

unreacted NHS esters on the surface are blocked by ethanolamine. This approach provides a 

simple and straightforward method to covalently attach ligands to the dextran surface for use in 

SPR biosensing.78,81 

 

Figure 1.24 Reaction mechanism of the amine coupling method. 

1.5.4 Affinity Capture Methods for Ligand Immobilization 

Although the carboxymethylated dextran surface offers a very versatile platform for the 

covalent immobilization of many ligands to the biosensor surface, some coupling methods such 

as the amine coupling can produce a randomly-oriented ligand surface, resulting in a minimized 

exposure of effective binding sites.77,78 Therefore, alternative methods offering a homogeneous 

orientation of the ligand surface are desirable (Figure 1.25). Affinity capture provides an 
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alternative and straightforward approach to minimize this problem and has been employed to 

facilitate a formation of specifically oriented ligand surface for analyte binding for use in 

biosensing. 

 

Figure 1.25 Illustration of the ligand orientation. (a) A random ligand orientation would result in 

certain binding sites of the ligand molecules being unavailable for analyte binding. (b) A 

controlled, homogeneous orientation of ligand molecules is highly desired. 

1.5.4.1 Streptavidin-Biotin Capture 

    The high affinity and selectively binding of biotin by streptavidin has been employed for many 

bioanalytical applications.77 The versatility of the streptavidin-biotin system is based on the 

robust and quasi-irreversible interaction, the multivalent nature of streptavidin, and the 

compatibility of biotin incorporated into the biomolecules (Figure 1.26).77,78 For example, 

Knoll et al. studied a multilayer system of proteins by employing organic thiols self-assembled on 

a gold surface with terminal groups derivatized with biotin moieties, followed by immobilization 

of streptavidin and biotinylated proteins.103 

 

Figure 1.26 Chemical structurals of (a) D-biotin and (b) biotinylated protein. 

    A commercial streptavidin chip (SA chip, GE Healthcare) was developed for high-affinity 

streptavidin-biotin attachment, where biotinylated ligands can be captured onto pre-immobilized 

streptavidin surface with high affinity (KD ≈ 10‒15 M).37,77 For example, negatively charged 
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ligands such as oligonucleotides can be efficiently immobilized by streptavidin/biotin approach 

instead of using covalent coupling method (Figure 1.27). This is because electrostatic attraction is 

unable to be used in this circumstance. In addition, the SA chip enables orientated capture of 

biotinylated biomolecules through a specific binding site on the ligand as compared to the amine 

coupling method.77 

 

Figure 1.27 Streptavidin immobilized surface binding with biotinylated DNA for specific binding 

with target DNA. 

1.5.4.2 Nitrilotriacetic Acid Capture 

The oligohistidine tag (His-tag) has been widely used as an affinity tag for protein purification 

and detection through transition metal ions chelated by nitrilotriacetic acid (NTA) surface.77,104 

Importantly, this approach shows highly selective and site-specific binding of proteins of interest. 

The commercial NTA chip (GE healthcare) has potential advantages over a dextran surface, as 

it can deliver a relatively homogenous and oriented ligand surface for use in biosensing.73 The 

commercial NTA chip has a dextran matrix pre-immobilized NTA on a gold surface. Histidine 

(His) tag is a sequence of six or ten histidine residues which can be incorporated into the primary 

sequence of the C- or N-terminus of the protein, which is one of the most commonly used tags in 

protein purification and detection techniques.78,81 NTA can chelate divalent metal ions, such as 
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Ni2+, Zn2+, and Cu2+, leaving free coordination sites to bind imidazole moieties of His-tag on 

recombinant proteins, resulting in a uniform orientation of the proteins.77 EDTA is commonly 

used to chelate Ni2+ and disrupt the binding between the His-tagged protein and Ni-NTA 

complexes. The ability to regenerate the NTA surface allows the repeated use of the sensor 

surface, effectively eliminating the propensity for denaturation of the ligand upon regeneration 

cycles during binding assays.78,81 This is important for ligands that prone to be denatured during 

the regeneration step. Figure 1.28 shows that the high-binding affinity between Ni2+ and NTA 

allows a mild elution with moderate imidazole concentrations.105 

 

Figure 1.28 Illustration of interactions involved in the NTA surface function.105 

1.5.4.3 Protein A Capture 

An antibody (Ab), or immunoglobulin (Ig), is a Y-shaped protein produced mainly by plasma 

cells for immune system to neutralize pathogens (Figure 1.29).106 The antibody can recognize a 

unique molecule (antigen) via the Fab's variable region. Each tip of the "Y" of an antibody 

contains a paratope, which is highly specific for one particular epitope of an antigen. 
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Figure 1.29 Schematic diagram of an antibody molecule and its fragments.106 

The manufacturing for monoclonal antibodies consists of expression in recombinant 

mammalian cell cultures along with purification steps by centrifugation, chromatography, and 

filtration. One common purification step for producing monoclonal antibodies is the capture of 

antibodies by protein A affinity chromatography.106 Due to the very high selectivity between the 

protein A and IgG type antibody subclasses of IgG1, IgG2, and IgG4, this purification method 

gives high purity antibodies. Protein A has three homologous Fc binding sites and is commonly 

used as an affinity capture ligand, which allows reversible binding with the Fc region of IgG from 

a variety of mammalian species with high affinity.106 The commercial Protein A SPR chip (GE 

Healthcare) was developed by pre-immobilizing protein A (acts as a capturing molecule) on the 

dextran surface to bind antibody (ligand) through the heavy chain within Fc-region, ensuring a 

specific orientation of the antibody for subsequent antigen (analyte) binding assays.37 The 

regeneration of the protein A surface involves removal of antibody (ligand) together with bound 

antigen (analyte), leaving the protein A (capturing molecule) ready to bind fresh antibody for the 

following cycles. It is an excellent platform for antibody-antigen analysis, which shows less 

problematic and renders active sites of the antibody available for binding assays (Figure 1.30). 
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Figure 1.30 Representation of IgG antibody immobilized by affinity capture (controlled and 

homogenous orientation) and covalent coupling (random orientation) methods. 

1.5.5 Regeneration 

Multiple reuses of the SPR sensor chips are one distinct difference compared to traditional 

techniques, such as blotting or solid-phase methods.37,75 Due to the half-lives of many complexes 

in biology, regeneration is needed to disrupt the ligand-analyte complex from the sensor surface 

without damaging the activity of ligand on the sensor surface, in preparation for a new binding 

cycle.73,81 When using the affinity capture sensor chips, regeneration removes both the ligand and 

analyte from the high-affinity capturing molecule. Thus, effectively eliminating the tendency of 

ligand degradation problems during the repeated regeneration cycles. Table 1.5 shows the 

commonly used regeneration solutions. Suitable regeneration conditions are dependent on the 

coupling chemistry, ligand density, nature of ligand-analyte interaction, analyte binding level, 

properties of the sensor surface, and temperature.81 
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Table 1.5 Commonly used regeneration solutions.81 

Agent Concentration 

Acetonitrile 30 % 

DMSO 10 % 

DTE 0.1 M 

EDTA 035 M 

Ethanol 70 % 

Ethanolamine 1 M 

Ethylene glycol 100 % 

Formamide 40 % 

Formic acid 20 % 

Glycine-HCl pH1.5 to 3.0 100 mM 

Glycine-NaOH pH 9.5 (BIAdesorb Solution 2) 50 mM 

Guanidine hydrochloride  6 M 

HCl 100 mM 

Imidazole 300 mM 

MgCl2 4 M 

NaOH 100 mM 

NaCl 5 M 

SDS (BIAdesorb Solution 1) 0.5 % 

Surfactant 20 5 % 

Urea 8 M 
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1.5.6 Optimization of Experimental Conditions for Successful Assays 

    There are several reaction models available to perform kinetic analysis.81 Commonly, 

bimolecular interactions should always be first analyzed by the simple Langmuir (1:1) binding 

model. However, special surface effects such as immobilization heterogeneity or cross-linking or 

mass transfer or rebinding of analyte to the surface can affect the quality of the data and should be 

given enough consideration.73,81 Thus, experimental conditions should be fully optimized and 

understood before fitting with the binding models. When choosing a fitting model, employing 

variables such as drift, bulk RI shift, or mass transport may result in a better fit to the 

experimental data. 

1.6 Kinetic Analysis of Biomolecular Interactions at Surfaces 

1.6.1 Simple 1:1 Langmuir Binding 

    The rates and equilibrium constants of biomolecular interactions are used to provide 

information about the strength of association and the tendency of dissociation.78,107 

    The 1:1 interaction model is one ligand molecule interacts with one analyte molecule that 

equivalent to the Langmuir adsorption model. This is the simplest physically plausible isotherm 

based on the following assumptions:75,78 

1 the adsorption cannot precede beyond the coverage of monolayer 

2 all binding sites are equivalent and the surface is uniform 

3 the ability of a molecule to bind to a specific binding site is independent of the degree of 

occupation of neighboring sites 

    Binding occurs between ligand and analyte if they interact with one another in the correct 

orientation and with enough energy. For example, A is the molecule from solution (analyte) and B 

is the species immobilized on the sensor surface (ligand). During the association phase, the 

amount of complex (AB) formed increases as a function of time. By replacing the analyte 

solution with the running buffer, the analyte concentration drops to zero ([A]=0), followed by a 
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time-dependent dissociation phase. The forward and reverse reaction rates can be described by 

the association rate constant 𝑘𝑎 and dissociation rate constant 𝑘𝑑, respectively, both of which are 

determined by the properties of the ligand and analyte, temperature and buffer conditions. 

    The 𝑘𝑎 describes the rate of complex formed per second in a one molar solution of A and B, 

which is typically between 102 and 108 M–1 s–1. The rate of complex decay is represented by 𝑘𝑑 in 

the unit of s–1. 

    The net rate of complex formation of AB can be described as follows: 

𝐴 + 𝐵 ⇋ AB                                                                                                                                (1.9) 

𝑑[𝐴𝐵]

𝑑𝑡
= 𝑘𝑎[𝐴]𝑡[𝐵]𝑡 − 𝑘𝑑[𝐴𝐵]𝑡                                                                                                 (1.10) 

    The concentration of analyte solution is constant; therefore, [𝐴]𝑡 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 𝐶.  [𝐵]𝑡 =

[𝐵]𝑚𝑎𝑥 − [𝐴𝐵]𝑡 = 𝑅𝑚𝑎𝑥 − 𝑅𝑡, 𝑅𝑚𝑎𝑥 is the maximum binding capacity where 100 % of all the 

available ligand (B) is saturated with the analyte (A) to form the complex (AB), which is 

determined by the number of binding sites and the size of the analyte molecule. When one analyte 

in different concentrations is injected over the same ligand surface, the theoretical 𝑅𝑚𝑎𝑥 for every 

injection should maintain the same. This is because the active binding sites (ligand) should not be 

lost during each run under suitable regeneration conditions. 𝑅𝑡 is the amount of complex formed 

at time t.  

    During the association phase: 

𝑑𝑅

𝑑𝑡
= 𝑘𝑎𝐶(𝑅𝑚𝑎𝑥 − 𝑅𝑡  ) − 𝑘𝑑𝑅𝑡                                                                                                (1.11) 

𝑅𝑡 =
𝑅𝑚𝑎𝑥[𝐴]

𝐾𝐷+[𝐴]
∙ (1 −

1

𝑒(𝑘𝑎[𝐴]+𝑘𝑑)𝑡)                                                                                                 (1.12) 

    During the dissociation phase using the buffer alone ([A] = 0), the analyte dissociates from the 

complex, which follows simple exponential decay kinetics: 

𝑑[𝐴𝐵]

𝑑𝑡
= −𝑘𝑑[𝐴𝐵]𝑡                                                                                                                     (1.13) 

𝑑𝑅

𝑑𝑡
= −𝑘𝑑𝑅𝑡                                                                                                                               (1.14) 
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𝑅𝑡 = 𝑅0𝑒−𝑘𝑑𝑡                                                                                                                            (1.15) 

    𝑅0 is the binding response at the beginning of the dissociation phase. Then the affinity of the 

interaction can be determined from the ratio of the rate constants (𝐾𝐷 = 𝑘𝑑 𝑘𝑎⁄ ). 

1.6.2 Equilibrium Analysis 

At equilibrium, the rate of association equals the rate of dissociation. The affinity constant of 

complex (AB) can be derived from the relationship between response at equilibrium 𝑅𝑒𝑞  and 

analyte concertation (C) by employing a steady-state affinity model.73,78,107 The net rate of 

complex formation is: 

𝐴 + 𝐵 ⇋ AB                                                                                                                              (1.16) 

𝑑[𝐴𝐵]

𝑑𝑡
= 𝑘𝑎[𝐴]𝑡[𝐵]𝑡 − 𝑘𝑑[𝐴𝐵]𝑡                                                                                                 (1.17) 

    The association (𝑘𝑎) and dissociation (𝑘𝑑) rate constants determine the complex formation and 

disruption at the sensor surface. The concentration of analyte is kept constant [𝐴]𝑡 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 =

𝐶, the concertation of free ligand can be expressed as [𝐵]𝑡 = [𝐵]𝑚𝑎𝑥 − [𝐴𝐵]𝑡 = 𝑅𝑚𝑎𝑥 − 𝑅𝑡, and 

the 𝑅𝑚𝑎𝑥  is the maximum analyte binding capacity of the surface and 𝑅𝑡  is the amount of 

complex formed at time t. 

𝑑𝑅

𝑑𝑡
= 𝑘𝑎𝐶(𝑅𝑚𝑎𝑥 − 𝑅𝑡) − 𝑘𝑑𝑅𝑡                                                                                                 (1.18) 

    when the reaction reaches the steady state, 𝑅𝑡 = 𝑅𝑒𝑞,  

𝑘𝑎𝐶(𝑅𝑚𝑎𝑥 − 𝑅𝑡) − 𝑘𝑑𝑅𝑡 = 0                                                                                                   (1.19) 

𝑅𝑒𝑞 =
𝐶𝐾𝐴𝑅𝑚𝑎𝑥

1+𝑛𝐶𝐾𝐴
                                                                                                                          (1.20) 

    where n is a steric interference factor that used to compensate for steric blocking of additional 

binding sites by a single analyte molecule.107 
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1.7 Scope of This Thesis 

The work described in this thesis focuses on the development of intriguing applications of the 

NHC SAMs on gold for developing versatile biosensor surfaces for real-life biosensing 

applications. Three types of biosensor surfaces were developed and validated: being hydrophobic 

attachment, covalent immobilization, and affinity capturing, respectively. 

Chapter 2 describes the experimental section containing a brief introduction to some surface 

analytical techniques used for characterizing the NHC SAMs, including X-ray photoelectron 

spectroscopy, atomic force microscopy, scanning electron microscopy, transmission electron 

microscopy, and contact angle measurement. 

    Chapter 3 describes an innovative approach to forming a hydrophobic association SPR 

biosensor surface by employing highly robust alkylated NHC SAMs on gold surface. Compared 

to the thiol-based commercial sensor surface (HPA chip), the NHC sensor surface features a 

desired list of performance merits, including lower non-specific binding capacity, better chemical 

stability, higher reproducibility, shorter equilibration time, and longer life span. We also 

demonstrate that the alkylated NHC sensor surface can be used for rapid and efficient formation 

of a hybrid lipid bilayer for use in membrane interaction studies. 

    Chapter 4 describes a sensor surface employing an NHC SAM to couple a modified 

carboxymethylated dextran onto a gold surface. The performance reliability of dextran-modified 

NHC chip to act as an alternative biosensing platform is compared with that of a thiol-based 

commercial chip in proof-of-concept tests, including drug/plasma protein and antibody/antigen 

interactions. Ultimately, this study shows the strong potential applicability of chemical 

modifications to gold surfaces using NHC ligands for biosensing applications. 

    Chapter 5 describes three intriguing proof-of-concept studies of NHC SAMs supporting a 

dextran layer as a tunable platform for developing NHC-based affinity-capture biosensor 

surfaces: being NHC-Streptavidin, NHC-Nitrilotriacetic acid, and NHC-Protein A. Each of these 
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biosensor surfaces consists of a 50 nm gold layer on glass, an NHC-linker, a dextran layer, and 

the corresponding functional molecules. These affinity capture sensor surfaces enable oriented 

binding of ligands for optimal performance in biomolecular assays. Together, the intrinsic high 

stability and flexible design of the NHC biosensing platforms show great promise and open up 

exciting possibilities for future biosensing applications. 

Chapter 6 provides a summary for the research presented in this thesis and proposed future 

work. 
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Experimental Techniques 

2.1 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS), also known as Electron Spectroscopy for Chemical 

Analysis (ESCA), is one of the most widely employed surface analytical tools for qualitative and 

quantitative determination of chemical compositions on material surfaces (Figure 2.1).1‒3 

 

Figure 2.1 Schematic of XPS setup. 

XPS typically probes a depth of a few atomic layers of the surface (up to 5~10 nm) to identify 

all chemical elements except hydrogen or helium.1,2 Usually, a fixed-energy radiation X-ray 

source, such as AlKα (1486.6 eV) or MgKα (1253.6 eV), is used to excite electrons from core 

levels of sample atoms.2 A high-vacuum environment (10‒9 torr) is required to enable the emitted 

photoelectrons to be successfully analyzed without interference from gas-phase collisions.1 The 

negative charges are placed on the outside plate to repel electrons and the positive charges on the 

inner plate to attract electrons. Therefore, the potential difference between the inner and outside 
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plates would allow photoelectrons of a certain energy go through the hemisphere, leaving low and 

high energy electrons to crash into the plates.3 

    Photoelectron spectroscopy is based on a single photon-in/electron-out process1 and the energy 

of photon is: 

𝐸 = ℎ𝑣                                                                                                                                         (2.1) 

where h is the Planck constant (6.62  10‒34 J s) and ν is the frequency of radiation in Hz. The 

photons are absorbed by atoms in a molecule or solid, leading to ionization of the atoms and 

emission of a core (inner shell) electron (Figure 2.2).2,3 

ℎ𝑣 = 𝐸𝐵 + 𝐸𝐾 + 𝜑                                                                                                                      (2.2) 

𝐸𝐾 is the kinetic energy of the electrons emitted from the sample, and  𝜑 is the work function 

of spectrometer. 

𝐸𝐵 = ℎ𝑣 − 𝐸𝐾 − 𝜑                                                                                                                      (2.3) 

 

Figure 2.2 Schematic of electronic transitions during XPS. 

XPS analysis not only provides elemental information, as it detects the binding energy of the 

emitted electrons, it also provides some chemical bonding information.3 Each element has 

binding energies associated with each core atomic orbitals, giving rise to characteristic peaks in 

the photoelectron spectrum.2 In addition, the intensity of peaks is related to the elemental 
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concentration of a specific region.2 Element in different chemical environments results in a slight 

shift in the peak positions (binding energies), which can be explained by the rearrangement of the 

average charge distribution of valence electrons.3 

In this thesis, XPS was performed on a Thermo Instruments 310-F Microlab (Thermo Fisher, 

UK) to evaluate the surface composition of samples. Spectra were obtained with a 

monochromatic MgKα X-ray source (1253.6 eV) at 15 kV anode potential with 20 mA emission 

current. Thermo Scientific Avantage software (Thermo Fisher, UK) was used for data processing. 

Spectra obtained were normalized to the Au 4f7/2 at 84.0 eV, and were fitted with 

Gaussian-Lorentzian (70%: 30%) peaks after subtraction of a Shirley background. 

2.2 Atomic Force Microscopy 

The atomic force microscope (AFM) was invented in 1985 by Binnig and his colleagues.4 This 

apparatus was initially conceived as a sensitive profilometer and can operate by placing a sharp 

tip in close contact with a sample surface; therefore, their interactions can be measured.4‒6 Most 

importantly, the AFM can apply to any types of surfaces, including conducting and insulating 

material surfaces.6 AFM was primarily employed in surface science research. More recently, 

numerous studies have revealed that the AFM is also a powerful tool for biological research, with 

the merits of combining the high resolution and the ability to work under physiological conditions 

when comparing to other techniques (scanning electron microscopy and transmission electron 

microscopy).5 

    AFM is based on a small sized tip at a distance lower than nanometer of a surface.4 The probe, 

cantilever, is embedded at one side and the tip at its free end to scans the sample surface. The tip 

is able to give local character of the sample surface, as it controls the nature and range of the 

tip-sample interactions by its size, form, and physicochemical properties. The interaction between 

the tip and surface gives rise to van der Waals dispersive forces (Figure 2.3), which can be 

applicable to other types of materials, including conducting or insulating materials.6 
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Figure 2.3 Interatomic force distribution curves along with tip distance from sample. 

Generally, there are three modes for AFM imaging, being contact, tapping (intermittent 

contact), and non-contact modes (Figure 2.4).4 In contact mode, the tip is gently and continuously 

in contact with the sample surface and experiences a repulsive force. The applied force is kept 

constant and the corresponding images are obtained by recording the vertical position of the 

piezoactuator required to maintain the applied force constant. However, there is high propensity 

for damaging the sample surface by employing the contact mode. In the non-contact mode, the tip 

does not contact with the sample surface directly. It utilizes long-range van der Waals forces to 

obtain surface image information at a height about 4~5 nm away from the sample surface, greatly 

reducing damages to the surface. Because of the distance between the tip and sample surface, the 

image resolution would be decreased correspondingly. 
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Figure 2.4 Three types of AFM imaging modes (traces of the tip over the sample surfaces are 

demonstrated by the green lines). 

The tapping mode, or intermittent contact mode, greatly reduces the possibility of damage to 

the sample while maintaining high resolution, as it combines the merits of contact and 

non-contact modes.6 In the tapping mode, the cantilever is oscillated at a frequency near its 

resonance and the corresponding oscillation amplitude is measured. The cantilever oscillates with 

a chosen amplitude when the tip is away from the sample surface. Subsequently, the oscillation 

amplitude is reduced when the cantilever approaches the sample by attractive force. In tapping 

mode operation of sample surface, cantilever oscillation amplitude is maintained constant by a 

feedback loop that is measured by a detector. The digital feedback loop can adjust the tip-sample 

distance to maintain a constant the amplitude and applied force on the sample surface.  

AFM has advantages over other microscopies in that it is an ‘‘ambient’’ technique with limited 

sample preparation.4 This is particularly appealing for soft material such as polymer and 

biological samples.5 

In this thesis, surface morphologies and roughness of samples were obtained using AFM in a 

tapping mode on a Veeco multimode instrument (Veeco Instruments Inc., USA) equipped with a 

Nanoscope IIIa controller. 

2.3 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) can produce magnified images by electrons rather than 

light (Figure 2.5).7 The electron gun produces a focused electron beam through the microscope in 

vacuum. The electron beam travels through the electromagnetic fields and lenses towards the 



 

67 

 

sample.1 Subsequently, the electrons and X-rays are ejected once the electron beam hits the 

sample surface. 

 

Figure 2.5 Mechanism of scanning electron microscopy. 

The X-rays, backscattered electrons, and secondary electrons are collected by detectors, which 

convert them into signals to provide images of sample surfaces up to nanometer scale 

resolution.1,7,8 Due to the sensitivity of the sample surfaces, secondary electron imaging mode is 

widely used, as low energy secondary electrons (< 50 eV) can be detected that are ejected from 

surface atoms.1 Backscattered electrons have much higher energy relative to secondary electrons, 

thus enabling to image with atomic number contrast.8 Elemental analysis of the sample surfaces 

can be evaluated by characteristic X-rays through an energy dispersive X-ray detector (EDX).8 

The X-rays are emitted from atoms at depths of up to a micrometer with the interaction of the 

incident electron beam. 

SEM utilizes vacuum conditions and electrons to produce images; therefore, special procedures 

are required to make the sample surfaces clean and conductive to prevent charge accumulation 

effects.1,7 For example, water must be removed from the samples because it would vaporize in 

vacuum. Non-metals require pretreatment to be conductive by coating the sample surfaces with a 

thin layer of conductive material, such as gold, platinum, or graphite. 
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SEM testing was carried out on a LEO 1530 field-emission scanning electron microscope 

(FE-SEM, Oberkochen, Germany). 

2.4 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) technique utilizes a beam of electrons that transmit 

through an ultra-thin specimen along with the interaction with the specimen (Figure 2.6).9 

Subsequently, a magnified image can be formed and focused onto an imaging device. Recently, 

the TEM technique has been employed as a major analysis method in a wide range of scientific 

fields, such as physics, chemistry, and biological sciences.9‒11 

 

Figure 2.6 Mechanism of TEM. 

    A TEM instrument contains several components (Figure 2.7): a vacuum system where 

electrons travel, an electron emission source for generating electron stream, a series of 

electromagnetic lenses and electrostatic plates, sample holder, and imaging system.9 TEM can 

provide topographical, morphological, compositional and crystalline information.10 Most 

importantly, it features a number of advantages, such as the most powerful magnification, 

high-quality and detailed images, elemental information and compound structure.11 
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Figure 2.7 Overview of TEM instrument. 

    TEM measurement was performed on HITACHI H-7000 under an accelerating voltage of 

75 kV. For analysis, a drop of vesicle dispersion was deposited onto a Formvar/Carbon film 

supported by a 400 Mesh copper grid. Then the drop was blotted with filter paper until it was 

reduced to a thin film, and the buffer was allowed to evaporate at room temperature. 

2.5 Contact Angle Measurement 

    Wettability, which plays a key role in science and technology, is a representative macroscopic 

physical property of surfaces and has been intensively explored.1,12 It is determined by interfacial 

free energies and reflects the intermolecular interactions at the solid/liquid and solid/vaper 

interfaces.1,12,13 Contact angle (CA) measurement is commonly employed to determine the 

wetting properties of materials by placing a small drop of liquid onto a flat surface. Then, the 

angle at liquid/vapor interface in contact with the solid surface can be measured (Figure 2.8). 
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Figure 2.8 Contact angle measurement. 

    The CA is related to thermodynamic equilibrium between three phases: the liquid phase of the 

droplet (L), the solid phase of the substrate (S), and the vapor phase at ambient atmosphere (V). 

Thomas Young13 demonstrated that at thermodynamic equilibrium,  is related to the interfacial 

free energies of solid/liquid (𝛾𝑆𝐿) , liquid/vapor (𝛾𝐿𝑉) , and solid/vapor (𝛾𝑆𝑉) , which can be 

described as: 

𝛾𝑆𝑉 − 𝛾𝑆𝐿 = 𝛾𝐿𝑉 cos 𝜃                                                                                                                 (2.4) 

If the material surface is superhydrophilic, the liquid droplet will completely spread out on its 

surface, giving rise to a CA of 0 . A solid surface that has a CA < 90  is considered to be 

hydrophilic, and those have CAs > 90  are hydrophobic. Surfaces with CAs > 150  and a sliding 

angle of less than 10  are termed as superhydrophobic surfaces.14 The contact angle is very 

sensitive to the material surface properties; therefore, it can directly provide detailed information 

about the surface free energy.1,14 Young’s equation is an ideal, simple mathematic of physical 

model only valid at thermodynamic equilibrium and the solid surface should be ideally smooth, 

uniform, and homogeneous.12,13 

CAs measurement was carried out on a DataPhysics OCA 15Pro optical instrument 

(DataPhysics Instruments GmbH, Germany) at ambient temperature by placing 2 μl of Milli-Q 

water onto the sensor surface. The average CA values were obtained by measuring four different 

positions on each sample surface. 
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N-Heterocyclic Carbene Monolayers on Gold as an Efficient Platform 

for Surface Plasmon Resonance Biosensors 

3.1 Introduction 

    Many surface plasmon resonance (SPR) studies are carried out with an alkanethiol-based 

sensor surface such as those obtained commercially from Biacore (GE Healthcare).1,2 Two such 

sensor surfaces commonly employed in membrane studies are hydrophobic association (HPA) 

chip or a lipophilic vesicle capture (L1) chip.3−5 The HPA chip consists of octadecanethiol 

covalently bound to a gold surface.2,3 A lipid monolayer may then be self-assembled onto this 

surface, in which the lipid molecules interdigitate with the alkyl chains of the alkanethiol SAM by 

hydrophobic interactions to form a hybrid lipid bilayer.3,6 An alternative to the HPA chip, the 

Biacore L1 chip is composed of a thin dextran layer derivatized by lipophilic groups on a gold 

surface.4 In both cases the formation of a hybrid lipid bilayer has been shown to block 

non-specific protein adsorption and may be used to mimic membrane surfaces for studies of 

signal transductions by SPR in membrane-like environments.1 

     In this chapter, I report on a detailed study of characterization and evaluation of alkylated 

NHC-based biosensor chips (NHC chips) compared to the commercial thiol analogues (HPA 

chips). The performance of lipid monolayer formed on the NHC chip is compared to that of the 

HPA chip in terms of the lipid monolayer characteristics, reproducibility in biosensing, and 

stability over a wide range of experimental conditions. The NHC chip’s efficacy in probing a 

peptide/lipid membrane interaction is also evaluated. The differences in behavior between our 

NHC-based chip and the commercial analogues are discussed in terms of the structure and 

stability of the NHC- and thiol-based monolayers. 
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3.2 Experimental Section 

3.2.1 Chemicals and Materials 

    Egg yolk L-α-phosphatidylcholine (egg PC), n-Octyl β-D-glucopyranoside (OG), sodium 

phosphate monobasic monohydrate, sodium phosphate dibasic, cholesterol, melittin, sodium 

chloride, 3-(cyclohexylamino)-1-propanesulfonic acid (CAPS), N-(2-hydroxyethyl) 1-piperazine-

N'-(2-ethanesulphonic acid) (HEPES), citric acid monohydrate, lysozyme, ovalbumin, 

concanavalin A, and fibrinogen were purchased from Sigma-Aldrich. Bovine serum albumin 

(BSA), disodium ethylenediamine tetraacetate, hydrogen peroxide (30 %), and methanol were 

obtained from Fisher. Ammonia hydroxide (30 %) was from J. T. Baker Chemical. Chloroform 

was from EM Science, dry methanol was from EMD, and acetone was from ACP. 

Tris(hydroxymethyl)aminomethane was from Bioshop Canada. Polyethersulfone syringe filters 

were from Sterlitech. HPA chip, glycine/HCl (pH 2.0), 50 mM NaOH, and SIA kit Au were 

purchased from GE Healthcare. The sensor chip contains 4 flow cells with the dimension of 

2.4 × 0.5 × 0.05 mm (l × w × h).4 All solutions used for SPR tests were filtered through 0.22 µm 

filters and degassed before use, and all the SPR tests were carried out at 25 ºC. 

3.2.2 Preparation of NHC Sensor Surfaces 

    Gold surfaces (SIA kit Au, GE Healthcare) were stored at 4 °C. The sensor surfaces were first 

cleaned by immersion in a mixture of NH4OH: H2O2: H2O (1:1:5) at 80 °C for 0.5 h (precautions 

for safe handling this strong oxidizer are needed), rinsed with milliQ-water, and dried under a 

stream of nitrogen. A plasma-cleaning step was performed for 15 min with a Harrick Plasma 

Cleaner/Sterilizer (PDG-32G). The NHC precursors of an alkylated (5-(dodecyloxy)-1,3-

diisopropyl-1H-benzo[d]imidazol-3-ium hydrogen carbonate) [1] and a hydroxyl-terminated (5-

((11-hydroxyundecyl)oxy)-1,3-diisopropyl-1H-benzo[d]imidazol-3-ium hydrogen carbonate) [2] 

were used in the present study. Complete details on the synthesis and characterization of these 

species may be found elsewhere.7 The gold surfaces were then immersed into a 10 mM solution 
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of the corresponding NHC molecules in dry methanol for 48 h at room temperature (without 

light). Finally, the sensor surfaces were rinsed with methanol, Milli-Q water, dried under 

nitrogen, and mounted onto a support (SIA kit Au, GE Healthcare). 

3.2.3 Non-Specific Protein Adsorption on NHC Surfaces 

    Proteins used in the present study consisted of lysozyme (14 kDa, pI = 11.35), ovalbumin 

(45 kDa, pI = 4.5), BSA (66 kDa, pI = 5.3), concanavalin A (102 kDa, pI = 4.5 ~ 5.5), and 

fibrinogen (340 kDa, pI = 5.5). Each protein was dissolved in PBS buffer (10 mM phosphate, 

138 mM NaCl, 2.7 mM KCl, pH 7.4) at a concentration of 0.1 mg/ml. Tests of non-specific 

binding for each sensor surface were carried out using a Biacore 3000 instrument (GE 

healthcare). The protocol for measuring the non-specific adsorption of protein is as follows: after 

initial baseline equilibration, the PBS buffer was flowed over the sensor surface for 2 min 

followed by an injection of a protein solution for 3 min, and finally by a 5-min buffer rinse. The 

flow rate was maintained at 10 µl/min throughout the tests. Regeneration of the sensor surfaces 

was effected by a single 1-min injection of 40 mM n-Octyl β-D-glucopyranoside (OG) followed 

by a single 1-min injection of 50 mM NaOH. The amount of protein adsorbed onto the surface 

was determined by subtracting the value of response unit (RU) prior to the protein injection from 

the corresponding value measured after the final 5 min buffer rinse. 

3.2.4 Equilibrium Tests on HPA and NHC Chips 

Equilibrium tests were carried out on new HPA and NHC chips using PBS buffer (100 mM 

Na2HPO4/NaH2PO4, 150 mM NaCl, pH 7.4) after the sensor chip was docked into the Biacore 

3000 instrument and primed with the running buffer. 

3.2.5 Preparation of Small Unilamellar Vesicles 

    L-α-Phosphatidylcholine from egg yolk (9.0 mg, 0.012 mmol) was used to prepare small 

unilamellar vesicles (SUVs) in the corresponding buffer. The lipid was first dissolved in 

chloroform/methanol (2/1, v/v) in a vial, and further deposited as a thin film at the bottom of the 



 

75 

 

vial by evaporation of the solvents under a steam of nitrogen for at least 30 min; then it was 

thoroughly dried under high vacuum for 2 h. The corresponding buffer was added to afford a 

2 mM suspension and the vial was vortexed until a milky suspension was formed. Then a 

freeze-thaw procedure was repeated for 8 cycles, consisting of an 8-min freeze in dry ice/acetone, 

followed by an 8-min thaw in hot water at 80 °C. Sonication was performed to give a translucent 

suspension of SUVs with a predominant size range between 30 and 35 nm. 

3.2.6 Formation of Lipid Monolayers on HPA and NHC Chips in Various Buffers 

    Formation and regeneration of lipid monolayers were carried out on HPA and NHC chips using 

the Biacore 3000 instrument. After the sensor chip was equilibrated to room temperature, it was 

docked into the device and primed with the running buffer. The sensor surface was first 

conditioned by an injection of OG. SUVs were injected for 25 min, followed by a 5-min 

dissociation process with buffer. Then, high flow rate buffer wash and sodium hydroxide solution 

were used to remove loosely bound vesicles. The degree of surface coverage of the sensor chip 

was evaluated by the amount of lipid bound and BSA bound to assess the non-specific protein 

adsorption. After each binding cycle, the sensor surface was regenerated by an injection of OG. 

Performance stability of the sensor chip was assayed by repeated cycles of lipid binding and BSA 

binding. Sensor chips were stored at 4 ºC in 50 ml centrifuge tubes with a small portion of moist 

tissue for maintaining a hydration environment. 

    We tested a range of buffers to evaluate the lipid binding and non-specific BSA binding on the 

HPA and NHC chips over multiple cycles. The buffers included citrate pH 5.0: 100 mM citric 

acid/200 mM Na2HPO4; PBS 7.4: 100 mM Na2HPO4/NaH2PO4, 150 mM NaCl; HEPES pH 8.0: 

10 mM N-(2-hydroxyethyl) 1-piperazine-N'-(2-ethanesulphonic acid), 100 mM NaCl; TE pH 8.0: 

10 mM Tris-HCl, 1 mM EDTA; CAPS pH 10.0: 10 mM 3-(Cyclohexylamino)-1-propanesulfonic 

acid, 150 mM NaCl. 
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3.2.7 Stabilities of Lipid Monolayers on HPA and NHC Chips Subject to Various 

Regeneration Conditions 

    The stabilities of lipid monolayers formed on HPA and NHC chips were studied by a similar 

approach as reported by Cooper et al.,3 for 3 h in PBS buffer (100 mM Na2HPO4/NaH2PO4, 

150 mM NaCl, pH 7.4) followed by a 2-min (10 μl/min) exposure to a series of regeneration 

solutions. The regeneration conditions tested including pH extremes and high ionic strength: 

10 mM glycine/HCl (pH 2.0), 50 mM HCl, 50 mM NaOH, 2.0 M NaCl, 10 mM glycine/HCl 

(pH 2.0) with 1.0 M NaCl, and 50 mM NaOH with 1.0 M NaCl. 

3.2.8 Thermal Stability of HPA and NHC Chips 

    HPA and NHC chips were thermal exposed at 65 ºC for 24 h, then cooled in air and mounted 

onto the support of a sensor chip (SIA kit Au, GE Healthcare). The performance of the 

65 ºC-exposed chips was evaluated by 4 cycles of lipid (egg PC, SUV) monolayer formation and 

regeneration in PBS buffer (100 mM Na2HPO4/NaH2PO4, 150 mM NaCl, pH 7.4). 

3.2.9 Long-Term Stability Test on NHC Chip 

    Long-term stability was performed on NHC chip (for a storage period of 9 months) to evaluate 

its performance of the lipid (egg PC, SUV) monolayer formation and regeneration in PBS buffer 

(100 mM Na2HPO4/NaH2PO4, 150 mM NaCl, pH 7.4). 

3.2.10 Mellitin Binding Tests 

    SUVs of egg PC/cholesterol (10:1 w/w) were prepared as described above in PBS buffer 

(20 mM Na2HPO4/NaH2PO4, pH 6.8). The resultant lipid monolayer linked to the sensor surface 

was used as a model cell membrane to scrutinize peptide-membrane interaction. Melittin was 

diluted twofold in the PBS buffer from 0.3 to 0.014 μM and passed serially at a flow rate of 

10 μl/min over the lipid surface for 4 min. Then it was replaced by the PBS buffer to allow the 

lipid-melittin complex to dissociate for 6 min. Regeneration of the surface was effected by an 

injection of 10 mM NaOH. The melittin/lipid binding data was analyzed by steady state model 
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(BIAevaluation 3.0 Software, GE Healthcare) and compared with the result from Papo and Shai’s 

study.8 

3.3 Results and Discussion 

3.3.1 Characterization of NHC Surfaces 

    SAMs are spontaneously formed from solution by adsorption of organic molecules onto a solid 

surface, rearranging into highly ordered and oriented monolayers with fine chemical control at the 

molecular level.9,10 Figure 3.1 shows a schematic illustration of the HPA chip, and alkylated NHC 

chip examined here. The commercial HPA chip is formed by octadecanethiol covalently bound to 

a gold surface,2 whereas the NHC chip was prepared by self-assembly of [1], an alkylated NHC 

imidazolium hydrogen carbonate salt.7 

 

Figure 3.1 Schematic illustrations of HPA chip (SAM formed from octadecanethiol); NHC chip 

(SAM formed from [1]) and hydroxyl-NHC chip (SAM formed from [2]). 

    For SAMs, the head groups have significant effects on the anchoring chemistry, while the tail 

groups can have strong effects on the ordering and consequent interfacial properties of the 

monolayer.9,11 We have previously demonstrated the stronger affinity of a C−Au bond as 

compared to an S−Au bond; therefore, NHCs show great promise as alternatives to thiols in 

functionalizing gold surfaces.7,12 Van der Waals interactions among adjacent molecules ensure the 
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ordered arrangement of molecular layers and stabilize the surface by increasing the length of 

chains.10,11 In addition, molecules can be modified with different terminal groups to attach target 

molecules via covalent bond formation or non-covalent interaction (electrostatic, hydrophobic, 

polar interaction).2,9,13 Here, NHC molecule [1] or [2] was self-assembled onto the gold surface in 

order to compare with the corresponding thiol analogue (HPA chip) for use in model membrane 

studies. More extensive surface characterization of SAMs prepared from [1] and [2] may be 

found elsewhere.7,12 

The surface chemical composition of the NHC chip was evaluated using X-ray photoelectron 

spectroscopy (XPS) and the corresponding spectra are shown in Figure 3.2. An N 1s peak is 

observed at 400.6 eV indicating the presence of the NHC SAM on the gold surface.14,15 The C 1s 

spectrum deconvolutes into two components: the green trace at 284.9 eV represents aromatic 

carbon, whereas the red trace at 286.4 eV is attributed to the aliphatic carbon of the alkylated 

NHC molecule. The observed C : N ratio is 26 : 2 which is close to the stoichiometric C : N ratio 

of the molecule (25 : 2). This confirms the NHC molecule was self-assembled on the gold 

surface. 

 

Figure 3.2 XPS spectra of N-heterocyclic carbene molecules on gold surface (a) N 1s, and (b) 

C 1s. The black line shows the experimental data, the blue line is the overall fitted spectra. 

In order to macroscopically study the structure and chemistry of the material surfaces, surface 

wettability measurements were performed.16 The static contact angle (CA) on an unmodified gold 
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surface is 86 ± 5 º. Unlike the octadecanethiol on gold surface with a CA of 112 º,16,17 the NHC 

surface has a less hydrophobic CA of 78 ± 3 °. This is consistent with the relatively lower 

packing density of the alkylated NHC SAMs (3.5 molecules/nm2) compared to the 

densely-packed alkyl thiols (4.6 molecules/nm2) on gold surfaces.7,12,18 As will be discussed later, 

this difference in the hydrophobic characteristics of the NHC surface may give rise to different 

interfacial properties in biosensing applications as compared to the thiol analogue (HPA chip). A 

hydroxyl-terminated NHC was also prepared from [2] (see Figure 3.1) to elucidate the effect of 

wettability on non-specific protein adsorption of NHC-based surfaces. The CA of 

hydroxyl-terminated NHC surface is 68 ± 3 °, which is not as hydrophilic as hydroxyl-terminated 

thiols which typically exhibit a CA less than 15 °.17,19 Again, this might result from the difference 

in the packing densities between the NHC and thiol SAMs on gold surfaces, as well as the 

presence of the hydrophobic isopropyl groups. Overall the wettability measurements demonstrate 

that the NHC-based surfaces have significantly different properties from that of the corresponding 

thiols. 

In order to more fully characterize the difference in surface properties in relation to 

non-specific adsorption, SPR was used to quantify the adsorption of various proteins on the two 

NHC surfaces in PBS buffer. Lysozyme is a small molecular weight protein (14 kDa, pI = 11.35) 

which is positively charged in PBS buffer at pH 7.4, and is commonly used in studies of 

electrostatic adsorption of proteins to surfaces.20,21 Ovalbumin, bovine serum albumin (BSA), and 

concanavalin A are medium molecular weight proteins which are negatively charged in PBS 

buffer. Fibrinogen (340 kDa) is a large sticky serum protein that is known to adsorb strongly to 

hydrophobic surfaces.21 

    Figure 3.3 shows SPR sensorgram traces of the adsorption/desorption of the proteins on both 

NHC surfaces. The protein solutions have different refractive indices compared to the buffer, 

resulting in a sudden increase in the response of the SPR signal immediately following injection 
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at t = 0 s, as the protein solution is passed over the NHC surface. The protein solution is replaced 

by the buffer at t = 180 s, resulting in a rapid drop in signal, again due to the refractive index 

change. This is followed by a slower decrease in baseline as the remaining protein on the surface 

equilibrates with solution. The protein remaining on the surface leads to an overall increase in 

SPR response compared to that of the pristine surface at t = 0 s. The difference in response 

between long equilibration time and the baseline at t = 0 s indicates the amount of adsorption and 

the resulting values are summarized in Table 3.1. 

 

Figure 3.3 SPR sensorgrams showing the adsorption and subsequent desorption of a series of 

proteins on hydroxyl-terminated NHC (black) and alkylated NHC (blue) surfaces. 
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Table 3.1 Amounts of non-specific protein adsorbed on hydroxyl-terminated and alkylated 

NHC surfaces. 

NHC 

Surface 

Non-specific protein adsorption (RU) 

Lysozyme 

(14 kDa) 

Ovalbumin 

(45 kDa) 

Bovine Serum 

Albumin 

(66 kDa) 

Concanavalin A 

(102 kDa) 

Fibrinogen 

(340 kDa) 

NHC-OHa 367 43 73 266 443 

NHC-CH3
b 822 57 365 259 1290 

a Hydroxyl-terminated NHC surface. 
b Alkylated NHC surface. 

    We may note that the two most hydrophobic proteins (BSA and fibrinogen fibrinogen) are 

adsorbed to the alkylated NHC surface to a significantly greater degree than that on the 

hydroxyl-terminated NHC surface, consistent with observations on the corresponding thiol-based 

surfaces previously reported by Whitesides and co-workers.20 The amount of lysozyme adsorbed 

on the alkylated NHC surface is more than twice that observed on the hydroxyl-terminated NHC 

surface. This suggests that the lysozyme favors hydrophobic interaction with the alkylated NHC 

surface over the more hydrophilic hydroxyl-terminated NHC surface. However, there is still a 

higher amount of lysozyme adsorbed on the hydroxyl-terminated NHC surface compared to the 

reported data on hydroxyl-terminated thiol SAMs.20,21 This phenomenon is consistent with the 

CA tests that implied the hydroxyl-NHC surface is more hydrophobic than its thiol analogue. 

Ovalbumin and concanavalin A, show little difference in selectivity between the two surfaces. 

3.3.2 Equilibrium Tests on HPA and NHC Chips 

Equilibrium tests were carried out on 4 flow cells over the HPA and alkylated NHC chips 

using PBS buffer, as shown in Figure 3.4. Although extreme care (thoroughly cleaned glassware, 

buffer, flow rate, temperature) was taken to minimize the baseline drifts,22 obvious upward 

baseline drifts on 4 flow cells over the HPA chip are observed. This resulted in a waiting period 

of at least 10 h for the HPA chip to come to equilibrium in the PBS buffer. By contrast, only 1.5 h 
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is needed for the NHC chip to come equilibrium and be ready to use for subsequent biosensing 

assays. 

 

Figure 3.4 Equilibrium tests on 4 flow cells over (a) HPA and (b) NHC chips in PBS buffer. The 

inset in (a) is the equilibrium test on the NHC chip at the same scale. 

Note in Figure 3.4 that the baseline drifts of flow cell 1 on both sensor chips exhibit slightly 

different behaviors compared to the other flow cells. This is because flow cell 1 is the lead flow 

channel and is subject to the continuous buffer flow directly from the pumping system. There are 

approximately 1700 RU and 120 RU maximum signal differences distributed over four flow cells 

for the HPA and NHC chips, respectively. The smaller signal difference indicates a relatively 

higher quality and homogeneous coating system.2 These results suggest that the NHC-based 

surfaces are significantly superior in respect to equilibration times and sample-to-sample 

reproducibility; consequently, their use might lead to a significant reduction in analysis times and 

increased reliability. 

3.3.3 Formation and Regeneration of Lipid Monolayers on HPA and NHC Chips in 

Various Buffers 

Neutral phosphatidylcholine lipid is commonly used in membrane studies because negatively 

charged lipids affect the coverage of lipid monolayers when fused on the sensor surface.23 Here, 

we use neutral egg yolk L-α-phosphatidylcholine (egg PC) in the present study. A transmission 
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electron microscopy (TEM) image of small unilamellar vesicles (SUVs) prepared from the egg 

PC have a predominant size of 30 ~ 35 nm, as shown in Figure 3.5. The larger diameter vesicles 

appear to be aggregates of small vesicles, which might be a result of buffer evaporation during 

the TEM process. It is documented that the SUVs facilitate a faster adsorption rate and afford a 

higher coverage of lipid monolayers on hydrophobic SAMs.1,3 

 

Figure 3.5 TEM image of SUVs prepared from egg PC. 

Nonionic n-Octyl β-D-glucopyranoside (OG) has been widely used to remove the lipid layer, 

in addition to removing most proteins from alkanethiol surfaces, allowing the surface to be 

cleaned and reused.1,3 Therefore, we tested a wide range of OG concentrations to assess their 

ability to remove lipid from the NHC surface (a typical regeneration scouting step) to enable 

consistent lipid binding performance for assays. Similar to the findings of Cooper et al. for the 

HPA chip,3 we found 40 mM OG to be optimal for the NHC chip, and hence these conditions 

were used to regenerate the sensor surfaces over the course of the remaining experiments 

described here. 

To test the performance of the NHC surface, we evaluated its lipid binding and non-specific 

protein adsorption abilities over multiple cycles under a wide range of buffer conditions. 

Figure 3.6 shows SPR sensorgrams tracing the formation of hybrid lipid bilayers on the HPA and 

NHC chips in PBS buffer (pH 7.4). 
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Figure 3.6 Formation of lipid monolayers on HPA (red) and NHC (blue) chips in PBS buffer 

(pH 7.4) by successive injections of 40 mM OG, 2 mM SUVs, 50 mM NaOH, 0.1 mg/ml BSA, 

and 40 mM OG over the sensor surfaces. 

Prior to injection of lipid vesicles across the sensor surfaces, the surfaces were conditioned 

with an injection of 40 mM OG.3 The resulting change in solution refractive index may be seen as 

an increase followed by a decrease in SPR response back to the baseline between t = 50 – 350 s. 

The lipid vesicles were then injected at t = 560 s, and allowed to adsorb onto the surface. 

Following the injection of vesicles, the surfaces were subjected to a dissociation phase using 

buffer alone and then exposed to a high flow-rate buffer wash and an injection of NaOH, at t = 

2425 s, to remove any loosely bound vesicles. Again, these steps resulted in transient changes in 

response due to changes in the solution refractive index. Comparing the sensorgram 

characteristics of lipid association on the HPA and NHC surfaces, two principle differences can 

be observed. First, saturation of the sensor surface during the injection of lipid vesicles was 

approached in a much shorter time-span for the NHC chip as compared to the HPA chip. Second, 

the level of lipid association during vesicle injection was almost six-fold higher for the HPA chip 

than that of the NHC chip, while a greater amount of the lipid associated with the HPA chip 
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surface (~ 83 %) was removed by the subsequent high flow rate and NaOH washes. This suggests 

that a large proportion of the associated lipid was not incorporated into the stable lipid monolayer 

on the HPA chip surface as compared to the NHC chip. Furthermore, the material that remains on 

the HPA surface is greater: the post-wash levels of the associated lipid at the conclusion of the 

sensorgram cycle (2690 s) are relatively higher for the HPA chip (1590 RU, response units) than 

that of the NHC chip (1340 RU). Complete coverage of HPA-supported monolayers was 

commonly represented by a response of 1200-2500 RU above baseline under different buffer 

environments.1,2,22 

In a second stage of the experiment, the quality of the lipid overlayer was probed, through 

exposure to a solution of BSA. As BSA binds non-specifically to the underlying hydrophobic 

SAM, the more complete the lipid overlayer, the less BSA that should be bound.3,5 The BSA 

injection cycle was carried out between 2700 and 3000 s, as seen in Figure 3.6. Relatively less 

BSA (52 RU) was adsorbed on the NHC chip compared to that (59 RU) on the HPA chip, 

indicating that the lipid overlayer was indeed more continuous on the NHC chip. 

    Further confirmation was obtained by comparison of scanning electron microscopy (SEM) 

images of the lipid layers formed on HPA and NHC surfaces in PBS buffer (Figure 3.7). The 

SEM image of the HPA-supported lipid surface shows the presence of numerous lipid vesicles, 

many of which remain on the surface, even following the NaOH wash step. By contrast, the lipid 

deposited on the NHC surface appears to be uniform before and after conditioning, resulting in 

the formation of a supported hybrid lipid bilayer, consisting of interdigitated alkyl groups from 

the surface and the hydrophobic end groups of the lipid. Being able to support such a layer is an 

important characteristic of any planar SPR system that is to serve as a realistic membrane model 

for evaluating the binding interactions of membrane-associated proteins.3,24,25 
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Figure 3.7 SEM images of lipid deposited on HPA and NHC chips before and after conditioning. 

    Formation of similar hybrid lipid bilayers is also reproducible (lipid bound and BSA bound) in 

a number of other buffer systems, and following multiple formation and removal cycles (Figures 

3.8‒3.11, Table 3.2). Figure 3.8 shows the sensorgrams of repeated cycles of lipid layer formation 

and regeneration on the HPA and NHC chips in PBS (pH 7.4) and citrate (pH 5.0) buffers. With 

the NHC chip, a similarly high level of consistency in the character of the kinetic profiles was 

observed. Notably, the amount of non-specific BSA adsorption was lower and far more 

reproducible from run to run on the NHC chip in both buffers. A similar degree of reproducibility 

in the lipid layer formation on the NHC chip was also achieved under a wide range of buffers 

varying from pH 8.0 to 10.0 (Figures 3.9‒3.11, Table 3.2). Under the extreme conditions of TE 

and CAPS buffers, a lower level of lipid binding and a higher degree of BSA adsorption was 

observed on the HPA chip, indicative that no continuous/complete supported lipid monolayers 

were formed. 
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Figure 3.8 SPR sensorgrams of the repeatability of lipid binding/regeneration on HPA (red) and 

NHC (blue) chips in (a) PBS buffer (pH 7.4) for 8 cycles and in (b) citrate buffer (pH 5.0) for 4 

cycles. 
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Figure 3.9 (a) SPR sensorgrams of the repeatability of lipid binding/regeneration for 4 cycles on 

HPA (red) and NHC (blue) chips in HEPES buffer (pH 8.0). (b) Amount of lipid bound and of 

BSA bound. 
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Figure 3.10 (a) SPR sensorgrams of the repeatability of lipid binding/regeneration for 4 cycles on 

HPA (red) and NHC (blue) chips in TE buffer (pH 8.0). (b) Amount of lipid bound and of BSA 

bound. 
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Figure 3.11 (a) SPR sensorgrams of the repeatability of lipid binding/regeneration for 4 cycles on 

HPA (red) and NHC (blue) chips in CAPS buffer (pH 10.0). (b) Amount of lipid bound and of 

BSA bound. 
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Table 3.2 Effect of buffer conditions on hybrid lipid bilayer formation on both the commercial 

HPA chip and our NHC chip. 

Buffera pH Sensor chip 
Initial loading 

(RU) 

Loading after NaOH 
wash 
(RU) 

BSA bound 
(RU) 

Citrateb 5.0 

HPA 
3924 ± 222 

(6 %) 
2598 ± 145 

(6 %) 
274 ± 85 
(31 %) 

NHC 
1893 ± 50 

(3 %) 
1449 ± 31 

(2 %) 
101 ± 9 
(9 %) 

PBSc 7.4 

HPA 
9577 ± 365 

(4 %) 
1596 ± 29 

(2 %) 
59 ± 33 
(56 %) 

NHC 
1712±53 

(3 %) 

1344±50 

(3.72 %) 
52±8 

(15 %) 

HEPESb 8.0 
HPA 

2600 ± 543 
(21 %) 

1348 ± 24 
(2 %) 

22 ± 12 
(55 %) 

NHC 
1244 ± 26 

(2 %) 
909 ± 32 

(4 %) 
79 ± 4 
(5%) 

TEb 8.0 
HPA 

804 ± 33 
(4 %) 

516 ± 40 
(8 %) 

212 ± 13 
(6 %) 

NHC 
937 ± 30 

(3 %) 
592 ± 27 

(5 %) 
96 ± 4 
(4%) 

CAPSb 10.0 
HPA 

846 ± 32 
(4 %) 

451 ± 14 
(3 %) 

309 ± 9 
(3 %) 

NHC 
1366 ± 18 

(1 %) 
939 ± 33 

(4 %) 
42 ± 5 
(12 %) 

aBuffer abbreviations are as follows: Citrate: 100 mM citric acid monohydrate, 200 mM NaH2PO4; PBS: 

100mM Na2HPO4/NaH2PO4, 150 mM NaCl; HEPES: 10 mM N-(2-hydroxyethyl) 1-piperazine-N'-(2-

ethanesulphonic acid), 100 mM NaCl; TE: 10 mM tris(hydroxymethyl)aminomethane, 1 mM disodium 

ethylenediaminetetraacetate; CAPS: 10 mM 3-(cyclohexylamino)-1-propanesulfonic acid, 150 mM NaCl. 
bValues given as response units with standard deviations and relative standard deviations for n=4. 
cValues given as response units with standard deviations and relative standard deviations for n=8. 
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Unlike the NHC chip, the HPA chip demonstrated multilayer adsorption of lipid, regardless of 

pH environment (Figures 3.8‒3.12, Table 3.2). Moreover, saturation of the lipid binding signal 

cannot be observed over the timelines used, presumably due to the multilayer adsorption 

phenomenon.2 

 

Figure 3.12 Proposed formation mechanism of lipid monolayers by successive injections of 2 

mM SUVs, 50 mM NaOH, 0.1 mg/ml BSA, and 40 mM OG over the HPA and NHC sensor 

surfaces. 

This observation is similar to that of other workers who examined lipid adsorption on 

hydrophobic thiol-based monolayers. Plant et al. investigated interactions of 

palmitoyl-oleoyl-phosphatidylcholine (POPC) vesicles with hydrophobic surfaces, which 

contained methyl-terminated thiols, and fluorinated thiol on gold by SPR.26 They found the 

saturation of hybrid bilayer formation was far from complete after 3 h incubation. Wenzl et al. 

reported the saturation of POPC vesicles adsorbed on 1,2-dipalmitoyl-sn-glycero-3-phosphoric 

acid monolayer was not complete even after 30 h incubation.27 It has been reported that the 

thermodynamic driving force for the formation of a hybrid bilayer is the increased entropy 

resulting from exclusion of water between the hydrophobic alkanethiol SAM and lipid chains.6 

The corresponding kinetics largely depend on the structure of the underlying SAMs.26 The lipid 

adsorption behavior on the NHC chip indicates a fast saturation process for lipid hybrid bilayer 
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formation. This differing behavior between NHC and thiol-based chips may be due to the lower 

density of the alkyl chains (3.5 molecules/nm2) compared to that of a thiol-based film 

(4.6 molecules/nm2).7,12,18 Regardless, these observations highlight the potential of the NHC chip 

in supporting the fast and efficient formation of a high-quality hybrid lipid bilayer under a wide 

range of pH conditions that may be used to mimic membranes in biosensing studies. 

3.3.4 Stabilities of Lipid Monolayers on HPA and NHC Chips Subject to Various 

Regeneration Conditions 

    In order to evaluate the stability of lipid monolayers formed on the two different sensor 

surfaces, we monitored the baseline drifts of the HPA and NHC supported lipid monolayers 

exposure to a variety of regeneration solutions that are commonly used to disrupt ligand-analyte 

complexes. Six regeneration solutions with different chemical properties, alone or in 

combination, including high ionic strength, pH extremes, and mixed regeneration solutions were 

used. The baseline drifts of the NHC-supported lipid monolayer were either similar to or, under 

most conditions, considerably lower than those observed on the HPA chip (Figure 3.13 and 

Table 3.3). In all cases, a drift rate of < ± 0.3 RU/min was achieved in less than 3 hours on the 

NHC chip; such a drift rate is considered to be within acceptable parameters on commercial 

systems such as the Biacore 3000 instrument.28 It also compares very favorably to previous 

studies on HPA chips by Cooper et al.,3 who obtained an equivalent drift rate on an HPA chip, 

but only after equilibration times of 18 hours. 
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Figure 3.13 Stability of lipid monolayers on HPA (red) and NHC (blue) chips subject to common 

regeneration solutions. 

Table 3.3 Stabilities of lipid monolayers on HPA and NHC chips exposure to common 

regeneration solutions. 

Regeneration solutions Sensor chip 
Total drift 

(RU) 

Change in response 

(RU/min) 

50 mM NaOH + 1.0 M NaCl 
HPA 293.60 1.63 

NHC 51.00 0.28 

10 mM Glycine/HCl (pH 2.0) + 1.0 M NaCl 
HPA 278.00 1.54 

NHC 56.10 0.31 

2.0 M NaCl 
HPA 50.00 0.28 

NHC 39.60 0.22 

50 mM NaOH 
HPA 62.00 0.34 

NHC 2.00 0.01 

10 mM Glycine/HCl (pH 2.0) 
HPA 19.80 0.11 

NHC 22.30 0.12 

50 mM HCl 
HPA 52.60 0.29 

NHC 6.30 0.04 
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3.3.5 Thermal Stability of NHC Chip 

    One significant weakness of alkanethiol-based SAMs is their limited thermal stability. For 

example, Whitesides and co-workers reported that alkanethiols desorbed from gold upon heating 

when the temperature was higher than 70 ºC, whereas dialkyl sulfides desorbed from gold in 

argon at 80 ºC.17,29 These thermal stability limitations present challenges for achieving stable 

SAMs for use in SPR technology. 

    Here, the NHC chip was assessed by operating the chip to form the hybrid lipid bilayer both 

before and after thermal exposure at 65 ºC for 24 h. Equivalent data from the HPA chip are not 

shown here, as the chip functionality was completely destroyed under such conditions. The 

kinetic profiles and binding results (Figure 3.14 and Table 3.4) show that the lipid binding and 

non-specific protein adsorption on the NHC chip are essentially identical following the thermal 

exposure process, suggesting a robust thermal stability of the NHC chip for the formation of a 

lipid monolayer. Such stability implies that such a chip may be used and stored over a broad 

range of conditions while maintaining its functionality, and it could be used for thermodynamic 

analyses of biomolecular interactions through obtaining affinities and kinetics over different 

temperature ranges.1,2,30 
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Figure 3.14 (a) Sensorgrams of NHC chip for 4 cycles of lipid binding/regeneration in PBS 

buffer before (blue) and after (orange) thermal exposure at 65 ºC for 24 h. (b) Amount of lipid 

bound and of BSA bound. 

Table 3.4 Observed parameters of NHC chip for thermal stability test. 

Buffer pH NHC chip 
Initial loading 

(RU) 

Loading after NaOH wash 

(RU) 

BSA bound 

(RU) 

PBS 7.4 

before heated 
1671 ± 41 

(2.5 %) 

1325 ± 34 

(2.6 %) 

54 ± 8 

(14.8 %) 

after heated 
1880 ± 22 

(1.2 %) 

1364 ± 54 

(4.0 %) 

61 ± 9 

(14.8 %) 

 

3.3.6 Long-Term Stability of NHC Chip 

To demonstrate the long-term stability of the NHC sensor surface, we carried out the lipid 

formation test on the NHC chip which was stored at 4 ºC for 9 months (Figure 3.15 and 

Table 3.5). The result shows that the lipid monolayer formation and non-specific protein 

adsorption behavior on the NHC chip are essentially indistinguishable following the long-term 
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storage. This is in contrast to the commercially available HPA chip, in which we observed a 

significant change in lipid adsorption behavior after fewer than 3 months storage in an identical 

condition relative to the NHC chip. 

 

Figure 3.15 Long-term stability test on NHC chip for 3 cycles of lipid binding/regeneration in 

PBS buffer. 

Table 3.5 Long-term stability test on NHC chip. 

Buffer pH NHC chip 
Initial loading 

(RU) 

Loading after NaOH wash 

(RU) 

BSA bound 

(RU) 

PBS 7.4 

newa 
1712 ± 53 

(2.5 %) 

1344 ± 50 

(2.6 %) 

52 ± 8 

(15.0 %) 

9 month 

storageb 

1843 ± 128 

(6.9 %) 

1367 ± 27 

(2.0 %) 

38 ± 8 

(21.0 %) 

aValues given as response units with standard deviations and relative standard deviations for n=8. 

bValues given as response units with standard deviations and relative standard deviations for n=3. 

3.3.7 Peptide/Lipid Interactions on HPA and NHC Chips 

To provide a validation of the functionality of NHC-supported hybrid lipid bilayer, we have 

chosen to examine the interaction of the peptide melittin (26-residue) and the hybrid lipid 

membrane formed on the NHC and HPA chips.8 The mellitin/lipid interaction is of interest, as 

mellitin is a component of insect venom (bee stings), and acts through disruption of the cell lipid 

membrane. As described above, PC/cholesterol vesicles were first loaded onto the hydrophobic 
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surfaces of the HPA and NHC chips. This process may be observed through the first hour of the 

sensorgram traces shown in Figure 3.16, and it parallels that seen during the hybrid bilayer 

formation process discussed previously and presented in Figure 3.6. 

 

Figure 3.16 Experimental processes of melittin-membrane interactions on (a) HPA and (b) NHC 

chips. 

Due to the fluid impact from cholesterol in the vesicles,31 the equilibration of the 

HPA-supported lipid layer requires approximately 4.8 h before the drift rate is sufficiently stable 

to initiate the binding assays. By contrast, the equilibration for the NHC-supported lipid layer 

needs less than 0.5 h. Overall lipid mobilization levels on the two surfaces were similar to those 

observed in the earlier experiments. The resultant lipid layers were then used to compare their 

performance by assessing peptide-membrane interactions. 

    Following the buffer equilibration, the lipid layer was exposed to a series of melittin solutions. 

These are seen as the sequential adsorption/desorption cycles following the label “Beginning of 
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the assay” in Figure 3.16.  The data acquired was extracted from the overall sensorgram trace and 

is presented as a stack plot in Figure 3.17. The sudden jump in response observed at t = 0 does 

not correspond to the binding events; instead, it is the result of mismatches in refractive index 

between the mellitin solution and running buffer.2 As the melittin-lipid complex forms, the 

refractive index changes more gradually as the mass of mellitin is accumulated on the sensor 

surface, resulting in an increase in response units. For melittin interactions on the NHC chip, the 

binding responses of each concentration approached equilibrium within 240 s. In contrast, 

equilibrium could not be achieved within a similar timeframe on the HPA chip, even at the 

highest melittin concentration (0.3 μM). 

 

Figure 3.17 Sensorgrams of melittin (0.014 μM to 0.3μM) binding to hybrid lipid bilayers 

supported on (a) HPA and (b) NHC chips. 

As previously noted, we observed that an incomplete lipid layer was formed on the HPA chip 

surface; thus, the melittin presumably not only binds to the lipid layer but also binds to the 

alkylthiols of the HPA chip surface. This predominantly via a hydrophobic interaction, as shown 

schematically in Figure 3.18a. By contrast, the interpretation of the sensorgrams indicates that the 

interactions were well behaved on the NHC chip (Figure 3.18b), which showed a rapid approach 

to equilibrium and strongly concentration-dependent equilibrium binding curves as compared to 

the HPA chip.32 
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Figure 3.18 Melittin-lipid layer interaction on (a) HPA and (b) NHC chips. 

The affinity constant of melittin-lipid complex (AB) can be derived from the relationship 

between the equilibrium binding response (𝑅𝑒𝑞) and melittin concertation (C) using a steady-state 

affinity model.33,34 

𝐴 + 𝐵 ⇋ AB                                                                                                                                (3.1) 

    A and B are the melittin and lipid layer, respectively, and the net rate of complex formation is 

𝑑[𝐴𝐵]

𝑑𝑡
= 𝑘𝑎[𝐴]𝑡[𝐵]𝑡 − 𝑘𝑑[𝐴𝐵]𝑡                                                                                                   (3.2) 

    where the association ( 𝑘𝑎 ) and dissociation ( 𝑘𝑑 ) rate constants determine the rates of 

mellitin/lipid complex formation and disruption at the sensor surface. As a mellitin solution of 

constant concentration, C, is flowed continuously across the surface, in this case [𝐴]𝑡 =

𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 𝐶 , [𝐵]𝑡 = [𝐵]𝑚𝑎𝑥 − [𝐴𝐵]𝑡 = 𝑅𝑚𝑎𝑥 − 𝑅𝑡 , where 𝑅𝑚𝑎𝑥  is the maximum binding 

response observed at steady state (i.e. at long exposure times to the mellitin solution, taken at 

230 s in Figure 3.17), and 𝑅𝑡 is the amount of bound analyte at time t. At steady state, one may 

determine the following: 

𝑅𝑒𝑞 =
𝐶𝐾𝐴𝑅𝑚𝑎𝑥

1+𝑛𝐶𝐾𝐴
                                                                                                                            (3.3) 

where n is a steric interference factor that used to compensate for steric blocking of additional 

binding sites by a single analyte molecule.34 

The results obtained through fitting of Eq. 3.3 are shown in Figure 3.19 and Table 3.6. The KA 

obtained for the HPA chip in our hands is 1.05 × 108 M‒1. This is a much higher value than that 
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observed on the NHC chip (7 × 106 M‒1) or indeed on studies of a similar system reported by Shai 

et al.8 on both HPA and L1 chips. Our HPA results were obtained from 𝑅𝑚𝑎𝑥 values those, as can 

be seen in Fig. 3.17a, were clearly not yet at steady state, and therefore cannot be directly 

compared to that on the NHC chip. Unfortunately, the study by Shai et al.8 provided no details on 

the experiments that led to their reported value of 1.88 × 104 M‒1 on HPA chip, and nor did they 

publish response/concentration curves corresponding to Figures 3.17 or 3.19. However, they did 

publish similar curves for the reaction of mellitin with the Biacore L1 chip, and these show strong 

similarity to our data on the NHC chip. 

 

Figure 3.19 The corresponding steady-state analysis for the interactions on (a) HPA and (b) NHC 

chips. 

Table 3.6 Affinity data obtained from steady-state analysis. 

 HPA chipa NHC chipa HPA chipb L1 chipb 

KA (M‒1) 1.05 × 108 7 × 106 1.88 × 104 4.7 × 105 

aData from the present study. 
bData from Shai et al.’s study.8 

    Our results suggest that the melittin can bind to the NHC-supported lipid monolayer and the 

corresponding performance observed to be similar to that of the L1 chip. As discussed by 

Shai et al.,8 the inner leaflet of the membrane platform contributes to the difference in the melittin 

binding affinity on the HPA chip and L1 chip. The intact lipid bilayer supported by the lipophilic 
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groups on the dextran matrix (more space between the lipid bilayer and the gold surface) of the 

L1 chip has shown advantage of incorporating transmembrane proteins in previous studies.1,4 In 

the case of NHC chip, we deduce that the similar binding performance between NHC chip and L1 

chip might result from the greater spacing of the NHC SAM as compared to the densely packed 

octadecanethiols of the HPA chip,7,18 leading to a lower packing density (loosely packed) of lipid 

monolayer on the NHC surface, as evidenced in section 3.3.3. This would facilitate not only the 

fast formation of a stable lipid monolayer, but also the effective intercalation of other species 

such as peptides or proteins into this NHC-supported lipid monolayer (with more spaces between 

adjacent lipid molecules). However, the HPA chip in our hands tends to have a varied 

performance to form a lipid layer as compared to the study of Shai et al.,8 resulting in either an 

incomplete lipid monolayer surface with pinholes in the present study or not favorable for the 

insertion of peptides or proteins as discussed by others.1 This study further demonstrates the 

potential usage of the NHC platform for fast and efficient investigating membrane-related 

interactions. 
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3.4 Conclusions 

    In summary, we have demonstrated that an alkylated NHC SAM on gold surface can provide 

an efficient platform for fast formation of a stable lipid monolayer, along with the advantages of 

lower non-specific binding ability, better chemical stability, higher reproducibility, shorter 

equilibration time, and longer life span, as compared to a thiol-based HPA chip for use in SPR 

biosensing. The extraordinary robust performance of the NHC chip that results from the high 

affinity of C–Au bond allows the usage and storage over a broader range of conditions while 

maintaining functionality. We also evaluated the performance of a hybrid lipid bilayer formed on 

the NHC-based platform by assessing the binding between melittin and lipid as compared to HPA 

and L1 chips. The NHC-supported lipid monolayer is potentially accessible to peptides or 

proteins like the L1 chip, which might due to the greater spacing between NHC SAMs, and the 

corresponding binding performance between melittin and lipid outperformed that of the 

HPA-supported lipid layer. These enhanced or even unprecedented properties of the NHC 

platform would offer potential opportunities to overcome the existing challenges of the 

thiol-based surfaces. Together, this study demonstrates the feasibility of employing NHC-based 

platform in SPR biosensing, and sheds light on the future design of versatile NHC biosensor 

surfaces and boosts the practical applications in this direction, thereby enhancing and opening up 

new opportunities in fundamental biology and healthcare areas. 
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Carboxymethylated Dextran-Modified N-Heterocyclic Carbene 

Self-assembled Monolayers on Gold for Use in Surface Plasmon 

Resonance Biosensing 

4.1 Introduction 

    In this chapter, I further explore the feasibility of employing NHC SAMs as a linker layer for 

biosensing, through the development of a dextran-modified NHC surface.1 Dextran has been 

shown to be ideally-suited as a component of biosensor surfaces, due to its stability and ability to 

be derivatized with a range of functional groups that facilitate coupling of biomolecules of 

interest.2‒4 Here, I present a detailed characterization and validation by comparing NHC-based 

carboxymethylated dextran (NHC-CM) chips to thiol-based carboxymethylated dextran chips 

(both the commercial CM3 and CM5-type chips,5,6 and an in-house synthesized version which we 

will denote here as S-CM). The commercial CM5 chip (GE healthcare) is a general-purpose chip 

prepared by employing a 500 kDa dextran linked to a thiol SAM on gold surface for biomolecular 

interaction analysis, whereas the CM3 chip provides the same functionality but has a shorter 

dextran matrix.7 The comparison addresses two main objectives: (i) thermal stability studies by 

characterizing the sensor surfaces using X-ray photoelectron spectroscopy (XPS), atomic force 

microscopy (AFM), contact angles (CAs), and resistance to non-specific protein adsorption, (ii) 

surface performance comparisons of the NHC-based CM chip compared to the commercial 

versions using a drug-plasma protein interaction and an antibody-antigen interaction as model 

systems. This study of the NHC-supported CM dextran surface serves to illustrate the potential of 

NHC SAMs for further development in biosensing. 
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4.2 Experimental Section 

4.2.1 Chemicals and Materials 

    Sodium phosphate monobasic monohydrate, sodium phosphate dibasic, sodium chloride, 

ferulic acid, indomethacin, naproxen, and furosemide were purchased from CNW Technologies. 

Disodium ethylenediamine tetraacetate, hydrogen peroxide (30 %), and methanol were obtained 

from Fisher. Potassium chloride was purchased from Sangon Biotech. Ammonia hydroxide 

(30 %) was purchased from J. T. Baker Chemical. Bromoacetic acid was obtained from Fluka. 

Epichlorohydrin was obtained from Aldrich. Dry methanol was purchased from EMD and 

polyethersulfone syringe filters were purchased from Sterlitech. Bovine serum albumin (BSA) 

was obtained from Shanghai Yeasen Biotech. Lysozyme, ovalbumin, human serum album 

(recombinant, expressed in Pichia pastoris), concanavalin A, fibrinogen, monoclonal anti-BSA, 

sodium dodecyl sulfate (SDS), 11-Mercapto-1-undecanol, dextran 6 kDa and 500 kDa (from 

leuconostoc) were purchased from Sigma-Aldrich. Streptavidin was obtained from Promega, and 

biotin anti-mouse IgG2b antibody was purchased from BioLegend. Biacore 3000 SPR instrument, 

CM5 chip, CM3 chip, glycine/HCl (pH 1.5), glycine/HCl (pH 2.0), glycine/HCl (pH 2.5), 

glycine/HCl (pH 3.0), 50 mM NaOH, BIAtest solution, HBS-EP buffer, amine coupling Kit, and 

SIA kit Au were purchased from GE Healthcare. All solutions used for SPR tests were filtered 

through 0.22 µm filters and degassed before use, and the SPR tests were carried out at 25 ºC. 

4.2.2 Preparation of Dextran-Modified NHC and Thiol Surfaces 

    The overall synthetic approach, based on the methods of Löfås et al.2 and Granqvist et al.8, is 

summarized in Figure 4.1. The gold surfaces (SIA kit Au, GE Healthcare) were first cleaned by 

immersion in a mixture of NH4OH: H2O2: H2O (1:1:5) at 80 °C for 10 min, rinsed with Milli-Q 

water, and dried under a stream of nitrogen. Additional plasma cleaning was carried out for 

10 min using a Harrick Plasma Cleaner/Sterilizer (PDG-32G). The gold surfaces were then 

immersed in a solution of 10 mM 5-((11-hydroxyundecyl)oxy)-1,3-diisopropyl-1H-
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benzo[d]imidazol-3-ium hydrogen carbonate in dry methanol for 24 h to prepare the NHC-CM 

surfaces,1 whereas the thiol-based S-CM surfaces were prepared by immersing the gold in a 

5 mM 11-Mercapto-1-undecanol in ethanol:water (8:2) solution for 24 h. Subsequently, these 

surfaces were rinsed thoroughly with methanol and Milli-Q water, then reacted with 

epichlorohydrin (2% v/v) in 0.1 M NaOH for 3 h, rinsed with Milli-Q water, and transferred to a 

300 g/L dextran solution (dextran strands of different length were used: 6 kDa dextran for 

preparing 6 kDa S-CM chip, and either 6 kDa or 500 kDa dextran for preparing 6 kDa NHC-CM 

chip or 500 kDa NHC-CM chip) in 0.1 M NaOH for 24 h. The resultant surfaces were washed 

with Milli-Q water and immersed in 1.0 M bromoacetic acid in 2 M NaOH for 24 h. Finally, they 

were washed thoroughly with Milli-Q water, dried with an argon stream, and mounted onto a 

support (SIA kit Au, GE Healthcare). To test the uniformity of individual flow cells of the 

NHC-based sensor surface, a view dips test was performed and compared to the corresponding 

performance of commercial CM5 and CM3 chips. To test the homogeneity and performance of 

the NHC-based sensor surface, a system check test9 (a program in Biacore 3000 control software) 

was carried out using a standard sucrose solution and compared to the commercial CM5 and CM3 

chips. 

4.2.3 Thermal Stability of Commercial CM3 Chip and Non-Commercial 6 kDa 

S-CM and 6 kDa NHC-CM Chips 

    Both prior to and after thermal exposure (65 ºC for 24 h), a commercial CM3 chip, 6 kDa 

S-CM, and 6 kDa NHC-CM chips were evaluated by XPS, AFM, CA, and non-specific protein 

adsorption tests. For the non-specific protein adsorption test, the proteins used consisted of 

lysozyme (14 kDa, pI = 11.35), ovalbumin (45 kDa, pI = 4.5), bovine serum albumin (66 kDa, pI 

= 5.3), human serum albumin (66 kDa, pI = 5.3), streptavidin (66 kDa, pI = 6.0), concanavalin A 

(102 kDa, pI = 4.5~5.5), and fibrinogen (340 kDa, pI = 5.5). Each protein was dissolved in PBS 

buffer (10 mM phosphate, 138 mM NaCl, 2.7 mM KCl, pH 7.4) at a concentration of 0.1 mg/ml. 
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Tests of the non-specific binding for each sensor surface were carried out using a Biacore 3000 

instrument (GE healthcare). The protocol for measuring the non-specific protein adsorption is as 

follows: Following initial baseline equilibration, PBS buffer was flowed over the sensor surface 

for 2 min, followed by injection of a protein solution for 3 min, and finally by a 5-min buffer 

rinse. The flow rate was maintained at 10 µl/min throughout these tests. The regenerations of the 

sensor surfaces were effected as follows: one 1-min injection of 50 mM NaOH for ovalbumin 

adsorbed surfaces, one 1-min injection of 0.5 % (w/v) SDS followed by two 1-min injections of 

50 mM NaOH for fibrinogen adsorbed surfaces, and two 1-min injections of 50 mM NaOH for 

lysozyme, BSA, and concanavalin A adsorbed surfaces. 

4.2.4 Drugs-Plasma Protein Interaction Performance Comparison Tests 

4.2.4.1 Immobilization of Human Serum Album on Commercial CM3 and Non-Commercial 

500 kDa NHC-CM Chips 

Commercial CM3 and non-commercial 500 kDa NHC-CM chips were used for this study. 

Human serum albumin (HSA) was immobilized on each sensor chip using amine coupling 

chemistry in PBS buffer (10 mM phosphate, 138 mM NaCl, 2.7 mM KCl, pH 7.4). The active 

surface was prepared by two 7-min injections of a 1:1 mixture of 0.2 M 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC) and 0.05 M N-Hydroxysuccinimide 

(NHS) at 20 µl/min. This was followed by two 10-min injections of 100 µg/ml HSA in 10 mM 

sodium acetate (pH 5.2). The surface was then blocked with a 10-min injection of 1 M 

ethanolamine (pH 8.5). An unmodified dextran surface on each chip was used as a reference 

surface.10 Three 30-s injections of 50 mM NaOH were used to wash off noncovalently bound 

HSA to stabilize the surface. Final immobilization levels of HSA on the commercial CM3 and 

non-commercial 500 kDa NHC-CM chips were approximately 5000 response units (RU) and 

4200 RU, respectively. 
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4.2.4.2 Drug-Plasma Protein Interactions on Commercial CM3 and Non-Commercial 

500 kDa NHC-CM Chips 

    Different molecular weight drugs including indomethacin (C19H16ClNO4, M.W. 358 Da), 

furosemide (C12H11ClN2O5S, M.W. 331 Da), ferulic acid (C10H10O4, M.W. 194 Da), and naproxen 

(C14H14O3, M.W. 230 Da) were tested as analytes for the HSA-immobilized surfaces. Drug 

binding studies were performed in PBS buffer (10 mM phosphate, 138 mM NaCl, 2.7 mM KCl, 

pH 7.4) containing 1 % DMSO. Analyte concentrations tested were as follows: Indomethacin 

(7.5 ~ 125 µM), furosemide (3.2 ~ 200 µM), ferulic acid (6.3 ~ 200 µM), and naproxen 

(6.3 ~ 200 µM) in 2-fold dilution series. Triplicate injections of each drug concentration were 

performed over the reference and HSA surfaces at a flow rate of 30 µl/min. Each cycle consisted 

of a 1-min waiting period for monitoring of the baseline stability, then the drug/HSA complex 

was allowed to associate and dissociate for 60 s and 30 s, respectively, followed by a 30-s buffer 

injection to prevent carryover between analyte injections. No regeneration was required as each 

compound dissociated from the HSA surface within minutes. The reference surface was used as a 

control for drugs binding to the dextran surface.10 Reference-subtracted data was processed 

following subtraction of buffer injection sensorgrams (double referencing method).10,11 

Steady-state affinity (response at equilibrium plotted against sample concentration) was used to 

analyze the interactions between drugs and HSA.10,12,13 

4.2.5 Antibody-Antigen Interaction Performance Comparison Tests for 500 kDa 

NHC-CM and 6 kDa NHC-CM Chips 

4.2.5.1 Immobilization of BSA on 500 kDa NHC-CM and 6 kDa NHC-CM Chips 

    PBS buffer (10 mM phosphate, 138 mM NaCl, 2.7 mM KCl, pH 7.4) was used as the running 

buffer and BSA was immobilized onto the NHC-CM chips using amine coupling chemistry. The 

active surfaces of the 500 kDa NHC-CM and 6 kDa NHC-CM chips were prepared by activation 

of two consecutive 7-min injections of a 1:1 mixture of 0.2 M EDC/0.05 M NHS at a flow rate of 
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20 µl/min. Two 10-min injections of 100 µg/ml BSA in 10 mM sodium acetate (pH 4.2) were 

immobilized on these surfaces. Subsequently, the resultant surfaces were blocked with a 10-min 

injection of 1 M ethanolamine (pH 8.5). Final immobilization levels of the BSA on the 500 kDa 

NHC-CM and 6 kDa NHC-CM chips were approximately 3800 RU and 1980 RU, respectively. 

An unmodified surface was used as reference surface for each chip. 

4.2.5.2 Antibody-Antigen Interactions (Anti-BSA/BSA) on 500 kDa NHC-CM and 6 kDa 

NHC-CM Chips 

    Anti-BSA was diluted with the running buffer to produce a series of final concentrations of 5.5, 

11, 22, 44, 88, 175, 350 nM for tests on the 500 kDa NHC-CM chip, and 11, 88, 350 nM for the 

6 kDa NHC-CM chip, respectively. For both 500 kDa NHC-CM and 6 kDa NHC-CM 

BSA-immobilized surfaces, kinetic interaction tests were performed at a flow rate of 40 µl/min. 

For each anti-BSA concentration, association/dissociation behavior was tested by triplicate 

injections, each having equal 6 min association and dissociation phases. In addition, 

corresponding buffer injections were performed on both surfaces. Between anti-BSA injections, 

surface regeneration was performed by two 30-s injections of 50 mM NaOH followed by a 2-min 

buffer equilibration. 50 mM biotin anti-mouse IgG2b antibody was used as a negative binding 

control on the 500 kDa NHC-CM and 6 kDa NHC-CM chips. Reference-subtracted data was 

fitted using the 1:1 Langmuir binding model following double-reference subtraction.7,11 

4.3 Results and Discussion 

4.3.1 Synthesis and Surface Characterization of the NHC-linked CM SPR Sensor 

Surfaces 

    Here, three types of sensor surfaces were used (Figure 4.1), being the commercial CM (either 

CM3 or CM5) chips which can afford the same functionality but with different length of dextran 

strands, and the in-house synthesized version of thiol-based (6 kDa dextran strand) and 

NHC-based (either 6 kDa or 500 kDa dextran strands) CM surfaces. 
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Figure 4.1 Schematic illustration of (a) commercial CM3 chip, and in-house synthesized version 

of (a) thiol-based and (c) NHC-based sensor chips. 

    Figure 4.2 illustrates the preparation procedure for the dextran-modified NHC surface. 

Hydroxyl-terminated NHC molecules were first self-assembled on the gold surface as a chemical 

linker for subsequent attachment of a dextran layer.2,3 Specifically, activation of the hydroxyl 

groups was carried out using basic epichlorohydrin to introduce epoxy groups on the NHC SAM 

surface (NHC-epoxides) as electrophilic coupling sites.2 Dextran (either 6 kDa or 500 kDa), a 

hydrophilic linear/unbranched polymer based on 1,6-linked glucose units, was randomly linked to 

the NHC-epoxides in basic solution.3 Then the dextran-coated surface was treated with basic 

bromoacetic acid, resulting in a carboxymethylated dextran layer linked to the NHC surface.2 

This surface is negatively charged at pH values above 3.5, with the carboxymethylated dextran 

chains repelling each other, giving rise to an expansion of the hydrogel with high binding 

capacity and accessibility for biomolecules.5 Further chemical steps can be used to immobilize a 

wide range of biomolecules to the carboxyl groups of the dextran on the sensor surface.5,6 
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Figure 4.2 Schematic illustration of the preparation of carboxymethylated dextran-modified NHC 

sensor surface. 

    Accordingly, a similar approach was applied to the synthesis of thiol-based (6 kDa) CM chip 

(Figure 4.3): 11-mercapto-1-undecanol molecules were first self-assembled on a gold surface, 

followed by activation of the hydroxyl groups with epichlorohydrin in a basic solution to form 

epoxides. Dextran in basic solution was used to bind to the epoxides, followed by 

carboxymethylation of the dextran in basic bromoacetic acid. 
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Figure 4.3 Schematic illustration of carboxymethylated dextran-modified thiol-based sensor 

surface. 

    The 6 kDa NHC-CM surface was fully characterized using a range of surface analysis 

techniques and its properties were compared to the commercial CM3 chip and in-house 

synthesized thiol-based (6 kDa) CM chip. Thermal effects on surface compositions, 

morphologies, and wettability were also compared. 

    XPS was performed to determine the changes in surface composition of these sensor surfaces 

before and after exposure to 65 ºC in air for 24 h (Figure 4.4). The C 1s spectrum for the three 

chips tested (Figure 4.4a,b,c) shows contributions for five carbon bonded components: HO–C=O 

(observed at 289.5 ± 0.2 eV), O–C–O (287.5 ± 0.1 eV), C–OH (286.1 ± 0.2 eV), C–C / C–H 

(285.1 ± 0.1 eV),14‒16 and metal carbide at 282.2 eV. The HO–C=O, C–OH, and C–C / C–H are 
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from each glucose unit of the dextran, and O–C–O is from the linkage between adjacent glucose 

units. This confirms the presence of dextran matrix on the sensor surface. Although the relative 

intensities of the HO–C=O, O–C–O, C–OH, C–C peaks are different for the 3 chip types, they all 

exhibited certain changes in these peaks following thermal exposure (Table 4.1). The density of 

carboxyl groups in the dextran matrix is calculated by the area ratio of HO–C=O/O–C–O. For the 

6 kDa NHC-CM chip, the dextran chain is estimated to contain one carboxyl group per three 

glucose units before thermal exposure, whereas approximately one carboxyl group per two 

glucose units is observed after thermal exposure. As for the commercial CM3 chip, there is nearly 

one carboxyl group per two glucose units and one carboxyl group per glucose unit before and 

after thermal exposure, respectively. With respect to the 6 kDa S-CM chip, each dextran strand is 

estimated to have one carboxyl group per two glucose units. But there is a significant increase in 

intensity of O–C–O peak and a decrease of the C–OH peak following the thermal exposure, 

resulting in one carboxyl group per three glucose units. All 3 sensor surface types showed an 

increase in the intensity of HO–C=O following thermal exposure, which indicates the partial 

thermal degradation of the dextran strands. 

    The O 1s spectrum for the three chips tested (Figure 4.4d,e,f) shows contributions for three 

oxygen bonding components: HO–C=O (533.8 ± 0.3 eV), C–OH / O–C–O (532.6 ± 0.3 eV), and 

metal oxide at 529.9 eV.14‒16 Similar to the observations for the C 1s spectra, a comparison of the 

O 1s for the three surfaces before and after thermal exposure shows with some suggestion of a 

shift from the C–OH / O–C–O peak to the HO–C=O peak in each case. The unexpected metal 

carbide peak which we observed in both the C 1s and O 1s spectra of the CM3 chip exclusively 

may have been an artefact from adhesive residue remaining after removal of the CM3 chip from 

its plastic mount; however, we did not investigate this issue further in this study.  

    To investigate the degradation degree of dextran matrix, we calculated the atomic ratio of 

carbon to oxygen (area of the C 1s peak divided by area of the O 1s peak, multiplied by the ratio 
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of the atomic sensitivity factors) from the XPS survey spectrum before and after thermal exposure 

(Table 4.2). The C 1s/O 1s area ratios for the commercial CM3 chip before and after thermal 

exposure are estimated to be 3.93 and 2.94, respectively, affording 25 % degradation of the 

dextran matrix. The 6 kDa S-CM chip has a ratio of 3.50 before and 1.78 after thermal exposure, 

resulting in 49 % degradation of the dextran matrix. As for the 6 kDa NHC-CM chip, the 

corresponding area ratios are 3.58 and 2.38, suggesting 34 % degradation. The reason for thermal 

degradation of dextran might result from the free radical oxidation of carbon 6 of glucopyranosyl 

units with the formation of carboxyl groups and water.17 The results show that the in-house built 

thiol-based 6 kDa dextran surface, which is the most comparable to the NHC-based 6 kDa 

dextran surface, is the most prone to be oxidized.  

    The largest difference in stability which we observed after thermal exposure of the sensor 

surfaces, related to changes in the thiol linker layer versus the NHC attachment. For both 

thiol-based sensor surfaces (CM3 and thiol-linked S 6 kDa), the S 2p spectrum (Figure 4.4g,h) 

shows the presence of a doublet structure featuring S 2p3/2 and S 2p1/2 peaks.18 The S 2p3/2 peak at 

162.2 ± 0.1 eV is associated with sulfur headgroups bound to gold surface as thiolate species.18−20 

Following thermal exposure, the thiolate peak intensity decreased while a new peak of sulfonate 

appeared at 167.2 ± 0.1 eV.18−20 In addition to this change, the S 2p spectrum for the 

thermal-exposed S 6kDa surface also showed the appearance of disulfide at 165.0 eV.21 These 

changes suggest that the thiol linker on the gold surface was partially oxidized as a result of 

thermal exposure. In sharp contrast, the N 1s spectrum for the NHC surface (Figure 4.4i) shows a 

single peak at 400.4 eV,22,23 which shows strong consistency before and after thermal exposure 

confirming a high stability of the linker component against degradation/oxidation as compared to 

thiol-supported surfaces.24−26 As shown in Table 4.3, the atomic ratio of carbon to nitrogen (area 

of the C 1s peak divided by area of the N 1s peak, multiplied by the ratio of the atomic sensitivity 

factors) is calculated to be 23.22 and 27.99 before and after thermal exposure, respectively, 
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resulting in a 21 % change in intensity. As for the commercial CM3 chip, the atomic ratio of 

carbon to sulfur (area of the C 1s peak divided by area of the S 2p1/2 peak, multiplied by the ratio 

of the atomic sensitivity factors) before and after thermal exposure is 120.85 and 198.60, 

respectively, giving rise to an intensity change of 64 %. Interestingly, the atomic ratio of 

C 1s/S 2p1/2 for the 6 kDa S-CM surface before thermal exposure is approximately 59.61, but 

there is negligible S 2p1/2 peak area following thermal exposure. Together, the observation of 

partially oxidized thiol linkers layers is clearly indicated. 

 

Figure 4.4 XPS of commercial CM3 chip (a, d, g), and in-house synthesized thiol-based 6 kDa 

(b, e, h) and NHC-based 6 kDa (c, f, i) sensor chips before and after thermal exposure at 65 ºC in 

air for 24 h. For the C 1s spectra, the magenta, blue, green, dark yellow, and olive lines 

correspond to metal carbide, C–C / C–H, C–OH, O–C–O, and HO–C=O, respectively. For the 



 

118 

 

O 1s spectra, the magenta, dark cyan, and olive lines represent metal oxide, C–OH / O–C–O, and 

HO–C=O, respectively. 

Table 4.1 Area ratios of the C components in the C 1s spectrum for CM3, 6 kDa S-CM, and 

6 kDa NHC-CM surfaces obtained by XPS survey spectra. 

Sensor surface Thermal exposure 
C 1s 

HO–C=O O–C–O C–OH C–C 

CM3 
Before 0.09 0.14 0.22 1.00 

After 0.14 0.15 0.26 1.00 

6 kDa S-CM 
Before 0.15 0.32 0.87 1.00 

After 0.29 0.96 0.4 1.00 

6 kDa NHC-CM 
Before 0.13 0.42 0.57 1.00 

After 0.24 0.47 1.00 0.84 

 

Table 4.2 The values of C 1s/O 1s (atomic ratios) for CM3, 6 kDa S-CM, and 6 kDa NHC-CM 

surfaces obtained by XPS survey spectra. 

Sensor Chip As-deposited surface After thermal exposure Degradation degree 

CM3 3.93 2.94 25 % 

6 kDa S-CM 3.50 1.78 49 % 

6 kDa NHC-CM 3.58 2.38 34 % 

 

Table 4.3 The values of C 1s/S 2p1/2 (atomic ratios) for CM3 and 6 kDa S-CM surfaces, and 

C1s/N1s (atomic ratios) for 6 kDa NHC-CM surface obtained by XPS survey spectra. 

Sensor Chip As-deposited surface After thermal exposure Degradation degree 

CM3 120.85 198.60 64 % 

6 kDa S-CM 59.61 ---------- 100 % 

6 kDa NHC-CM 23.22 27.99 21 % 

 

    Evaluating changes in wettability for these sensor surfaces before and after thermal exposure, it 

was observed that the two thiol-supported surfaces (CM3 and 6 kDa S-CM) showed greater 

increases in contact angle (53 ± 2 ° to 87 ± 3 ° and 53 ± 4 ° to 82 ± 4 ° respectively) than the 
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NHC-supported 6 kDa surface (68 ± 2 ° to 82 ± 3 °). While the general increase in 

hydrophobicity is likely a result of the partial degradation of the CM layer observed in the C 1s 

and O 1s spectra of the XPS test above, we speculate that the grater shift in the CA observed for 

the two thiol-based chips results from the degradation of the thiol linker found in the S 2p results. 

Atomic force microscopy (AFM) images for the CM3, 6 kDa S-CM, and 6 kDa NHC-CM 

chips are shown in Figure 4.5. Although a globular morphology has been observed for dextran 

coated surfaces previously,27,28 it is likely that the less globular appearance which we observed for 

the commercial CM3 chip versus both of the 6 kDa CM chips was probably a result of a much 

thicker dextran coating. This is evidenced by the predominance of the C–C and C–OH peaks 

intensities in the C 1s spectra shown above (Figure 4.4a,b). Comparing the AFM images for each 

sensor surface before and after thermal exposure, a general trend toward reduced globule size is 

observed, presumably related to partial CM layer degradation.17 More specifically, comparing the 

two 6 kDa CM coated surfaces (6 kDa S-CM and 6 kDa NHC-CM), the NHC-supported surface 

appears to show less change resulting from the thermal exposure, presumably related to the 

higher thermal stability of the NHC linkage observed in our XPS tests. 
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Figure 4.5 AFM images of thermal exposure tests for CM3, 6 kDa S-CM, and 6 kDa NHC-CM 

chips (a,c,e before thermal exposure, b,d,f after thermal exposure). 

    The 6 kDa S-CM and 6 kDa NHC-CM surfaces were much rougher than the CM3 surface, 

being 1.101, 1.552, and 0.423 nm, respectively. After thermal exposure, the dextran layers on the 

CM3 and 6 kDa S-CM chips appear to be partially degraded from the gold surface. In contrast, 

minimal changes can be noticed on the NHC chip, similar to that of baked before. For the CM3 

chip, the mean roughness increased from 0.423 to 0.454 nm (~ 7 %), while the 6 kDa S-CM chip 

shows a decreased mean roughness from 1.101 to 0.791 nm (~ 28 %). As for the 

dextran-modified NHC chip, a similarly decreased trend of mean roughness is noticed from 1.552 
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to 1.253 nm (~ 19 %). The differences in morphology and roughness of the dextran-modified 

NHC surface, as compared to the thiol-based 6 kDa S-CM and CM3 surfaces, might result from 

the larger steric demand between individual dextran strands (less density of dextran on the sensor 

surface) and a thicker and denser dextran layer, respectively. 

4.3.2 SPR Characterization of the NHC-CM Surface 

To test the uniformity of a sensor surface, the dips in reflectance amplitude versus angle of 

reflection which are typically used as a diagnostic test of SPR chip performance can be compared 

for individual flow cells (FCs).5,7,29 

    Comparing the dips obtained from the 4 flow cells for the 6 kDa NHC-CM to those obtained 

for the commercial CM5 and CM3 sensor surfaces (Figure 4.6), it is observed that the 6 kDa 

NHC-CM surface has a slightly smaller dip minimum than those observed for the commercial 

CM5 and CM3 chips; however, the individual dips on the NHC 6 kDa surface were symmetrical 

and homogeneous, both with respect to each other and those observed for the CM5 and CM3 

surfaces. 
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Figure 4.6 Illustration of a single dip that depicts the reflected light intensity for commercial 

CM5 and CM3 chips, and 6 kDa NHC-CM chip. 

The system check program in the Biacore 3000 control software includes comprehensive tests 

of system performance using a standard sucrose solution and an unmodified commercial CM5 

chip.9 Here, the system check tests were carried out on the commercial CM5 and CM3 chips, and 

the 6 kDa NHC-CM chip (Figure 4.7). Based on the evaluation reports from the system checks, 

the performance of 6 kDa NHC-CM chip was similar to both the commercial CM5 and CM3 

chips, with all parameters within specified limits. Together, these features indicate that the NHC 
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SAM is capable of acting as a template for a homogeneous sensor surface, which has a similar 

dynamic range to that observed for the commercial thiol-based chips. 

 

Figure 4.7 System check tests on the commercial CM5 and CM3 chips, and 6 kDa NHC-CM 

chip. 
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    Having confirmed the homogeneity of the NHC-based platform to support a dextran surface, 

we next studied the basic operational characteristics of the CM chips. An important one is 

non-specific protein adsorption property. The effect of thermal exposure on non-specific protein 

adsorption for 7 common proteins was compared for the thiol-supported CM3 and 6 kDa S-CM 

chips and 6 kDa NHC-CM chip. (Figure 4.8 and Table 4.4). The proteins were chosen to have 

various sizes and charges, with pI varying from 4.5 to 11.35 and molecular weight ranging from 

14 kDa to 340 kDa. Generally, as a protein approaches the dextran surface, there is a decreased 

degree of freedom (entropy) of the dextran. This unfavorable trend might result in the steric 

repulsion effect of the dextran to make the system more stable.30 The CM3 chip has the shortest 

dextran matrix among the CM series products from GE Healthcare.7 But its dextran matrix length 

is much higher compared to that of the 6 kDa S-CM and 6 kDa NHC-CM chips. This would 

result in a lower non-specific protein adsorption for the CM3 chip, which can be realized by the 

higher density of the hydrophilic dextran and a more effective steric repulsion effect. As the same 

dextran was used to prepare S-based and NHC-based chips, we may assume it is more reasonable 

to compare them directly. Our results show that prior to thermal exposure, non-specific protein 

adsorption on the NHC-supported surface was lower than the CM3 surface for 3 of 7 proteins 

studied, and lower than the 6 kDa S-CM surface for 4 of 7 proteins. This might be a result of an 

inherent less hydrophilic property of the NHC-linker and less dextran density (larger steric 

demand between individual NHC molecules on gold surface) as compared to the corresponding 6 

kDa S-CM surface. Normally, such non-specific adsorption could be circumvented by using a 

reference surface to subtract from an active surface during the binding assays.6 Following thermal 

exposure, the increase in non-specific protein adsorption was far greater for both the thiol-

supported surfaces, such that non-specific protein adsorption of all 7 proteins was observed to be 

lower for the 6 kDa NHC-CM surface than both thiol-supported surfaces. The results show that 
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the CM dextran-modified NHC surface exhibits effectiveness in preventing non-specific 

adsorption of proteins following thermal exposure. 

 

Figure 4.8 Effect of thermal exposure (before and after heating at 65 ºC for 24 h) on commercial 

CM3 (black) chip, and non-commercial 6 kDa S-CM (red) and 6 kDa NHC-CM (blue) chips for 

non-specific protein adsorption test. 
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Table 4.4 Effect of thermal exposure (before and after heating at 65 ºC for 24 h) on non-specific 

protein adsorption of commercial CM3, and non-commercial 6 kDa S-CM and 6 kDa NHC-CM 

chips. 

 Non-specific adsorption (RU) 

Protein 0.1 mg/ml 
Commercial CM3 6 kDa S-CM 6 kDa NHC-CM 

Beforea Afterb Beforea Afterb Beforea Afterb 

Lysozyme 

(14 kDa) 
27 ± 4 948 107 ± 10 1161 74 ± 1 358 

Ovalbumin 

(45 kDa) 
2 ± 1 109 4 ± 1 196 3 ± 0.2 23 

Bovine serum 

albumin 

(66 kDa) 

26 ± 5 479 41 ± 8 797 20 ± 1 321 

Human serum 

album 

(66 kDa) 

183 ± 21 466 167 ± 6 731 239 ± 15 300 

Streptavidin 

(66 kDa) 
34 ± 2 72 19 ± 3 57 15 ± 3 20 

Concanavalin A 

(102 kDa) 
367 ± 5 1291 91 ± 4 1260 145 ± 11 704 

Fibrinogen 

(340 kDa) 
137 ± 20 2624 117 ± 12 3570 236 ± 20 2280 

a Values given as response units with standard deviations and relative standard deviations for 

n=3. 
b Values given as response units for n=1. 

 

Based on the XPS, CA, AFM, and non-specific protein adsorption results, the observation of 

partially oxidized thiol linkers layers are clearly noticed. The superior stability of NHC SAMs on 

the gold surface would have a longer shelf-life span and the potential for thermodynamic analysis 

of biomolecular interactions in a wider temperature range as compared to the corresponding 

thiol-based platform. 
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4.3.3 Drug-Plasma Protein Interactions on Commercial CM3 and Non-Commercial 

500 kDa NHC-CM Chips 

    In the drug development process, one important step is to evaluate the affinity of small 

molecular drugs against plasma proteins in order to understand the drug’s absorption, distribution, 

metabolism, and excretion (ADME) characteristics within the human body.10,31 SPR-based 

biosensors can provide such information on drug-protein interactions and have been demonstrated 

to be powerful tools for drug discovery.6 

    To validate the performance of the NHC-supported biosensor surfaces using drug-protein 

binding as a model system, a 500 kDa NHC-CM chip was used here (instead of a 6 kDa 

NHC-CM chip) because it has a higher density of carboxymethylated dextran covalently attached 

to the gold surface. This would result in a higher ligand binding capacity and enable effective 

measurement of low molecular weight compounds.6,13 Human serum album (HSA) protein was 

immobilized on the chip surface for use in a series of binding tests with a selection of drugs as 

analytes. A schematic of this process is shown in Figure 4.9. Amine coupling provides a simple 

and straightforward method to covalently attach ligands to the dextran surface for use in 

biosensing.5,6 The first step is the generation of reactive N-hydroxy succinimidyl (NHS) esters 

from carboxyl groups on the dextran by derivatization with 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDC) and NHS at a pH value around 5 ~ 7.5,6 The second step is the 

nucleophilic coupling of these active NHS esters with ɛ-amine groups of lysine residues or 

primary amino groups of biomolecules to form amide bonds. This step proceeds via electrostatic 

attraction forces between positively charged protein and negatively charged dextran matrix at a 

pH value between 4 ~ 5.5.2,3 Therefore, a high local concentration of protein accumulates in the 

dextran matrix, giving rise to the formation of covalent bonds between them.5 Finally, the 

unreacted NHS esters on the surface are blocked by ethanolamine at a pH of 8.5, without 

affecting the remaining negatively charged carboxymethyl groups and hydroxyl groups in the 
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dextran matrix.2,3,5 Figure 4.9b,c show the association/dissociation curves for indomethacin/HSA 

interaction obtained using both the commercial CM3 chip and the 500 kDa NHC-CM chip. At t = 

0 s, buffer was flowed over the HSA pre-immobilized sensor surface. At t = 20 s, a solution of 

drug compound was passed over the pre-immobilized HSA surface, followed by the formation of 

drug-HSA complex on the sensor surface (association phase). Notably, an equilibrium plateau 

was obtained during the association phase, along with a return to the baseline during the 

dissociation phase (beginning at t = 80 s), exhibiting a square wave curve over the range of 

concentrations tested on both surfaces. These concentration-dependent and superimposable 

binding curves from triplicate injections on the NHC platform suggests that the binding assays 

were highly reproducible, similar to the interactions on the commercial CM chip. 
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Figure 4.9 (a) Schematic depicting HSA immobilized on 500 kDa NHC-CM chip surface by 

amine coupling chemistry, followed by interaction with drug compounds. Binding sensorgrams 

are displayed as overlay plots from triplicate 1 min injections of indomethacin (7.5‒125 µM) in 

2-fold dilutions (reference-subtracted) over HSA-bound surfaces on (b) commercial CM3 and (c) 

500 kDa NHC-CM chips. The steady-state model was used to fit equilibrium binding levels 

determined from indomethacin/HSA interactions on (d) commercial CM3 and (e) 500 kDa 

NHC-CM chips. 

    At equilibrium, the amount of drug compound that was associated and dissociated with the 

HSA protein was equal and the corresponding response levels at equilibrium were associated with 

the concentration of the drug compound.5,7 The affinity constant of drug-HSA complex (AB) can 

be derived from the relationship between response at equilibrium 𝑅𝑒𝑞 and drug concentration (C) 

by employing a steady-state affinity model32 as described in Ch. 3. There, we derived a 
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relationship between the equilibrium binding capacity of the analyte, 𝑅𝑒𝑞 , and the affinity 

constant 𝐾𝐴 

𝑅𝑒𝑞 =
𝐶𝐾𝐴𝑅𝑚𝑎𝑥

1+𝑛𝐶𝐾𝐴
                                                                                                                            (4.1) 

    Here, we are interested in the dissociation constant, 𝐾𝐷. Because 𝐾𝐴 =
1

𝐾𝐷
, we may then derive 

𝑅𝑒𝑞 =
𝐶𝑅𝑚𝑎𝑥

𝐾𝐷+𝑛𝐶
                                                                                                                                (4.2) 

    Figure 4.4d,e shows the steady-state fitting of the indomethacin/HSA interactions on both 

sensor surfaces. The equilibrium dissociation constant (𝐾𝐷) of indomethacin/HSA interaction for 

the commercial chip was (7.0 ± 0.3) × 10–5 M, while for the 500 kDa NHC-CM chip was 

(9.1 ± 0.3) × 10–5 M. 

    A repeat of binding tests/kinetic analysis with HSA and furosemide, ferulic acid, and naproxen 

were carried to further validate the performance of the NHC-based platform (Figures 4.10 to 

4.12). Comparing these results (Figures 4.9 to 4.12), the character of the binding curves, as well 

as the associated steady-state binding levels and derived binding constants demonstrates that 

500 kDa NHC-CM chip can perform similarly to the commercial CM3 chip. These results 

validate the potential use of the NHC-based platform in biosensor technology to collect reliable 

kinetic data on small molecules binding to macromolecular targets. 
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Figure 4.10 Sensorgrams are displayed as overlay plots from triplicate 1 min injections of 

furosemide (2-fold dilution series from 200 µM to 3.2 µM) over the reference and HSA surfaces 

on (a) commercial CM3 and (b) 500 kDa NHC-CM chips. HSA data presented was 

double-reference subtracted (reference surface and buffer blank). The steady-state model was 

used to fit equilibrium binding levels determined from furosemide/HSA interactions on (c) 

commercial CM3 and (d) 500 kDa NHC-CM chips. 
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Figure 4.11 Sensorgrams are displayed as overlay plots from triplicate 1 min injections of ferulic 

acid (2-fold dilution series from 200 µM to 6.3 µM) over the reference and HSA surfaces on (a) 

commercial CM3 and (b) 500 kDa NHC-CM chips. HSA data presented was double-reference 

subtracted (reference surface and buffer blank). The steady-state model was used to fit 

equilibrium binding levels determined from ferulic acid/HSA interactions on (c) commercial 

CM3 and (d) 500 kDa NHC-CM chips. 
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Figure 4.12 Sensorgrams are displayed as overlay plots from triplicate 1 min injections of 

naproxen (2-fold dilution series from 200 µM to 6.3 µM) over the reference and HSA surfaces on 

(a) commercial CM3 and (b) 500 kDa NHC-CM chips. HSA data presented was double-reference 

subtracted (reference surface and buffer blank). The steady-state model was used to fit 

equilibrium binding levels determined from naproxen/HSA interactions on (c) commercial CM3 

and (d) 500 kDa NHC-CM chips. 
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4.3.4 Antibody-Antigen Interactions on 500 kDa NHC-CM and 6 kDa NHC-CM 

Chips 

    Surface functionalization by chemically attaching a bioreceptor to obtain a reproducible 

surface that enables the sensitive and specific recognition of analyte is important in biology, 

immunology, and pharmacology.33−35 Thus, to further validate the performance of the NHC 

sensor surfaces, monoclonal anti-BSA and BSA were used as a model system for high-affinity 

antibody-antigen interactions, as the SPR chip performance can be readily compared to that 

published in earlier studies.36,37 To study this interaction, BSA was first immobilized onto the 

dextran-modified NHC surfaces (500 kDa NHC-CM and 6 kDa NHC-CM) using amine coupling 

chemistry, then monoclonal anti-BSA was injected over the reference and BSA surfaces 

(Figure 4.13). Then we monitored the real-time binding kinetics of the antibody to antigen on the 

sensor surfaces, and compared our experimental results to literature values. 
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Figure 4.13 (a) BSA immobilized on dextran-modified NHC chip by amine coupling chemistry, 

followed by interaction with anti-BSA. Sensorgrams of anti-BSA binding to pre-immobilized 

BSA on (b) 500 kDa NHC-CM and (c) 6 kDa NHC-CM chips. Biotin anti-mouse IgG2b antibody 

(50 nM) was used as a negative control to bind on BSA immobilized (d) 500 kDa NHC-CM and 

(e) 6 kDa NHC-CM chips. 

Table 4.5 Kinetic parameters determined for anti-BSA/BSA interactions on 500 kDa NHC-CM 

and 6 kDa NHC-CM chips. 

Sensor Chip 
Kinetic parameters 

𝑘𝑎 (M–1s–1) 𝑘𝑑 (s–1) 𝐾𝐷 (M) 

500 kDa NHC-CM (8.9 ± 2.0) × 104 (1.2 ± 0.2) × 10–4 (1.4 ± 0.5) × 10–9 

6 kDa NHC-CM (1.1 ± 0.2) × 105 (1.6 ± 0.3) × 10–4 (1.5 ± 0.5) × 10–9 
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    Figure 4.13b,c show the sensorgrams for multiple concentrations of anti-BSA injected over 

pre-immobilized BSA on the 500 kDa NHC-CM and 6 kDa NHC-CM surfaces. At t = 0 s, buffer 

was flowed over the BSA immobilized sensor surface through a microfluidic system. At t = 40 s, 

a solution of anti-BSA was passed over the pre-immobilized BSA surface. As the 

antibody-antigen complex was formed on the sensor surface, the refractive index of the medium 

near the sensor surface changed accordingly, which can be monitored by the SPR detector. Thus, 

the association rate constant (𝑘𝑎) of the interaction can be determined. At t = 400 s, the antibody 

solution was replaced by buffer, and the antibody-antigen complex was then allowed to 

dissociate, allowing the determination of the dissociation rate constant (𝑘𝑑) for the interaction. 

Due to the substantial half-lives of many complexes in biology, several pulses of regeneration 

solutions are commonly employed to disrupt the complex to regenerate the sensor surface.3,4 The 

binding assays at varying concentrations of analyte gives a robust data set. The binding data was 

then fitted using the 1:1 Langmuir binding model according to the literature.36,37 

    A and B are the anti-BSA and BSA, respectively, and the net rate of complex formation is: 

𝐴 + 𝐵 ⇋ AB                                                                                                                                (4.3) 

𝑑[𝐴𝐵]

𝑑𝑡
= 𝑘𝑎[𝐴]𝑡[𝐵]𝑡 − 𝑘𝑑[𝐴𝐵]𝑡                                                                                                   (4.4) 

    [𝐴]𝑡 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 𝐶.  [𝐵]𝑡 = [𝐵]𝑚𝑎𝑥 − [𝐴𝐵]𝑡 = 𝑅𝑚𝑎𝑥 − 𝑅𝑡 , where the 𝑅𝑚𝑎𝑥  is the 

maximum anti-BSA binding capacity and 𝑅𝑡 is the amount of BSA analyte at time t. During the 

association phase 

𝑑𝑅

𝑑𝑡
= 𝑘𝑎𝐶(𝑅𝑚𝑎𝑥 − 𝑅𝑡  ) − 𝑘𝑑𝑅𝑡                                                                                                  (4.5) 

𝑅𝑡 =
𝑅𝑚𝑎𝑥[𝐴]

𝐾𝐷+[𝐴]
∙ (1 −

1

𝑒(𝑘𝑎[𝐴]+𝑘𝑑)𝑡)                                                                                                   (4.6) 

    During the dissociation phase using the buffer alone ([A] = 0), the analyte dissociates from the 

complex, which follows simple exponential decay kinetics: 

𝑑[𝐴𝐵]

𝑑𝑡
= −𝑘𝑑[𝐴𝐵]𝑡                                                                                                                       (4.7) 
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𝑑𝑅

𝑑𝑡
= −𝑘𝑑𝑅𝑡                                                                                                                                 (4.8) 

𝑅𝑡 = 𝑅0𝑒−𝑘𝑑𝑡                                                                                                                              (4.9) 

    𝑅0 is the binding response at the beginning of the dissociation phase. Then the affinity of the 

interaction can be determined from the ratio of the rate constants (𝐾𝐷 = 𝑘𝑑 𝑘𝑎⁄ ). 

Although the magnitude of the binding response was observed to be greater for the 500 kDa 

NHC-CM chip as compared to the 6 kDa NHC-CM (which possesses a thinner dextran layer), the 

overall character of the binding curves and the corresponding binding parameters (Table 4.5) 

were observed to be similar. 

The kinetic analysis of anti-BSA/BSA interaction on the 500 kDa NHC-CM chip yields a 𝑘𝑎 of 

(8.9 ± 2.0) × 104 M–1s–1 and a 𝑘𝑑  of (1.2 ± 0.2) × 10–4 s–1, affording an equilibrium dissociation 

constant (𝐾𝐷) of (1.4 ± 0.5) × 10–9 M. As for the 6 kDa NHC-CM chip, the corresponding values 

of 𝑘𝑎 , 𝑘𝑑 , and 𝐾𝐷  are (1.1 ± 0.2) × 105 M–1s–1, (1.6 ± 0.3) × 10–4 s–1, and (1.5 ± 0.5) × 10–9 M, 

respectively. The kinetics (𝐾𝐷) obtained from the 500 kDa NHC-CM and 6 kDa NHC-CM chips 

are consistent with one another and lie within the expected 𝐾𝐷  range of commercial thiol-based 

chips reported in the literature, being (1.7 ± 0.2) × 10–9 M and 3.6 × 10–9 M, respectively.36,37 

Additionally, a control experiment was performed using biotin anti-mouse IgG2b antibody as an 

analyte, which contributes negligible signal (Figure 4.13b,c). This demonstrate that the observed 

binding curves were representative of the highly specific binding of anti-BSA to BSA, as well as 

low non-specific levels for both of these surfaces. Together, the data from our comparative study 

implies that the binding constants measured by the NHC-based platform were equivalent to those 

determined by the commercial thiol-based platform. These results further validate the potential 

use of the NHC sensor surfaces for studies of high-affinity antibody-antigen interactions. 

  



 

138 

 

4.4 Conclusions 

    In this study, we have characterized potential biosensor surfaces supported by NHC SAMs as 

an alternative to thiol-supported biosensor surfaces. In addition to SPR performance validation 

tests of NHC-supported dextran surfaces with drug-plasma protein and antibody-antigen 

interactions, we have evaluated non-specific binding resistance, thermal stability, and surface 

homogeneity of NHC-dextran surfaces versus thiol-based biosensor surfaces. In terms of the SPR 

performance, we found the NHC-supported dextran surfaces yielded comparable performance to 

commercial thiol-supported biosensor surfaces when conducting kinetic analysis of two different 

model biomolecular kinetic interaction systems. Standardized SPR instrument tests also showed 

the NHC-dextran surfaces to be homogeneous and sufficiently responsive to enable the 

instrument to meet performance check standards. Our results show that, when properly designed 

and applied, the NHC-based platform has the potential that allows facile tuning of surface 

properties, enabling various ligands to be efficiently immobilized for subsequent biomolecular 

interactions. Assessments of the thermal stability of thiol-supported and NHC-supported 

biosensor surfaces by XPS, wettability, AFM as well as SPR tests for non-specific protein 

adsorption, showed that the NHC-supported surface possesses greater thermal resistance. The 

above performance and stability strengths of the NHC-supported dextran surfaces demonstrate its 

potential as alternative biosensing platform, and its versatility for modification confers promise 

for greater future applications in life science research. 
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Self-Assembled N-Heterocyclic Carbene-Based Carboxymethylated 

Dextran Monolayers on Gold as a Tunable Platform for Designing 

Biosensor Surfaces 

5.1 Introduction 

    While the carboxymethylated dextran layer offers a very versatile platform for the covalent 

immobilization of many ligands to the SPR sensor surface, the amine coupling method described 

in the previous chapter can produce a functional surface with randomly-oriented ligand 

molecules, which may result in a reduced exposure of the effective binding sites.1‒3 Moreover, in 

certain circumstances, some types of biomolecules are difficult to immobilize by covalent 

coupling.1 For example, negatively-charged ligands, such as oligonucleotides, have a high 

tendency to be repulsed by the negatively-charged CM surfaces due to electrostatic repulsion. An 

alternative to the amine coupling method, affinity capture, has been shown to be an effective 

approach, offering a means of forming a specifically-oriented surface through the initial binding 

of a capture molecule which has high affinity and specificity for immobilizing the ligand 

molecule onto the sensor surface.1,3,4  

    In this chapter, I explore the use of alternative methods that offer immobilization of ligands of 

more homogeneous orientation, with a view to improving the activity of the NHC-based SPR 

biosensor. Specifically, I report proof-of-concept studies of three examples of NHC-based 

affinity-capture biosensor surfaces: NHC-streptavidin (NHC-SA), NHC-nitrilotriacetic acid 

(NHC-NTA), and NHC-Protein A. Each of these biosensor surfaces consists of a 50 nm gold 

layer on glass, an NHC-linker, a dextran layer, and the corresponding functional modification. 

Three validation tests of the NHC-SA chip were performed: biotin sensing, protein-aptamer 

recognition, and DNA-protein interaction. The NHC-based dextran matrix pre-immobilized with 
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NTA chip (NHC-NTA chip) was introduced and demonstrated to effectively bind His-tagged 

proteins. Finally, the NHC-Protein A chip was developed by pre-immobilizing protein A on a 

dextran-modified NHC surface, and subsequently tested for antibody binding. The results 

highlight the potential viability of the NHC-linked dextran surface as a robust and versatile 

platform to enable efficient evaluation of a wide range of biomolecular interactions. 

5.2 Experimental Section 

5.2.1 Chemicals and Materials 

    Sodium phosphate monobasic monohydrate, sodium phosphate dibasic, and sodium chloride 

were purchased from CNW Technologies. Potassium chloride was from Sangon Biotech. 

Disodium ethylenediamine tetraacetate, hydrogen peroxide (30 %), and methanol were obtained 

from Fisher. Ammonia hydroxide (30 %) was obtained from J. T. Baker Chemical. Bromoacetic 

acid was purchased from Fluka. Epichlorohydrin was obtained from Aldrich and dry methanol 

was obtained from EMD. Polyethersulfone syringe filters were from Sterlitech. Protein A (from 

staphylococcus aureus), monoclonal anti-BSA (produced in mouse), D-Biotin, nickel(II) sulfate, 

Nα,Nα-Bis(carboxymethyl)-L-lysine hydrate (NTA), dextran 6 kDa and 500 kDa (from 

leuconostoc) were purchased from Sigma-Aldrich. Streptavidin was from Promega and bovine 

serum albumin (BSA) and ethylenediaminetetraacetic acid (EDTA) disodium salt dehydrate were 

from Shanghai Yeasen Biotech. Normal rabbit IgG was obtained from Santa Cruz Biotechnology. 

The Biacore 3000 SPR instrument, CM3 chip, glycine/HCl (pH 1.5), 50 mM NaOH, HBS-EP 

buffer, amine coupling Kit, and SIA kit Au were obtained from GE Healthcare. The aptamers, 

His-tagged and non-tagged proteins, biotinylated DNA fragment and transcription factor HetR 

were received as gifts from Dr. Zhaofeng Luo in the School of Life Sciences at the University of 

Science and Technology of China. PBS buffer (10 mM phosphate, 138 mM NaCl, 2.7 mM KCl, 

pH 7.4) was prepared in MiliQ water. 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC) and N-Hydroxysuccinimide (NHS) solutions were prepared in MiliQ water 
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immediately before use. All solutions used for SPR tests were filtered through 0.22 µm filters and 

degassed before use, and the SPR tests were carried out at 25 ºC. 

5.2.2 Preparation of Non-Commercial Dextran-Modified NHC Surfaces 

    The gold surfaces (SIA kit Au, GE Healthcare) were first cleaned by immersion in a mixture of 

NH4OH: H2O2: H2O (1:1:5) at 80 °C for 10 min, rinsed with Milli-Q water, and dried under a 

stream of nitrogen. Additional plasma cleaning was carried out for 10 min using a Harrick Plasma 

Cleaner/Sterilizer (PDG-32G). The gold surfaces were then immersed in a solution of 10 mM 

5-((11-hydroxyundecyl)oxy)-1,3-diisopropyl-1H-benzo[d]imidazol-3-ium hydrogen carbonate in 

dry methanol for 24 h, and then rinsed with methanol and Milli-Q water. Following this, they 

were reacted with epichlorohydrin (2% v/v) in 0.1 M NaOH for 3 h, and subsequently rinsed with 

Milli-Q water, before transfer to a 300 g/L dextran (either 6 kDa or 500 kDa length strands) 

solution in 0.1 M NaOH for 24 h. The resultant surfaces (denote as 6 kDa NHC-CM and 500 kDa 

NHC-CM surfaces) were washed with Milli-Q water and then immersed in 1.0 M bromoacetic 

acid in 2.0 M NaOH for 24 h. Finally, the surfaces were washed thoroughly with Milli-Q water, 

dried with a stream of argon, and mounted onto a support (SIA kit Au, GE Healthcare). 

5.2.3 Validation of the NHC-SA Surface  

5.2.3.1 Preparation of the NHC-SA Surface 

NHC-based dextran-linked streptavidin (NHC-SA) surface was prepared in a Biacore 3000 

using the amine coupling method in PBS buffer (10 mM phosphate, 138 mM NaCl, 2.7 mM KCl, 

pH 7.4) at a flow rate of 5 µl/min. Initially, the carboxyl groups on the 6 kDa NHC-CM surface 

were converted to active esters by a 10-min exposure to a mixture of 0.2 M EDC and 0.05 M 

NHS. Streptavidin was then immobilized onto the activated surface by a 10-min injection of 

0.1 mg/ml streptavidin in 10 mM sodium acetate (pH 4.7). The immobilization procedure was 

terminated by a 10-min injection of 1 M ethanolamine (pH 8.5) to block remaining NHS-esters. 

This was followed by a 1-min injection of 2 M NaCl at 20 µl/min to remove any unbound 
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streptavidin, resulting in a final streptavidin immobilization level of approximately 2215 response 

units (RU). 

5.2.3.2 Biotin Sensing 

    The same procedure was applied to immobilize streptavidin on commercial CM3 chip to obtain 

streptavidin-modified CM3 surface. The corresponding streptavidin immobilization level was 

2478 RU. 

    To provide a practical validation of the functionality of NHC-SA surface, we have chosen to 

use D-biotin (C10H16N2O3S, M.W. 244.31 Da) to prove the surface is applicable to capture 

biotinylated ligands such as nucleic acids, lipids, and proteins. 1 mM D-biotin was dissolved in 

PBS buffer and filtered and degassed. Then, it was injected over the NHC-SA and CM3-SA 

surfaces for 5 min, followed by a dissociation phase using the buffer alone until baseline was 

stable. 

5.2.3.3 DNA-Protein Interactions on Commercial CM3-SA and Non-Commercial NHC-SA 

Chips 

    Surface preparation and evaluation experiment were performed using HBS-EP buffer (0.01 M 

HEPES, 0.15 M NaCl, 3 mM EDTA, 0.005 % P20, pH 7.4) as the running buffer. Two flow cells 

on each sensor chip were used as active surface and reference surface, respectively. Each active 

surface was prepared by injecting a solution containing 0.2 M EDC and 0.05 M NHS for 10 min 

at 5 µl/min. Streptavidin at 0.1 mg/ml in 10 mM sodium acetate (pH 4.7) was then injected for 

10 min and the surface was blocked by a 10-min injection of 1 M ethanolamine (pH 8.5). The 

reference surface was activated by EDC/NHS and blocked with ethanolamine. Three 2-min 

injections of buffer were used to remove unbound streptavidin and stabilize the surface. The 

resultant immobilization levels of streptavidin for the CM3 and 6 kDa NHC-CM chips were 

approximately 3000 RU and 2000 RU, respectively. 

    Binding tests were performed at a flow rate of 10 µl/min. A 2.5 ng/ml solution of a biotinylated 

DNA fragment (120-bp double-stranded DNA) containing the HetR recognition sequence (from 
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Anabaena sp. Strain PCC 7120)5,6 was injected over the SA and reference surfaces for 5 min on 

both the CM3-SA and NHC-SA surfaces, giving rise to immobilization levels of 690 RU and 

310 RU, respectively. Three 2-min buffer injections were used to equilibrate the chip surfaces. To 

evaluate binding to the DNA fragment surface, His-tagged transcription factor HetR which had 

been overexpressed in Escherichia coli strain Rosetta (DE3)6 was injected over the reference and 

biotinylated DNA surfaces in concentrations ranging from 6 to 100 µg/ml. Injections consisted of 

a 3-min association phase, followed by a 5-min dissociation phase. Regeneration of the CM3-SA 

and NHC-SA surfaces was effected by a 1-min injection of 2 M NaCl. Reference-subtracted data 

was processed following subtraction of buffer injection sensorgrams (double referencing 

method).7 

5.2.3.4 Streptavidin Aptamer Recognition on NHC-SA Chip 

    NHC-SA surface was prepared in a Biacore 3000 using the amine coupling method in PBS 

buffer (10 mM phosphate, 138 mM NaCl, 2.7 mM KCl, pH 7.4) at a flow rate of 5 µl/min. 

Initially, the carboxyl groups on the 6 kDa NHC-CM surface were converted to active esters by a 

10-min exposure to a mixture of 0.2 M EDC and 0.05 M NHS. Streptavidin was then 

immobilized onto the activated surface by a 10-min injection of 0.1 mg/ml streptavidin in 10 mM 

sodium acetate (pH 4.7). The immobilization procedure was terminated by a 10-min injection of 

1 M ethanolamine (pH 8.5) to block remaining NHS-esters. This was followed by a 1-min 

injection of 2 M NaCl at 20 µl/min to remove any unbound streptavidin, resulting in a final 

streptavidin immobilization level of approximately 2020 response units (RU). 

Recognition of streptavidin (SA)-specific aptamer (aptamer 29 (7.7 kDa))8 by the NHC-SA 

chip surface was compared versus binding by a library of random DNA oligonucleotides 

(25 kDa),8 non-SA-specific aptamers (p53R175H-APT-1 (10.8 kDa) and p53R175H-APT-8 

(7.7 kDa)),9 avidin (66 kDa), and BSA (66 kDa), which had been previously diluted into the PBS 

buffer to a final concentration of 50 nM. To equilibrate the NHC-SA chip surface, three buffer 
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injections were initially performed at a flow rate of 10 µl/min. The samples were then injected 

over the NHC-SA surface at a flow rate of 10 µl/min for 3 min, followed by a 2-min dissociation 

phase. The sensor surface was then regenerated by two injections of 10 mM NaOH for 

30 seconds, followed by a 3-min waiting period to monitor baseline stability. 

Table 5.1 The aptamer sequences used in the present study. 

Aptamer Aptamer sequences 

Aptamer 298 AGATACGCTCGTGTTGCTCGATAGC 

p53R175H-APT-19 TAGTGCTTACGAGTGTCCGCAGAGGTCCCGATCTG 

p53R175H-APT-89 AGTCTGGTACACTGAAAGCCGCACC 

 

5.2.4 Validation of the NHC-NTA Chip 

5.2.4.1 Preparation of the NHC-NTA Chip 

    Nα,Nα-Bis(carboxymethyl)-L-lysine hydrate was immobilized to the surface of a 6 kDa 

NHC-CM chip using amine coupling in PBS buffer (10 mM phosphate, 138 mM NaCl, 2.7 mM 

KCl, pH 7.4). The sensor surface was initially activated by two consecutive 10-min injections of 

0.2 M EDC/0.05 M NHS at a flow rate of 5 µl/min, followed by a 30-min injection of 10 mM 

NTA in PBS buffer. The surface was then blocked with a 10-min injection of 1 M ethanolamine 

(pH 8.5). The resultant NTA immobilization level was approximately 140 RU per flow cell. 

5.2.4.2 Validation of NHC-NTA Chip with His-Tagged Proteins 

    To evaluate the ability of the NHC-NTA sensor surface to capture 6×His-tagged proteins, 

solutions of proteins were passed over two NTA surfaces: one activated with 0.5 mM NiSO4 (in 

MiliQ H2O), and a reference where the NTA groups were not exposed to NiSO4. The binding of 

two 6×His-tagged proteins were tested: 25 µg/ml His-tagged HetR6 overexpressed in Escherichia 

coli strain Rosetta (DE3) and 50 µg/ml His-tagged Cu/Zn superoxide dismutase (SOD)10 

expressed in Escherichia coli strain BL21 (DE3). For comparison, a non-tagged Cu/Zn SOD was 
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also tested at 50 µg/ml. Surface activation with nickel was performed using a 2-min injection at a 

flow rate of 10 µl/min. Binding tests for the 6×His-tagged proteins were carried out at a flow rate 

of 10 µl/min. Injections of 6×His-HetR had a duration of 1 min, followed by a 4-min dissociate 

phase, whereas injections of 6×His-tagged Cu/Zn SOD had a 2-min association phase followed 

by a 6-min dissociation. For the non-tagged Cu/Zn SOD protein, injections consisted of a 2-min 

association and 4-min dissociation phases. Regenerations of the sensor surfaces were effected as 

follows: one 1-min injection of 350 mM EDTA for His-tagged HetR protein, and 1-min injection 

of 350 mM EDTA mixed with 200 mM imidazole for His-tagged Cu/Zn SOD and non-tagged 

Cu/Zn SOD proteins. 

5.2.5 Validation of the NHC-Protein A Chip 

5.2.5.1 Preparation of the NHC-Protein A Chip 

    Protein A was immobilized on the 500 kDa NHC-CM surface by amine coupling chemistry in 

HBS-EP buffer (0.01 M HEPES, 0.15 M NaCl, 3 mM EDTA, 0.005 % P20, pH 7.4). The surface 

was first activated with a 1:1 mixture of 0.2 M EDC/0.05 M NHS for 7 min at a flow rate of 

10 µl/min, followed by a 10-min injection of 25 µg/ml protein A in 10 mM sodium acetate 

(pH 4.4). Finally, the surface was blocked with a 7-min injection of 1 M ethanolamine (pH 8.5). 

The reference surface was activated by EDC/NHS and blocked with ethanolamine. The resultant 

immobilization level of protein A was approximately 980 RU. Three 2-min injections of the 

HBS-EP buffer were used to equilibrate the active and reference surfaces immediately prior to 

kinetic tests. 

5.2.5.2 Functional Tests of NHC-Protein A Chip Using Antibody Binding 

5.2.5.2.1 Interaction Test for NHC-Protein A Chip with Normal Rabbit IgG 

    Serial twofold dilutions of normal rabbit IgG (2.5 to 20 µg/ml) were passed over the active and 

reference surfaces at a flow rate of 5 µl/min, with association and dissociation times of 3 min and 
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7 min respectively. The surface was regenerated by a 1-min injection of 10 mM glycine-HCl 

(pH 1.5) to disrupt the interaction between protein A and IgG. 

5.2.5.2.2 Interaction Test for NHC-Protein A Chip with Anti-BSA 

    Serial twofold dilutions of anti-BSA (12 to 100 µg/ml) were injected over the active and 

reference surfaces to assess the binding performance of the NHC-Protein A surface. Injections 

were performed at a flow rate of 5 µl/min with an association phase of 3 min duration followed 

by a 7-min dissociation time. Between binding injections, the surfaces were regenerated with a 

single 30-s pulse of 10 mM glycine-HCl (pH 1.5). 

5.3 Results and Discussion 

5.3.1 Validation of the NHC-Based Dextran-Linked Streptavidin (NHC-SA) Surface  

5.3.1.1 Validation of NHC-SA Surface for Biotin Sensing 

In the previous chapter, I described how a dextran layer functionalized with carboxyl groups 

was constructed on the NHC SAM surface, and how the resulting NHC-CM SPR sensor chip 

compared in both stability and biosensing performance to the commercial CM3 chip. Here, 

streptavidin derivatized surfaces were prepared by the previously described amine coupling 

chemistry onto the commercial CM3 chip and a 6 kDa NHC-CM chip. The resulting chips are 

referred to as CM3-SA and NHC-SA chips. 

The major benefit of this affinity capture method is the formation of a specifically-oriented 

surface. This surface is constructed by an initial binding of a capture molecule (streptavidin was 

used here, which is a tetramer that has four identical binding sites for biotin), followed by affinity 

capturing of the biotinylated ligands.1 Importantly, the capture approach does not require any 

chemical modification (covalent immobilization, such as amine coupling method) of the ligand 

molecules onto the sensor surface.3 Therefore, it can potentially reduce the chances of random 

orientation of the covalently immobilized ligands, along with the feasibility to capture ligands 

that are not amenable to covalent immobilization.1‒4 
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Figure 5.1 Sensorgrams for immobilization of streptavidin (0.1 mg/ml, in 10 mM sodium acetate, 

pH 4.7) on (a) CM3 and (c) 6 kDa NHC-CM chips using amine coupling chemistry. Sensorgrams 

of biotin bound on (b) CM3-SA and (d) NHC-SA chips. 

    Figure 5.1a,c shows the preparation procedure of streptavidin-derivatized surfaces. As shown 

in Figure 5.1a, at t = 0 s, buffer was flowed over the CM3 surface till a stable baseline was 

obtained. At t = 160 s, a mixture of EDC and NHS solution was injected, with the purpose of 

converting the carboxyl groups on the dextran into NHS-esters, which is commonly termed as 

activated surface. This was followed by immobilization of streptavidin onto the activated surface 

by forming amide bonds (1000 s to 1600 s). The immobilization procedure was terminated by an 

injection of ethanolamine to block the remaining NHS-esters (1800 s to 2400 s), which is 

commonly termed as deactivated surface. An injection of NaCl solution was used to remove any 

unbound streptavidin (2720 s to 2780 s), giving rise to a final streptavidin immobilization level of 

2478 response units (RU). An identical procedure was carried out on the 6 kDa NHC-CM surface 

(Figure 5.1c), with a final streptavidin immobilization level of 2215 RU. 
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Figure 5.1 b,d shows biotin sensing test on the resulting streptavidin-modified sensor surfaces. 

Take CM3-SA chip as an example (Figure 5.1b), at t = 0 s, buffer was flowed over the 

streptavidin-modified CM3 surface. Then, an injection of biotin solution (108 s to 408 s) was 

carried out, followed by the formation of streptavidin-biotin complex on the sensor surface during 

the association phase. The binding response during the dissociation phase (409 s to 1000 s) shows 

minimal signal loss, which suggests that the complex was highly stable following the buffer rinse, 

consistent with the very low dissociation rate of the typical streptavidin-biotin system 

(𝑘𝑑~10−15 M).11 Notably, equilibrium plateaus during the association phase were observed on 

both sensor surfaces, along with similar biotin binding signals of 255 RU for the CM3-SA chip 

and 235 RU for the NHC-SA chip, respectively, implying a similar amount of active biotin 

binding sites on both surfaces. These results suggest that the NHC-SA surface shows similarly 

effectiveness for sensing biotin as compared to the commercial thiol-coupled SA surface, making 

it possible to detect biotinylated proteins or other biotinylated species in physiological solutions. 

Next, control experiments were performed to confirm that the observed binding events are due 

to the specific binding of biotin to streptavidin (Figure 5.2). Figure 5.2a shows that addition of a 

biotin solution to an unmodified NHC-dextran surface produced a limited change in response 

(16 RU). By contrast, the streptavidin-functionalized NHC-dextran surface exhibited a significant 

increase in response (235 RU) upon addition of the biotin solution, as seen in Figure 5.2b. 

Finally, Figure 5.2c shows that addition of the biotin solution to a biotin-saturated NHC-SA 

surface again did not show an appreciable response change (13 RU) relative to the fresh NHC-SA 

surface. These controls suggest that there is minimal non-specific binding of the D-biotin binding 

to either bare or streptavidin-modified NHC-dextran surfaces. Thus, the dextran-modified NHC 

surface can provide a robust means for discriminating against false-positive binding response due 

to the non-specific binding. 
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Figure 5.2 Real-time detection of biotin binding. Biotin solution was injected over (a) 

NHC-dextran surface, (b) NHC-SA surface, and (c) biotin saturated NHC-SA surface. 

5.3.1.2 Interaction Test for Biotinylated DNA with Protein Using Commercial CM3 and 

Non-Commercial 6 kDa NHC-CM Chips Derivatized with Streptavidin 

Specific protein-DNA interactions play a key role in gene expression and other biological 

areas.12 The SA sensor surface has routinely been used to study the binding of nucleic 

acid-related interactions, employing nucleic acids derivatized with biotin.13 Here, I compare the 

performance of the SA-modified 6 kDa NHC-CM chip versus the SA-derivatized commercial 

CM3 chip using the interaction between the protein HetR and biotinylated HetR-specific DNA 

(Figure 5.3). 
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Figure 5.3 (a) Schematic illustration of the preparation procedure for NHC-SA chip, followed by 

immobilization of biotinylated HetR-specific DNA to interact with transcription factor HetR 

protein. Sensorgrams showing the immobilization of biotinylated DNA followed by interaction 

with the HetR protein, on either (b) SA-modified commercial CM3 or (c) SA-modified 6 kDa 

NHC-CM chips. Reference-subtracted sensorgrams of the HetR protein injections ranging from 6 

to 100 µg/ml onto surface pre-immobilized with biotinylated DNA on (d) SA-modified 

commercial CM3 or (e) 6 kDa NHC-CM chips. 

Figure 5.3 illustrates the process required to measure the HetR interaction with biotinylated 

double-stranded DNA on an NHC-SA chip. In the first stage, streptavidin is attached to the chip 

surface, using amine coupling as described in the previous section. Next, biotinylated DNA is 
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injected and captured onto the streptavidin surface. Figure 5.3b,c show sensorgrams 

corresponding to this second stage. At t = 0 s, buffer solution flows over the 

streptavidin-modified CM3 or NHC-SA surfaces. At t = 80 s, a solution of biotinylated DNA 

specific to HetR adsorption was injected for 5 min over each sensor surface. The resulting 

increase in RU in the sensorgram confirms the formation of a streptavidin-biotinylated DNA 

complex on each sensor surface.  

In the third stage of the target analyte, HetR, is injected, as shown in Figure 5.3d,e. Solutions 

of differing protein HetR concentrations were delivered to the two pre-immobilized HetR-specific 

DNA surfaces (at t = 35 s). This is followed by the formation of DNA-protein complex on the 

sensor surface, leading to an association phase and thus the corresponding association rate 

constant (𝑘𝑎) can be obtained. At t = 215 s, the protein solution was replaced by the buffer, and 

the complex was allowed to dissociate, yielding a dissociation rate constant ( 𝑘𝑑 ) for the 

interaction, which was followed by a regeneration step (not shown here). 

    Although we observed higher binding levels for biotinylated DNA on the SA-modified CM3 

chip as compared to the NHC-SA surface (Figure 5.3b,c), the binding levels and sensorgram 

shapes for the subsequent binding of the HetR protein were virtually identical for both surfaces 

once the difference in initial DNA binding is corrected for. The binding data was then fitted using 

a 1:1 Langmuir binding model between analyte A (HetR protein) and ligand B (HetR-specific 

DNA), as previously described in Ch. 4.3.4. 

    Kinetic parameters for the HetR/DNA interaction derived from a fit of these data sets 

(Table 5.2) showed a strong similarity between the results which can be obtained using either a 

thiol-based SA-derivatized CM3 surface or the NHC-SA surface. Specifically, the rate constants 

for association (𝑘𝑎) and dissociation (𝑘𝑑) phases of the HetR/DNA interaction on SA-modified 

CM3 chip were calculated to be (9.2 ± 2.8) × 102 M–1s–1 and (3.1 ± 0.4) × 10–4 s–1, respectively, 

yielding an equilibrium dissociation constant (𝐾𝐷) of (3.4 ± 2.1) × 10‒7 M. For the interaction on 
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the NHC-SA chip, the 𝑘𝑎  and 𝑘𝑑  were calculated to be (8.6 ± 1.7) × 102 M–1s–1 and 

(2.6 ± 0.4) × 10–4 s–1, respectively, resulting in a 𝐾𝐷 of (3.0 ± 1.1) × 10–7 M. These values may be 

compared to those previously reported for the pentapeptide RGSGR (PatS5), which prevents the 

binding of HetR to DNA by a specific HetR-PatS5 interaction with a 𝐾𝐷 of 2.27 × 10–7 M.14 

Moreover, HetR is known to have a much higher affinity for binding with hexapeptide ERGSGR 

(PatS6) with a 𝐾𝐷 of 7 × 10–9 M.15 By comparing these data, the 𝐾𝐷  values of the HetR/DNA 

interaction obtained on the SA-modified CM3 and NHC-SA surfaces are consistent with each 

other and in good agreement with the previous studies,14,15 further demonstrating the reliable 

performance of the NHC-SA surface. 

Table 5.2 Kinetic parameters determined for DNA/protein interactions on SA-modified 

commercial CM3 and NHC-SA chips using 1:1 Langmuir binding model. 

Sensor Chip 

Kinetic parameters 

𝑘𝑎 (M–1s–1) 𝑘𝑑 (s–1) 𝐾𝐷 (M) 

SA-modified CM3  (9.2 ± 2.8) × 102 (3.1 ± 0.4) × 10–4 (3.4 ± 2.1) × 10‒7 

NHC-SA (8.6 ± 1.7) × 102 (2.6 ± 0.4) × 10–4 (3.0 ± 1.1) × 10–7 

 

5.3.1.3 Recognition of Streptavidin-Specific Aptamer on NHC-SA Chip 

    Aptamers are oligonucleotide or peptide molecules that can be used as recognition elements to 

bind to specific target molecules, such as proteins, peptides, and small molecules, with high 

affinity and specificity.16‒18 They have shown obvious advantages as compared to antibodies 

because of their size, stability, synthetic nature, and cost. Thus, aptamers can provide alternative 

solutions in biomedical diagnostics, environmental monitoring, and other areas than traditional 

approaches.17,18 

Selective recognition, the ability to specifically distinguish one type of analyte from another, is 

essential for developing the high sensitivity of sensor surfaces in biological applications.18 In this 
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experiment, the dextran-modified NHC sensor surface was first modified with streptavidin using 

amine coupling chemistry and used as a binding receptor for proof-of concept test in aptamer 

screening application (Figure 5.4). Solutions with different samples, running buffer and 

regeneration solution, were alternately delivered to the NHC-SA surface via the microfluidic 

system. 

 

Figure 5.4 (a) Schematic illustration of the preparation procedure for NHC-SA chip followed by 

recognition of SA-specific aptamer. (b) Recognition of SA-specific aptamer on the NHC-SA 

chip. 

    Recognition of the SA-specific aptamer (aptamer 29) by the NHC-SA surface was compared 

versus the binding levels for a library of random DNA oligonucleotides, non-SA-specific 

aptamers (p53R175H-APT-1 and p53R175H-APT-8), avidin, and BSA. Of the analytes tested for 

propensity to bind to the NHC-SA surface, the most significant binding was observed for the 

SA-specific aptamer, and to a lesser extent for the random oligonucleotide library (Table 5.3). 

Since this oligonucleotide library sample contained a mixture of oligonucleotides from which 
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SA-specific aptamers were selected, the approximately 10-fold lower binding response observed 

is reasonable (as compared to pure SA-specific aptamer 29). Furthermore, our level of bound 

SA-specific aptamer (aptamer 29) was proportional to the level observed for an SA-modified 

CM5 chip described in a previous study, when corrected for the analyte injection concentration.8 

These observations suggest the highly specific interaction between the SA-specific aptamer and 

NHC-SA surface. In contrast, the comparatively low binding which we observed for the non-SA 

specific samples supports the use of the NHC surface for screening applications, such as aptamer 

selection.19,20 The above results reveal the robustness and potential of the NHC-SA surface to be 

functionalized with bio-recognition moieties to generate high selectivity to their specific targets. 

Table 5.3 Comparison of binding levels for 50 nM sample injections over an NHC-SA surface. 

Samples Response Units (RU) 

SA-specific aptamer (aptamer 29)8 18.4 

Random oligonucleotides library8 1.3 

Non-SA-specific aptamer (p53R175H-APT-1)9 0.1 

Non-SA-specific aptamer (p53R175H-APT-8)9 0.2 

Avidin 0.3 

BSA 0.2 

 

I also investigated the reproducibility of immobilizing streptavidin onto NHC-dextran surfaces, 

by comparing the corresponding streptavidin immobilization levels. Notably, the binding levels 

of streptavidin on these surfaces exhibit good consistency, being 2215 RU, 2020 RU, and 

2000 RU, respectively, yielding a minimal 5.7 % variation among these NHC-dextran surfaces. 

The chip-to-chip variation might stem from either the small variation of dextran density or 

carboxylation degree during our modification process, which can be reduced in the further 

through optimization of the modification steps, or the minimal difference of the activity of 

EDC/NHS during activation process, or the number of exposed active sites of streptavidin 
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protein. These results strongly support the robustness of our modification method for preparing 

relatively uniform NHC-based dextran platform. Together, the above studies unambiguously 

present an important concept toward the potential application of the NHC-SA sensor surface for 

biological sensing, and thus might lead to powerful tools for basic research and healthcare. 

5.3.2 Validation of the NHC-NTA Chip 

    The histidine (His) tag is a sequence of six or ten histidine residues incorporated into the 

primary sequence of the amino or carboxyl terminus of proteins.21,22 Nitrilotriacetic acid (NTA) 

can chelate divalent metal ions, such as Ni2+, Zn2+, and Cu2+, leaving free coordination sites to 

bind imidazole moieties of his-tag on recombinant proteins.23,24 Thus, his-tagged proteins can be 

effectively immobilized by NTA-Ni complexes, which previously bound to a sensor surface. The 

merit of this metal-chelate capture approach is that it provides a simple and sterically orientated 

ligand binding for optimal site exposure for use in biosensing.1,3 We therefore chose this method 

to further benchmark the biosensing ability of an NHC-based SPR sensor chip. 

    To validate the NHC-NTA chip as an effective immobilization platform for studying 

biomolecular interactions involving His-tagged proteins of interest, we have tested the 

immobilization of two types of His-tagged proteins versus a non-tagged protein on an NHC-NTA 

surface (Figure 5.5). Figure 5.5a illustrates the initial process of producing an NHC-NTA surface 

from a 6 kDa NHC-CM chip via the immobilization of NTA molecules, and the subsequent 

activation of this surface for the binding of His-tagged proteins by NiSO4 exposure. 
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Figure 5.5 (a) Preparation of an NHC-NTA surface from an NHC-supported dextran matrix, 

followed by surface activation through the formation of NTA-Ni complexes. 

Reference-subtracted sensorgrams of protein binding to activated NHC-NTA surface: (b) 

6×His-tagged HetR, (c) 6×His-tagged Cu/Zn SOD, and (d) non-tagged Cu/Zn SOD. 

    To evaluate the ability of the NHC-NTA surface to selectively capture His-tagged proteins, two 

6×His-tagged proteins (HetR and Cu/Zn SOD) and a non-tagged protein (Cu/Zn SOD) were 

exposed to two NTA surfaces: one activated with NiSO4, and a non-activated reference surface. 

The resulting immobilization curves (Figure 5.5b,c,d) show that the 6×His-tagged proteins both 

showed affinity for the Ni2+-activated NTA surface and that their immobilization levels 

approached equilibrium levels within 5 min of the protein injection. The difference in relative 

equilibrium immobilization levels which we observed between His-tagged Cu/Zn SOD and HetR 

can be partly explained by the 2-fold difference in their injection concentrations, but probably 

also reflects a difference in their affinities for the Ni2+-activated NTA surface. Such differences 

have been previously shown to be dependent on the microenvironment of the His-tag within the 
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proteins.1 The affinity constants ( 𝐾𝐷)  for the interaction between His-tagged proteins and 

Ni2+-activated NTA surfaces were estimated to be approximately 1.49 × 10–6 M and 6.05 × 10–9 

M for His-tagged HetR protein and His-tagged Cu/Zn SOD protein, respectively. Such affinities 

are sufficient to allow the subsequent binding assays.1,25 

    In contrast to the two His-tagged proteins, the non-tagged Cu/Zn SOD protein shows almost no 

affinity for the Ni2+-activated surface (Figure 5.5d), demonstrating high selectivity/specificity of 

the NHC-NTA surface for the presence of the 6×His-tag. For both His-tagged proteins, removal 

of ligand-binding to regenerate the NHC-NTA surface was relatively simple: less than 10 % of 

tagged HetR remained after 1 min injection of 350 mM EDTA, and only 1 % of His-tagged 

Cu/Zn SOD remained after 1 min injection of 350 mM EDTA with 200 mM imidazole. 

Regeneration of the NHC-NTA surface by removal of the His-tagged ligand would allow 

multiple uses of the same NTA surface when the regeneration of ligand-analyte complex is 

difficult. Potentially, this NHC-NTA chip offers advantages over the dextran-modified NHC 

chips which commonly employ covalent couple the protein to the surface. Specifically, the 

present NHC-NTA surface would control the orientation of immobilized His-tagged proteins, of 

which the active sites would be accessible to analyte. Moreover, this NHC-NTA surface would 

specifically bind a protein of interest while resisting non-specific adsorption of other proteins. 

Together, the results suggest that the NHC-NTA surface can readily and rapidly capture and 

distinguish the affinities of His-tagged proteins and, thus, has the potential to serve as an efficient 

platform for studying interactions of proteins and other molecules. 

5.3.3 Validation of Non-Commercial NHC-Protein A Chip 

    The affinity-capture approach using a sensor surface immobilized with protein A permits 

controlled, reproducible capture of the antibodies by their Fc-region, producing a uniformly 

oriented antibody surface, which allows their antigen-specific regions to be biologically 

available.26‒29 In this study, we further test the application range of the dextran-modified NHC 
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platform by functionalizing it with a recombinant protein A to produce an NHC-Protein A sensor 

surface (Figure 5.6). 

 

Figure 5.6 (a) Schematic illustration of the preparation procedure of NHC-Protein A surface from 

an NHC-supported dextran matrix for studying antibody-antigen interactions. 

Reference-subtracted sensorgrams for injections of antibodies over an NHC-protein A surface: 

normal rabbit IgG antibody (b,c), or anti-BSA antibody (d,e). 

    Using a series of antibody injections over the protein A modified NHC-supported dextran 

surface, we tested the validity of the surface to act as a capture platform for the formation of a 

stable antibody surface. For each series of antibody binding/regeneration cycles (using either 

normal rabbit IgG or anti-BSA), the response for antibody loading on the NHC-Protein A surface 

approached stable levels within a few minutes following each antibody injection. For 

regeneration of antibody bound to the NHC-Protein A surface, a single injection of regeneration 
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solution was sufficient to remove over 98 % of bound antibody from the NHC-Protein A surface 

for both antibodies over our tested range of concentrations. 

Over the course of each series of antibody injections (Figure 5.6c,e), baseline levels were 

observed to show a cumulative change of less than 2 % of the response levels for antibody 

injections, suggesting that the NHC-Protein A surface is highly stable as a support platform for 

antibody presentation in antibody-antigen studies. The apparent ease of regenerating the antibody 

loading on the NHC-Protein A surface, combined with the stability of the baseline for multiple 

cycles of antibody immobilization would facilitate the renewal of the antibody surface if loss of 

antibody-antigen activity is observed during binding studies. Furthermore, two-state reaction 

model was employed to fit the data. The kinetics (𝐾𝐴) for protein A interacted with normal rabbit 

IgG antibody and anti-BSA antibody were calculated to be (2.6 ± 1.1) × 108 M–1 and (2.1 ± 1.0) × 

106 M–1, respectively. Overall, these results support the strong potential capability of the NHC-

Protein A surface as a feasible platform for achieving specific binding information between 

antibody-antigen. 
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5.4 Conclusions 

In this study, I tested the practicality of a selection of surface modification strategies to validate 

the NHC-supported dextran surface as a functionally versatile biosensing platform for evaluation 

of biomolecular interactions. Each of the surfaces tested (NHC-SA, NHC-NTA, and NHC-Protein 

A) utilized the incorporation of a functional molecule to enable the affinity capture of a ligand 

with high purity and consistent orientation, thus maximizing the potential binding activity of the 

biosensor surface for the analyte of interest. SPR tests of the NHC-SA surface showed low non-

specific binding in the aptamer screening test, and similar performance to a similarly derivatized 

commercial thiol-based chip in a binding kinetics experiment. Tests of the NHC-NTA surface 

showed strong ability to discriminate between His-tagged and non-His-tagged proteins, and ease 

of regeneration with baseline stability. NHC-Protein A chip tests showed good antibody binding 

response with rapid attainment of equilibrium binding levels and baseline stability between 

subsequent binding/regeneration cycles. In addition to the enhanced stability of the NHC SAMs 

demonstrated in previous studies, the present study collectively shows the promise of the 

NHC-CM surface as a practical and versatile biosensor platform. 
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Conclusions and Outlook 

In this thesis, I have introduced a new approach to making SPR-based biosensors, based on the 

chemistry of NHCs. I have shown that SAMs formed from NHC monolayers have many 

advantages over thiol-based SAMs in biosensing – ease of use, versatility and high selectivity. 

Moreover, they are far more stable than thiol SAMs and may thus be employed under a much 

wider range of conditions. 

The work presented in Chapter 3 described an alkylated NHC SAM on gold surface followed 

by comparing the performance with that of a thiol-based commercial HPA chip for use in SPR 

biosensing. The results show that the NHC SAM can provide an efficient platform for the fast 

formation of a stable lipid monolayer. Specifically, it demonstrates obvious advantages over the 

HPA chip in lower non-specific binding ability, better chemical stability, higher reproducibility, 

shorter equilibration time, and longer life span. Moreover, the extraordinary robust performance 

of the NHC chip that results from the high affinity of C-Au bond allows the usage and storage 

over a broader range of conditions while maintaining functionality. The performance of a hybrid 

lipid bilayer formed on the NHC SAM was assessed by investigating the binding between 

melittin and lipid and compared to the HPA and L1 chips. The NHC-supported lipid monolayer 

shows great potential possibilities to be accessible to peptides or membrane proteins (similar to 

the performance of the L1 chip), which appears to relay on the greater spacing between individual 

NHC SAMs. The corresponding binding performance between the melittin and lipid on the NHC 

chip outperformed that of the HPA-supported lipid layer. These findings demonstrate the 

feasibility of employing NHC-based platform for SPR biosensing, and the corresponding 

enhanced properties of the NHC platform would offer exciting potential opportunities to 

overcome the existing challenges of the thiol-based surfaces. 
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In chapter 4, I describe dextran-based biosensor surfaces supported by NHC SAMs as an 

alternative to commercial thiol-supported surfaces. Thermal stability of thiol-supported and 

NHC-supported biosensor surfaces by XPS, wettability, AFM, and non-specific protein 

adsorption showed that the NHC-supported dextran surface possesses greater thermal resistance 

to degradation. Standardized SPR instrument tests showed that the NHC-dextran surfaces to be 

homogeneous and sufficiently responsive to enable the instrument to meet performance check 

standards. Moreover, the NHC-supported dextran surfaces can yield comparable performance to 

the commercial thiol-supported biosensor surfaces when conducting kinetic analysis of two 

different biomolecular systems, being drug-plasma protein and antibody-antigen interactions. 

These performance and stability strengths show that, when properly designed and applied, the 

NHC-based platform has the potential to allow facile tuning of surface properties in a highly 

divergent fashion, enabling various ligand to be efficiently immobilized for subsequent 

biomolecular interactions and conferring promise for greater future applications in life science 

research. 

    In chapter 5, a selection of surface modification strategies were employed to validate the 

tunable NHC-supported dextran surface as a versatile biosensing platform for evaluation of 

biomolecular interactions. These strategies are based on a post-modification approach, which 

allows the incorporation of different functional molecules into dextran-modified NHC surface, to 

capture the ligand with a homogeneous orientation for subsequent interaction with the analyte of 

interest. The results show that the development of these affinity capture surfaces, including the 

NHC-SA, NHC-NTA, and NHC-Protein A, would efficiently enable direct, sensitive, and rapid 

analysis of biological species, further implementing the NHC-based platform for practical 

application in fundamental biology and healthcare areas. 

In future, with further optimization and precise nanofabrication, the overall performance of the 

NHC-based biosensing platform should be markedly improved. Moreover, judicious design and 
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structural optimization of the NHC-linkers for use in biosensor surfaces should lead to even 

boarder applicability with better sensitivity. Most importantly, systematic studies should be 

carried out to investigate whether the ligand steric hindrance and heterogeneity, mass transport, 

and matrix effects can be circumvented to a certain extent by the employment of NHC linkers as 

compared to the thiols. Last but not least, the flexibility of surface design and the potential 

integration with other state-of-the-art techniques, such as optical, thermal optical, piezoelectric, 

acoustic wave, and electrochemical techniques, are worth studying to further validate the 

prospective strategy of employing NHC ligands for various applications. 
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