
 
 

 

ABSTRACT 

 

ISLAM, NAFISA. Surface Plasmon Resonance Studies of the Specific Interactions of 

Hexamer Peptide Ligands with Human Immunoglobulin G. (Under the direction of Ruben G. 

Carbonell and Orlando J. Rojas.)  

 

Antibodies are one of the most widely commercially produced biological macromolecules 

and they are used for different purposes owing to their high specificity. The purification and 

detection of antibodies are primarily based on proteinaceous ligands such as Protein A/G/L 

There are several advantages to realize synthetic small molecule ligands that could be used 

for these purposes by affinity binding to antibodies. Several studies including those from our 

group have been carried out to identify peptides that would bind with the constant fragment 

(Fc) of an antibody. One such peptide is HWRGWV, which has been identified and 

immobilized on various adsorbents for human immunoglobulin G (IgG) purification purposes 

in previous studies.  The peptide has potential to be produced at low costs in bulk, has 

potentially lower antigenic properties compared to Protein A/G/L, is highly robust compared 

to the protein ligands and IgG can be eluted at milder conditions after being bound to the 

peptide-based surfaces. Peptide-based sensors can potentially be used for quality control of 

industrial streams in IgG manufacturing processes. Even though the advantages of peptide-

based applications are recognized, very little information is available on the fundamental 

binding mechanisms of the peptide with IgG. There is also very little information about 

optimum methods of grafting of the peptides to sensor solid supports via simple, reproducible 

steps, which would produce robust surfaces for effective biodetection of IgG.  

 

This study characterizes the IgG binding on peptides grafted onto self-assembled monolayers 

(SAMs) and the binding events are studied primarily using surface plasmon resonance (SPR) 

technology. The dissertation also seeks to determine the optimum surface preparation and 

surface chemistry approaches for grafting the peptide so that the sensor surfaces demonstrate 

enhanced selectivity and sensitivity in both laboratory and industrial settings. Peptide 

covalent grafting was performed on pure and mixed SAMs, the surfaces were characterized 



and the peptide densities were quantified. Theoretical models were developed and 

implemented to describe the binding mechanism of IgG with grafted ligands.  

 

Protein A was grafted onto SPR sensors and subsequent IgG binding characteristics were 

compared side-by-side to those of peptide-IgG binding. It was found that Protein A-based 

sensors showed much higher selectivities and higher binding capacities than their peptides 

based counterparts. Oligo(ethylene glycol) alkanethiol-based pure and mixed SAMs were 

grafted with peptides in order to determine the optimal surface among these, for enhanced 

selectivity. Among the mixed SAMs formed from different precursor solutions, a surface 

with peptides grafted onto mixed SAMs formulated from 10% amine-terminated/90% 

hydroxyl-terminated alkanethiols showed optimum selectivity. Studies were carried out to 

increase the peptide density via grafting of branched amines onto surfaces. The branched 

amine-based peptide surfaces displayed improved sensitivities and similar selectivities to the 

surfaces based on un-branched amine termini. Kinetic analyses were carried out to determine 

the characteristics of IgG binding to ligands grafted in the abovementioned methods.  

 

Kinetic analysis of binding indicated that Protein A-IgG interactions have concentration-

dependent affinity properties that could be attributed to the allosteric effects of the 

interaction. The lack of tertiary structure of the peptide contributed to a constant rate 

adsorption constant, ka, at all concentrations of IgG, regardless of flow rates, when peptides 

were grafted onto pure or mixed SAMs. However the adsorption rate constant, ka showed 

partial diffusion-controlled behavior when peptides were grafted onto branched amines on 

SAMs. This was attributed to the three dimensional matrix of branched amines introducing 

mass transport limitations when IgG binds to the peptides grafted onto the branched amines. 

It was also found that theoretical models must incorporate parameters to account for 

multiple-site binding of IgG on the branched amine-based surfaces.  

 

The performances of the biosensing surfaces with peptides grafted onto pure SAMs, onto 

mixed SAMs and onto branched amines were analyzed in presence of complex mixtures and 

for their regeneration potentials.  



Complex mixture IgG binding gave the best results for branched amine-based peptide 

surfaces for a wide range of IgG concentrations. Regeneration behavior was optimum for the 

branched amine-based surfaces and peptide activity showed negligible decline after eight 

cycles of IgG binding and regeneration. Thus, among the peptide-based surfaces studied, the 

peptides grafted on branched amines were optimal with regards to peptide density, efficiency 

of amine terminus usage, sensitivity and regeneration potential. The theoretical models 

developed in this work helped to understand the binding mechanism of IgG to the peptide on 

various supports. The potential for commercial deployment of peptide-based IgG biosensors 

has been demonstrated in this research work.   
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symbols correspond to binding of proteins on Ac-HWRGWV grafted 

onto branched amines formed from 25% TREN; the blue lines and 

symbols represent binding of proteins to surfaces which were acetylated 

after Ac- HWRGWVG peptide was grafted onto 100% TREN surfaces ........................  
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CHAPTER 1   

 

INTRODUCTION AND LITERATURE SURVEY 

 

1.1 Introduction 

 

Development of improved biomaterials as platforms for evaluating interaction of 

biomolecules is an important ongoing field of research. Among the many applications, the 

incorporation of biomaterials for biosensor development is one of the most important. 

Commercially relevant biosensor systems are those involved in diagnostics
1
 and in 

biopharmaceutical quality assurance.
2
 Understanding natural biological systems, and 

mimicking or reproducing the interactions between proteins and naturally occurring affinity 

biomolecules can be a vital step in the development of biomedical devices which rely on the 

principles of bio-recognition.  

 

Unfortunately most of the complex molecules occurring in nature are difficult to purify from 

natural sources and almost impossible to synthesize within economic constraints. The 

development of short, peptide-based biomolecules capable of highly specific recognition is 

one of the goals of biotechnological research today. Synthetic peptides can be designed for 

recognition and binding to a wide selection of biomolecules like proteins, enzymes, 

inhibitors, inorganic small molecules, organic small molecules, drugs and ions. The 

interfaces where they are used can also be varied, and they could be used as ligands for 

affinity purification systems or receptors for biosensors. While there is tremendous potential 

for synthetic peptides as receptors for biosensors, there are still problems and challenges 

facing this technology. This work takes a look at the concept of using peptides as biosensor 

ligands, with particular attention to human Immunoglobulin G (IgG) as a potential target 

analyte in both laboratory and industrial settings.  Surface plasmon resonance (SPR) is an 

efficient tool in the characterization and the optimization of the interactions of IgG with 

hexamer peptides grafted onto sensor surfaces. 



 

 

2 
 

 

 

1.2 Peptides – their potential as affinity biomolecules  

 

Progress in molecular modeling, genetic engineering and combinatorial methodologies has 

made possible the design and development of engineered affinity ligands with desired and 

improved properties.
3
 Naturally occurring peptides are parts of many biochemical processes 

such as signal transduction (e.g. neuropeptides), metabolism (e.g. hormones), and immune 

defense (e.g. MHC receptors). Also, the biologically active regions of many enzymes, 

antibodies and other biorecognition molecules are usually polypeptides constituting a small 

portion of the biomolecule. In addition to using naturally occurring peptides and polypeptides 

which mimic the binding sites of large biomolecules, current methods can be used to design 

peptides which reproduce the affinity interactions of the large biomolecules to their targets.
4
 

Synthetic peptides are being designed and applied into a range of biotechnologies including 

drug discovery and diagnostic applications. They offer several advantages over their natural 

counterparts. Peptides are usually less susceptible to the problems of instability in high or 

low pH and high temperature. They can be produced in bulk at lower costs of production 

compared to enzymes and antibodies and show excellent bio-recognition for certain small 

pollutants and toxins. A range of methods have been used to design and develop peptides 

which include combinatorial chemistry, phage display technology, rational design approach 

using computational methods and molecular imprinting. Developing synthetic peptides for 

sensor applications or affinity applications is more attractive due to the use of standard 

instrumentations for synthesis, the speed of production, reproducibility of the molecules, 

relative ease of modeling the peptides and potentially lower costs when mass producing the 

synthetic short peptide molecules.
5
   

 

1.2.1 Peptides for affinity interaction for target analytes : Antibodies  

 

Antibodies immobilized on various supports have been widely used for different purposes 

due to their high specificity.
6
 Monoclonal and polyclonal antibodies are the highest 

consumed protein biotherapeutic molecules, making the antibody production industry one of 
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the highest grossing biologic industries.
7, 8

 In immunoaffinity chromatography, antibodies or 

antibody-related reagents are immobilized on various adsorbents to separate proteins from 

dilute mixtures under mild conditions
9, 10

 . Immunoassays and immunosensors, i.e. assays 

and biosensors in which antibody-antigen interactions form the basis of biorecognition, 

represent another widely used application.
11-14

 

 

The purification
15, 16

, detection
17-25

 and immobilization
26-30

  of antibodies and Fab fragments  

is primarily based on proteinaceous ligands such as Protein A, Protein G and Protein L. 

There are several disadvantages of using these proteins as affinity ligands which include the 

proteins’ high cost and low stability. Potential bacterial contaminants and antigenicity of 

these proteins can occur if they have been derived from bacteria.
31

 Immunological responses 

which could occur from injection of antibodies contaminated with Protein A/G/L and other 

macromolecules,
32-36

  and loss of antibody activity associated with harsh elution and wash 

conditions are additional reasons for realizing less expensive, non immunogenic, and more 

robust synthetic small molecule ligands.
36-38

 

 

Several studies have been carried out to discover peptides that would bind with the constant 

(Fc) portion of antibodies with milder affinity to enable development of more cost effective 

purification and detection of antibodies.
39-43

 Fassina  and co workers
44-47

 screened a 

multimeric combinatorial peptide library to isolate a tetrametric tripeptide with the formula 

(Arg-Thr-Tyr-)4-Lys-Lys-Lys-Gly also known as TG19318 ligand. This peptidyl ligand 

showed a binding dissociation constant of 0.3 μM with IgG, and also displayed a broader 

specificity compared to Protein A and efficiently purified IgG from various sources (human, 

cow, horse, pig mouse, rat, rabbit, goat, sheep and chicken). Recently, Lund et al. were able 

to identify peptide ligands D2AAG and DAAG which bound the Fc fragment of IgG with a 

dissociation constant of 10 μM and binding capacities comparable to or higher than Protein A 

ligands.
48

 Our group has developed three hexapeptides HWRGWV, (Figure 1.1), HYFKFD, 

and HFRRHL which show affinity binding constants of 1-10 μM. 
37, 49, 50
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Figure 1.1: Structure of Fc-binding affinity peptide, HWRGWV 

 

The hexamer peptide ligand, HWRGWV, identified from a one-bead-one-peptide 

combinatorial library, was synthesized on chromatography resins and found to exhibit high 

affinity and specificity to the Fc fragment of human IgG.
37, 51

 A chromatography resin with 

HWRGWV was able to purify human IgG from complete minimum essential medium 

(cMEM) with purities and yields as high as 95%, and in other work from our group, 

HWRGWV based resins have been used to purify monoclonal antibodies from two different 

commercial cell culture media with purities and recoveries higher than 85% and 94%, 

respectively, matching very well, results found with Protein A or Protein G as affinity 

ligand.
37, 49, 52, 53

 Purification of human IgG using HWRGWV, from other complex mixtures 

such as Cohn Fraction II + III of human plasma and bovine skim milk and whey has also 

been demonstrated.
54

 These ligands have the potential to be used in purifying human IgA and 

human IgM from many different complex media
55-57

 and  it has been shown by our group that 

unlike Protein A, HWRGWV ligand binds human IgG3 as well as bovine and goat IgGs.
37

 

The adsorbents bearing the peptide ligand are eluted in milder conditions than those of 

Protein A and up to 100 cycles of regeneration of the resins have been demonstrated. 
58

 In 

earlier work, our group has successfully demonstrated that the peptide HWRGWV may be 

grafted onto a random copolymer layer rich in primary amines, and has achieved success in 

binding IgG from buffer solutions using SPR and QCM. This work involved elaborate steps 

for sensor fabrication but it was possible to demonstrate surface regeneration for multiple 

uses. The success of IgG binding on the peptide layers on resins and polymers has 



 

 

5 
 

 

 

demonstrated that there is a potential for construction and application of a variety of peptide-

based matrices for IgG separation and detection.
59

 

 

1.3 Biosensor principles  

 

Biosensors are analytical devices, incorporating a biological or biomimetic sensing element 

closely connected to or integrated within a transducer system. Biosensors can be categorized 

based on their transduction mechanisms as electrochemical, optical, electronic, gravimetric, 

pyroelectric and piezoelectric; or based on their biochemical receptor molecules broadly 

classified into affinity biosensors like immunosensors, aptamer based biosensors (DNA, 

RNA or  peptide based biosensors), enzyme-based sensors, catalytic sensors etc.  

 

The principle behind detection is the specific binding of an analyte of interest to the 

complementary biorecognition element or ligand, immobilized via a suitable support medium 

such as an attachment linker onto a transducer surface. This specific interaction results in a 

change in one or more physicochemical properties to produce an electronic signal which is 

measurable due to the change in properties in or near the transducer system and is depicted in 

Figure 1.2. For instance, piezoelectric transducers display changes in the oscillation 

frequency of the crystal due to change in mass adsorbed on the crystal; optical transducers 

detect changes in properties such as absorbance, fluorescence, chemiluminescence, 

reflectance, light scattering or refractive index etc.
60
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Figure 1.2:  Schematic diagram describing the most important components which make up a biosensor 

 

1.3.1 Optical biosensors - Surface plasmon resonance 

 

Optical biosensors are based on the measurement of the absorption or emission of light by 

the biomolecules. Surface plasmon resonance (SPR) is a label-free technique which has 

shown great potential in process monitoring in diverse fields such as pathogen detection,
61, 62

 

toxin detection,
63

 pharmaceutical production,
64

 medical diagnostics,
65, 66

 drug discovery,
67

 

environmental monitoring,
68

 food analysis,
63, 69

 molecular engineering,
70

 cell biology,
71

 

virology,
72

 bacteriology,
73

 and homeland security.
74, 75

 SPR biosensor devices are capable of 

high sensitivity, high specificity, rapid response time and offer the possibility of use in vivo.
76

  

The monitoring of surface reactions to determine affinity and kinetic analysis of 

biomolecular interactions,
77-79

 for instance, the determination of the equilibrium constant, Kd, 

and adsorption- and desorption- rate constants, ka and kd,, are easily accomplished from  the 

SPR data and details of such studies are discussed in the reviews by Karlsson
80

 and Rich.
79
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The principle of SPR is illustrated in Figure 1.3.  The first observation of surface plasmons 

was made in 1902 by Wood.
81

 Surface plasmons are charge-density oscillations that may 

exist at the interface of two media with dielectric constants of opposite signs, for instance, a 

metal and a dielectric. As shown in Figure 1.3(a) a monochromatic, p-polarized light 

traveling through an optically dense medium (glass) reaches an interface between this 

medium and an optical medium with lower density (air, or liquid such as buffer) and then 

reflects back into the denser medium.  

 

 

 

 

 

Figure 1.3: (a) Resonance of a surface plasmon at the metal/air interface -  the incident angle is such that 

the evanescent component of its wave vector (Kev) is equal to the wave vector of the surface plasmon (Ksp ) 
82, 83

 (b)  Principle of SPR ( Adapted from 
84

)  
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Under conditions of total internal reflection, most of the light will be reflected back into the 

higher-density medium but there is still a small portion of light, the evanescent wave, which 

penetrates the interface into the less-dense medium a distance of approximately one 

wavelength.
82, 83

 The evanescent wave vector can be expressed in the form,
83

 

 

Kev =  
 o

 
 ηg sin θ            (1.1) 

where, wo is the frequency of incident light, c is the speed of light in a vacuum,  ηg is the 

refractive index of the dense medium, and θ  is the angle of incident light. The wave vector 

corresponding to the surface plasmon is expressed by the formula,
83

 

 

Ksp = 
 o

c
  

  ηs
 

   ηs
        (1.2) 

where, ηs is the refractive index of the dielectric medium on the top of the sensor surface, and 

 m is the dielectric constant of the metal film.  

 

When the incidence angle of the light is chosen in such a way that the magnitude of the 

evanescent wave is equal to that of the surface plasmon wave vector, the surface plasmon is 

resonantly excited.  The wave vector and energy match enables a resonant absorption of 

energy via the light-evanescent wave field, a plasmon excitation (SPR) causing a 

characteristic drop in the reflected light intensity.  Since Kev is a function of the refractive 

index of the dielectric medium ηs, when a change occurs at the transducer surface, resulting 

in a change in ηs, the angle at which the minimum in reflectivity occurs undergoes a shift. 

This angle shift is plotted against time and displayed as a sensorgram (Figure 1.3(b)) in most 

typical SPR measurements. The SPR angle change is reported either in degree or resonance 

unit (RU). The angle change can be calibrated to yield the change in refractive index using 

the principles described by Jung et al., 
85

 which in turn can be used to measure the film 

thickness that occurs at the gold sensor surface due to adsorption or desorption of 

biomolecules. Like other biosensors, SPR sensors consist of a biorecognition element and an 

SPR transducer. The main performance characteristics of SPR biosensors include sensitivity, 
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linearity, resolution, accuracy and limit of detection. An SPR biosensor also incorporates a 

fluidic system that usually consists of a flow cell or cuvette. 
83

  

 

Challenges remain in the area of development of effective biosensor applications. Many 

researchers suggest that the range of SPR sensing applications can be hampered by 

ineffective surface functionalization. Without use of bioresistant species the chances of non- 

specific binding (NSB) are typically high, and researches have suggested the incorporation of 

PEG or use of DNA or peptide molecules as parts of the biorecognition layers to lessen the 

effects of NSB.
86

 The major challenges for biosensors also include increasing low 

sensitivities and levels of detection (LOD) in the fields of diagnostics and contamination 

detection. These problems can be addressed by optimizing the immobilization of bio-

recognition ligands onto the biosensor surface and also through enhanced design of the 

ligands themselves.
87

 Most of the literature cited describe the performances in buffers or 

simulated conditions in the laboratory which cannot be directly transposed to clinical or 

industrial real biological samples.
87

 As a result, additional research in the development of 

enhanced biosensing surfaces must demonstrate effective binding from buffers as wells as 

other from other complex mixtures.  

 

1.4 Peptides as biorecognition elements in biosensor technology 

 

Peptides represent an excellent opportunity for the design of synthetic receptors because of 

(1) the number of different molecules that can be obtained by combining the 21 natural 

amino acids, (2) the availability of both molecular biology and chemical techniques for the 

fast screening of peptide libraries, (3) the possibility of automated synthesis, and the low cost 

(in comparison, e.g., with monoclonal antibody technologies) for the preparation of relatively 

large amounts of highly purified peptides, (4) the ease of modification to further enhance 

binding, and (5) relatively easy modeling.
5, 88, 89
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Very broadly, two major approaches are undertaken for identifying/designing peptides as 

bioreceptors – combinatorial screening techniques and rational or de novo design strategies. 

In the first approach which can be termed as structure-free peptide design biological display 

libraries (e.g. phage, mRNA, yeast∼10
8
 peptides) or combinatorial synthesis techniques (e.g. 

one-bead one-compound synthesis), combinatorial peptide libraries are used to arrive at a 

sequence which can recognize the target. However the lead peptide candidates need to be 

sequenced for identification and further evaluated to determine the specific binding site on 

the target. Rational or de novo design strategies are focused on structure-based peptide design 

where a fairly good knowledge or hypothesis of the binding site structure is known. In this 

approach, peptide fragments which are derived from the crystallographic interface of a 

protein–protein interaction can be the major source for rational design, or, structural 

information of a target can computationally be used to construct or dock peptides along a 

chosen path on the target surface. In yet another rational design strategy, the structure of the 

molecule of interest (analyte target) is used as a template and is surrounded by amino acid 

monomers and then polymerized, after which when the template is removed (washed away) 

the binding sites (imprints) are left behind, and the MIPS (Molecularly Imprinted Polymers) 

thus formed are complementary to the target molecule. MIPS relies upon the presence of 

complementary interactions (non-covalent or reversible covalent) between sites on the 

analyte structure and the functional monomers used as the building blocks in the 

polymerization process.
90, 91

 Computational modeling and structure based peptide design are 

techniques with a lot of overlap and these are promising new techniques for development and 

screening of peptide sequence libraries around a known target. Computationally-derived 

peptides must be subsequently synthesized and their binding characteristics determined by 

grafting and using characterizing techniques like SPR
92

.  

 

Among these techniques, phage display and combinatorial peptide libraries represent two of 

the most widely used techniques in the development and design of the peptides as 

biorecognition elements. Although phage display has been widely used to indentify peptides 
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with biorecognition properties,
93, 94

 the application of the free (non phage-bound) peptides in 

the development of biosensors is less frequently reported.
95

  

 

The one-bead-one-compound (OBOC) combinatorial peptide libraries are complex enough to 

offer unique binding sites that can be screened for peptide receptors with improved 

selectivity for a specific target protein.
96-99

 The popularity of using OBOC libraries is due to 

the fact that they are readily accessible and a large number of beads/compounds can be 

screened simultaneously against an analyte of interest. Peptide ligands for IgG binding, 

particularly via the Fc fragment, have already been mentioned in a previous section. A few 

authors have immobilized these Fc binding peptide based ligands onto sensor surfaces.
100-102

 

Mersich et al.
101

 immobilized Fc binding peptides to carboxymethyl SPR chip and the 

authors obtained a Kd of  .6 μM for their ligand. We have immobilized acetylated HWRGWV 

peptide, onto random copolymer matrices, and selective binding of IgG is shown on these 

surfaces via SPR and QCM studies, and the studies yielded Kd’s in the range of 1-  μM.
103, 104

 

 

1.5 Challenges of using peptides as affinity molecules for biosensing applications 

 

The design of peptide ligands has been reported previously by authors for affinity binding 

with  functional proteins,
105

 enzymes,
106

 toxins,
107-109

 small organic molecules,
110, 111

 small 

inorganic molecules
112

 and ions.
113, 114

 In spite of this, practical applications of peptides as 

biosensor receptor molecules are not beyond its challenges. The use of synthesized free (non 

bound) peptides as receptor molecules is still an emerging field and very limited information 

is available in the literature regarding the practical deployment of peptides in sensors and 

diagnostic applications.
5, 95

 With further growing interest and successes in design of effective 

peptides, this situation is expected to change.  

 

Another point to be considered is that the sensitivity and selectivity levels of peptides are in 

competition with antibodies for effective deployment in the practical diagnostic field and 

industrial settings.  An effective ligand must have high affinity and avidity for the target 
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analyte in order for the sensor to detect the analyte in a complex sample
115, 116

. In most cases, 

especially for the affinity interactions with larger biomolecules, the designed peptides do not 

show the sensitivity and selectivity of their natural counterparts and this disadvantage can be 

overcome by more efficient design of the peptides themselves, or better design of grafting 

linker layer of peptides. For enhanced biosensing, peptide designs could be easily modified 

with appropriate protecting groups, addition, deletion or substitution of residues for 

enhancement of interactions with large biomolecules.  

 

1.6 Grafting of biomolecules on biosensor surfaces  

 

The biorecognition element of a biosensor has to be grafted onto the inorganic sensing 

surface using surface chemistry which ensures adequate number of ligands on the surface, 

while decreasing the tendencies of non-specific binding to the surface.
83

 Additionally, the 

biorecognition elements are to be grafted onto the surface so as to have minimum adverse 

effect on its recognition properties, and also ensuring that the active sites on the ligand are 

not blocked or sterically hindered by the process.  Unlike proteins, typically peptides do not 

possess well-defined three-dimensional structures; however immobilization of peptides on 

biosensor surfaces with a correct orientation is still imperative in order for the peptides to 

interact effectively with their targeting proteins.
117

 

 

The most important properties of biosensor are specificity and sensitivity towards the target 

analyte(s). The specificity of a biosensor is governed by the intrinsic properties of the 

biorecognition element. The sensitivity of the device however is dependent on both the 

biological component and the transducer and highly sensitive devices require highly efficient 

coupling between the biological and transducer components. A variety of fabrication 

strategies have been introduced over the years for immobilization of bioreceptor ligands onto 

the transducer surface.  
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For immobilization of peptides, passive or physical adsorption can be carried out. This 

method of grafting involves weak, non-specific intermolecular interactions such as hydrogen 

bonding, hydrophobic interactions, van der Waals forces and weak valence interactions 

between the peptides and the surface.
118

 Surfaces can be simply coated with biomimetic 

peptides or they can be coated with another material possessing active functional groups (e.g. 

poly(L-lysine), PLL) for subsequent peptide reaction; in yet another approach, surfaces have 

been coated with peptides which were conjugated with PLL or poly (L-lysine)-g-

poly(ethylene glycol) (PLL-g–PEG) molecules.
119-121

 Disadvantages of these approaches 

include the fact that the coated peptides are usually easily washed off or desorbed;  also the 

peptide density, conformation and orientation are typically uncontrolled, making covalent 

grafting a more attractive approach for stable biomimetic materials which can withstand 

long-term biological conditions and bioactivity 
122

.  

 

Many authors have demonstrated direct attachment of peptides on gold surfaces using the 

principle of self assembly.  The presence of a S-H (thiol) or S-S (disulfide) in amphiphilic 

molecules can cause the molecules to self assemble on gold.  Peptides with N-terminus 

cysteine residue,
123-126

 other cysteine residue in the peptide,
127

 lipoyl helical peptides
128, 129

 

can self assemble on gold. Peptides can be readily modified so that various molecules can be 

attached to the  to direct their asse bly into particular desired structures i.e for  ‘peptide 

conjugates’.
130

 For instance, short peptides can be derivatized to incorporate alkanethiols
102, 

131, 132
 for the formation of peptidometric SAMs on gold. Self-assembled peptides are not as 

stable as covalently bound peptides via linkers on surfaces, but they are more resistant to 

being washed off compared to physically adsorbed peptides.  

 

Covalent coupling generally utilizes a chemical linker layer between the sensor base and the 

biological component. Covalent attachment provides effective immobilization on the surface 

while preserving the activity of the ligand and properties of the sensor for prolonged periods 

of time. Compared to physical attachment, covalent attachment offers advantages of high 

reproducibility and stability of the biological layer, options to control the density and 
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environment of the bioreceptor molecule and helps generate more uniform on the transducer 

surface. Covalent methods of peptide attachment fall into two major categories – 

immobilization of presynthesized peptides or their derivatives and in situ synthesis of 

peptides directly on the surface, for example by native ligation
130

. We will focus on the first 

method of immobilization i.e. covalent grafting of pre-synthesized peptides.  

 

For surfaces that are not reactive towards peptides, the surfaces can be functionalized with 

different spacers bearing reactive groups, peptides can be modified using functionalized 

polymer resins like poly(ethylene glycol) (PEG)
133

, other ‘brushes’ that bear reactive 

groups,
134, 135

 or a combination of surface modification and peptide modification can be 

carried out to prepare the optimum biomimetic yet bioresistant surface. Widely used covalent 

chemistry for immobilization of many biomolecules, including peptides include use of (a) 

hydrogels such as dextran, polyacrylamide and agarose, (b) streptavidin-biotin 

immobilization strategies and, (c) self-assembled monolayers. Among these techniques self-

assembled monolayers (SAMs) are a widely used technique to coat the surface to reduce non-

specific binding and to attach ligands
136-140

.   

 

1.6.1 Linker layers between transducer surface and bioreceptor molecule : Self- 

assembled monolayers (SAM) 

 

Self-assembled monolayers are layers of molecular thicknesses formed by organization of 

molecules in an ordered manner by chemisorption on a solid surface due to the presence of 

three significant parts of a self assembling molecule: a surface-active head group that binds 

strongly to the surface, a hydrophobic portion giving stability to the assembly by van der 

Waals interactions and an ω-functionality that can be reactive and important for coupling of 

biomolecules onto the monolayer (Figure 1.4). SAMs provide a convenient and flexible route 

to generate ultrathin and ordered monomolecular layers. On gold surfaces, among the many 

immobilization processes available, gold-alkanethiol systems have been the most widely 

used and characterized 
138, 141-143

. Alkanethiol SAMs on gold have been reviewed by many 

authors summarizing techniques of preparation,
144, 145

 charactertization
146

 and applications,
147
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with a number of reviews focusing on use of alkanethiol based SAMs on gold surfaces for 

applications in biosensors.
138, 148

 

 

The formation of  SAMs on the gold surface is achieved by immersing it in a thiol solution or 

by the flow of the thiol solution over the gold for several hours (~12-24 h)
138

.  Peptide 

grafting onto SAMs of alkanethiolates is one of the easiest and most effective methods due to 

the ease of functionalization of the SAM termini with different reactive groups. 
149, 150

  The 

length of the SAM spacer can be varied from one to several carbon atoms, depending on the 

significance of spacer length effect on peptide activity. An important advantage of the SAM 

method of immobilization of immunoreagents on the SPR sensor is the prevention of non-

specific adsorption. This ability of SAMs to prevent non-specific adsorption can be enhanced 

by forming mixed SAMs, 
151,143

 as will be described in a subsequent section.  

 

 

 

Figure 1.4: Schematic diagram of ideal SAM of alkanethiolates supported on gold surface. Adapted from 

Love et al. 
138
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The use of oligo- or poly(ethylene glycol) (OEG or PEG) tethered chains is an important area 

in SAM based immunoassays. The presence of OEG units or a PEG chain allows significant 

reduction in the non-specific adsorption, because of their high hydrophilicity and increased 

chain flexibility that induces an effective exclusion volume effect.
152, 153

 The protein 

resistance is hypothesized to be because of the presence of a layer of tightly bound water 

molecules around OEG units. Along with bioresistant and biocompatibity, it has been 

observed that covalently linked OEG units and PEG based polymer brushes remain stable 

after many hundreds of regeneration cycles even under harsh conditions. 
154

 When compared 

with another widely used biopolymer for sensor surfaces, carboxymethylated dextrans, the 

PEG or PEG coatings show lower loading capacity but show much better results in inhibiting 

non-specific binding of proteins.
152, 155-157

.  

 

1.6.2 Techniques to control peptide densities : Mixed self-assembled monolayers  

 

Mixed self-assembled monolayers, depicted in Figure 1.5, typically formed by coadsorption 

from two different components, provide an excellent route to engineer surfaces at the 

molecular level. Mixed SAMs can be synthesized by (a) coadsorption of solutions from a 

 ixture of thiols (RSH   R’SH), (b) adsorption of asy  etric disulfides (RSSR’), or (c) 

adsorption of asym etric dialkylsulfides (RSR’). A gradient of surface properties can be 

obtained by taking advantage of the varying functionalities present (nonpolar, polar, 

biologically resistant, biologically active etc) in each component of the mixed SAM.  

Varying the chain lengths of the different components can introduce a higher versatility. 

Longer components can carry the functional group for biomolecule binding, and the shorter 

component can stabilize the monolayer. Incorporating hydrophilic end groups such as 

hydroxyl or oligo(ethylene glycol) in the shorter chain can limit non-specific binding. By 

controlling the density of the components of the mixed SAMs, full control over the number 

of functional groups, steric hindrance and non-specific adsorption can be obtained and 

contribute to the building of better biosensors
158

.  
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Figure 1.5: Schematic diagram of mixed thiol monolayers on gold (Adapted from Love et al.
138

 ) 

 

 

The mole fraction of a specific adsorbate in the SAM reflects, but is not the same as, the 

mole fraction of the adsorbate in solution through all ranges of concentration. Experimental 

conditions can bias the relative ratio of the molecular components constituting the  formed 

SAM
138

, for example, the choice of solvent
159

 or using mixtures of n-alkanethiols with 

different chain lengths
160

.  The characterization of mixed SAMs is described in a subsequent 

section of this work.  

 

Mixed monolayers of alkanethiolates on gold have been studied in great detail because of 

their stability, well-ordered structure, ease of preparation and flexibility of designing the tail 

group. These mixed SAMs generally consist of one thiolate with a functional headgroup (like 

an amine or carboxylic group) at a low  ole fraction and of another ‘diluting’ thiolate at a 

high mole fraction (with an unreactive headgroup). The second thiol reduces the surface 

concentration of functional groups and thus minimizes steric hindrance, partial denaturation 

of binding proteins and non-specific interactions at subsequent steps.
141, 161
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Authors have done extensive work on mixed SAMs to covalently attach functional peptides 

onto mixed SAMs of alkanethiols on gold.
162, 163

 Whitesides et al. used mixed SAMs of 

alkanethiols (thiol 1: hexa(ethylene glycol) carboxylic acid terminated and thiol 2: 

tri(ethylene glycol)-terminated), on gold, to attach cell adhesion peptides (RGD based 

peptides) onto well-defined, ordered surfaces via peptide chemistries onto the –COOH 

anchoring groups within non-fouling background (ethylene glycol units). They were able to 

engineer the properties of the surfaces by controlling ligand densities via mixed SAMs, and 

were able to demonstrate the effect of peptide ligand densities on peptide activity.    

 

Mrksich and coworkers have worked with pure and mixed SAMs and covalently 

immobilized peptides onto the functional groups and also elucidated methods of 

characterization of these modified surfaces for various applications.
164-167

 A few other groups 

have also worked to covalently attach peptides ligands on mixed SAM. They have 

characterized the properties of these mixed SAM peptide systems for the purposes of 

controlling surface properties and for effective analyte binding.
168, 169

 

 

1.6.3 Increasing peptide densities : Branched functionalities 

 

Sensitivity of the SPR is one of its most studied features and this property is strongly 

dependent on many factors one of the most important of which is the surface 

functionalization. Commercial biosensors must have typical limits of detections of 1 pg mm
-2

 

(0.001 mg m
-2

). In recent biosensor research the challenge lies in providing robust integrated 

SPR sensors that are as or more sensitive than already existing biosensing surfaces.
170

  SAMs 

and long polymer chains have been commonly used to create stable, uniform two- or three-

dimensional surfaces. With this biochemical matrix, the capacity of the surface to absorb the 

target analytes while rejecting non-specific binding determines the sensitivity parameter of 

the biosensor.
171
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Two dimensional matrices are primarily built up with alkanethiol SAMs and silane modified 

layers on gold and silica substrates respectively. These matrices and others like them have 

low immobilization efficiencies due to their planar structures. Many studies have been 

carried out using mixed SAMs to control the density of biomolecules on two-dimensional 

surfaces.
136, 172-174

 However, the number of molecules per area on these SAMs will have a 

theoretical upper limit of biomolecules which frequently corresponds to a monolayer 

thickness of the particular biomolecule. In order to graft a higher number of ligands on the 

surface in a controlled fashion a three dimensional structure or membrane coated surface of 

materials like poly-acryl-amide,
175

  and agarose gel
176

 can be considered.  Dextran matrices 

which are three dimensional matrices have been used to graft peptides.
177,

 
135

 They help to 

bind a higher number ligands as well as analytes per unit area,  however these matrices are 

usually subject to mass transport effects of soluble proteins within the layers which can 

introduce problems of leaching of the bioreceptor molecules, leading to large variations in 

signal intensity.  

 

Increasing the number of active functional groups through the introduction of branching 

points that provide additional functional groups permits multiple derivatization reactions 

compared to their linear counterparts.
178, 179

 One of the most commonly studied application of 

the branched functional group is the used of dendritic compounds or dendrons. Dendritic 

compounds such as poly(amido amine) (PAMAM) are branched polymers with highly dense 

peripheral amino groups which can contribute to high loading of proteins and other 

biomolecules, onto surfaces like silica,
180

 chitosan
181

  and gold
182

. These surfaces can be used 

for a variety of applications including the development of biochips and biosensors.
182-185

 

Another widely studied support with a branched functional group is the hyperbranched 

polymer, which are less ordered and less uniform than dendrons but reach higher formal 

generation and are easier to prepare.  

 

Peptide dendrimers can be either, peptides grafted onto dendrimers, or branching polyamino 

acids, or structures with branches consisting of amino acids with peptides bound to the 
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surface amino groups. Authors have used naturally occurring amino acids like lysine and 

glutamic acid as branching units, and a variety of methods have also been used to graft 

peptides onto or within support-bound dendrons.
186-188

 Kim and coworkers have worked 

extensively with branched functionalities for the purpose of increasing the number of amines 

per area on substrates beyond what is achievable by SAM on substrates.
189-191

  

 

Dendrimers can be used to graft biomolecules onto gold surfaces, and both the grafting event 

and the subsequent biomolecular interaction can be characterized by SPR
192

 Such SPR 

studies have shown enhanced protein immobilization capacity for increased sensitivity and 

specificity in detection.
182, 193

 To the best of our knowledge there have been no SPR studies 

done to characterize the performance of grafted peptides onto branched functionalities. 

 

1.6.4 Peptide ligand covalent coupling onto linker layers  

 

As has been already mentioned, a strong anchoring of peptides on surfaces is desirable. 

Various chemistries that can potentially be used to graft unconjugated peptides onto surfaces 

with various functional groups are summarized in Table 1.1. Often times the peptide 

interactions with its target analyte may need to be characterized in order to ensure the peptide 

binding sites have not been blocked or used up via covalent attachment to the surface.  

 

In some cases the peptide termini may have to be modified to introduce a functional group to 

ensure optimum performance of the peptide.
194

. In most cases peptides can be linked to 

surfaces via a stable amide bond. For instance, if the surface on which the peptide is to be 

grafted has been derivatized to carry a carboxylic acid group, this can react with the 

nucleophilic N-terminus of the peptide. Carboxylic acid groups have to be activated using 

reagents such as 1-ethyl-3-(3-dimethlyaminopropyl)-carbodiimide (EDC), dicyclohexyl-

carbodiimide(DCC) or carbonyl diimidazole (DCC).   
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Table 1.1: Chemistries to graft unconjugated peptides onto functional groups 

Functional Group 

on Surface 

Reagent required / peptide functionality Referen

ces 

Carboxylic Acid E.g. activated with 1-ethyl-3-[3-dimethylaminopropyl] 

carbodiimide hydrochloride (EDC) and then with N-

hydroxysuccinimide (NHS) before the introduction of 

the peptide, leads to peptide bond 

195-197
 

 

Epoxide 

 

 

 

 

XH (where X stands for NH of the lysine or S of the 

cysteine amino acid residue); reagent-free coupling via 

nucleophilic ring-opening of the epoxide by thiol or 

primary amino group of peptide 

198 

 

Maleimide 

 

 

Addition of the peptide thiol group on its cysteine 

residue to α,β-unsaturated carboxyl of maleimide 
199-201

 

 

Amine 

 

 

 

 

Carbodiimides like EDC (see carboxylic acid) or 

activating agents, like phosphonium/uronium salts 

activate the carboxylic group on the peptide and 

reaction gives rise to a stable peptide bond 

202-204
 

 

Thiol 

 

 

Covalent attachment via the formation of disulfide 

bond between the surface thiol and the thiol of the 

cysteine residue on peptides  

205
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Binding of peptides through their C-termini can be carried out on surfaces with amine 

functionalities. A comprehensive review on reagents which can be used to form amide bonds 

can be found in Valeur and Bradley.
203

 The reagents for peptide synthesis can be applied for 

the immobilization of peptides via their C-terminals. In a typical peptide coupling reaction, 

the carboxylic acid moiety of the peptide is first activated by an appropriate peptide coupling 

reagent, and then reacted with the amine moiety to form a peptide bond. Peptide coupling 

reagents in use include phosphonium, uronium, immonium, carbodiimide, imidazolium, 

organophosphorous and acid halogenating salts.
206

  

 

A common problem that arises with the above methods is the reactive functional groups in 

the peptides which can cause side reactions and decrease overall yield of the reaction. This 

possibility is overcome by either blocking the reactive amino groups, which might have to be 

followed by deprotection steps to remove the protecting group for complete accessibility to 

the binding site of the peptides. Increasing the peptide excess to increase yields is another 

solution to this problem.
207

  A comprehensive list of the reagents and appropriate additives 

for peptide coupling reactions can be found in a recent review by Faham and Albericio.
208

 

For effective performance of peptides grafted onto surfaces, the effects of grafting 

parameters such as surface concentration of bound peptides, spacer length, spacer flexibility 

(i.e., peptide lateral mobility) and peptide orientation at the interface has an influence on the 

activity of immobilized peptides, and these must be understood and optimized
149

  

 

1.7 Characterization studies  

 

Understanding the nature of biomolecular interactions on different scales is the key to the 

bioengineering discipline. Characterization studies can focus on a diverse range of fields for 

instance, at molecular levels, detailed study of the molecular interactions can be done. 

Properties of modified biomaterials provide information that may be required to change 

process variables such as concentrations, flow rates, residence times of biomolecular 

interactions or material properties like hydrophobicity, ligand density etc. On a larger scale 
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an understanding of how the physical environment influences biological behavior is required 

to optimize processes variables for instance pH, ionic content of buffers, temperatures and 

even material of construction of process units. Additionally, the properties of the surrounding 

environment can also affect the activity of the biorecognition element. pH and ionic strength 

(i.e., salt concentration) of the  surrounding medium has shown to have an effect on the 

activity of peptides.
209, 210

 Thus, knowledge of the tools of characterization are very much an 

integral part of research which aims to manipulate and optimize interfacial events.  

 

1.7.1  Characterization of interfacial properties  

 

Most of the traditional methods of measuring surface concentration of covalently bound 

peptides are time consuming, indirect and may involve radioactive and fluorescent labels. 

The use of analytical techniques such as optical waveguide light-mode spectroscopy 

(OWLS), SPR, quartz crystal microbalance (QCM), ellipsometer can provide direct and often 

real time measurements of the immobilized peptides.
149

 Characterization of the SAMs 

involves tools such as contact angle measurements
211, 212

, ellipsometry
213-215

, polarized 

infrared external reflectance spectroscopy (PIERS)
160

,  and X-ray photoelectron spectroscopy 

(XPS)
212

 . The surface density of the reactive moieties for peptide immobilization and the 

amount of immobilized peptides themselves are factors that play important roles in 

biomolecular interactions. The integrative use of these analytical techniques can greatly 

enhance the understanding of factors of which influence peptide grafting, as well as the 

effects of peptide ligand density on subsequent peptide-analyte interactions.  

Effective and powerful methods for surface analysis are necessary for basic research on solid 

surfaces. These analytical methods must be capable of giving detailed information, 

particularly about the chemical composition in the region of the uppermost atomic or 

molecular layer, since this essentially determines the physical and chemical properties of the 

surface. Most of the analytical measurements can be now extended, sometimes with the help 

of external standards, to yield quantitative results.  
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1.7.2   Quantification of surface density of peptides  

 

Quantification of relevant functional groups of SAMs and peptides bound to them can be 

carried out using techniques like X-ray photoelectron spectroscopy (XPS)
216

, UV-Vis 

spectrophotometry
217

, polarized infrared external reflectance spectroscopy (PIERS), 

electrochemical methods like cyclic voltammetry
218

, radiolabeled methods
219

 near-edge X-

ray absorption fine structure NEXAFS
220

 and ellipsometry.
174, 221

 Other characterization tools 

like STM
222

 and contact angle hysteresis measurement
223, 224

 may be used to investigate the 

presence of phase separated regions on the surface. The SPR has already been mentioned as 

an analytical tool for characterizing biomolecular interactions. However it serves not only as 

a means of characterizing binding events between biomacromolecules, but can also function 

as an analytical technique to quantify molecule densities during or after various surface 

modification steps.  

 

1.7.3 Characterization of molecular events in ligand-analyte interactions 

 

Identification of thermodynamic and kinetic parameters is a key to understanding 

fundamentals of interaction of ligand and analyte, which in turn can play a significant role 

when modifications for optimization of the process are required, whether in laboratory 

settings, commercial biosensor applications, or in biopharmaceutical production processes. 

De Cresenzo et al.
225

 further explains that in some cases characterizing the kinetics of a 

macromolecular interaction can be more relevant than its thermodynamic depiction since 

most biological processes do not reach equilibrium
226, 227

 and since differences may lead to 

marked differences in biological outcomes.
228

 The determination of kinetic parameters is also 

key for quality assessment of therapeutic proteins.
229, 230
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Figure 1.6: Schematic of kinetic analyses of bioaffinity interactions using SPR spectroscopy using a gold 

surface functionalized with biomolecular receptors. Adapted from Campbell et al
231

 

 

Kinetic constant determination implies real time measurements and thus SPR-based 

biosensors are widely recognized to provide the state-of-the-art technology for kinetic 

characterization due to the relative ease of data collection and great diversity of surfaces and 

chemistry protocols available. The detection limit of the instruments allows monitoring 

interactions involving small molecular weight compounds (MW < 200 Da) to large species 

(MW> 100 kDa). The SPR method has emerged as a flexible and powerful approach to 

monitor biomolecular interactions in real time. The method has the added advantage of 

providing kinetic and equilibrium characterization of these interactions. The principle of 

measuring the biomolecular interactions of ligands immobilized on gold surfaces in real time 

is schematically described in Figure 1.6. Peptide interactions with their target analytes have 

been monitored using SPR and equilibrium and kinetic parameters have been studied by 

many groups. 
92, 102, 169, 232-234
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1.8 Industrial / Commercial deployment  

 

In the fields of quality control and process analytical technology in biopharmaceutical 

production industry, biosensor systems and assays have been improved and optimized over 

the past 20 years.
235-237

 In a typical commercial-scale biopharmaceutical manufacturing 

process there are multiple batch processing and unit operations where off-line samples are 

taken to ensure in-process control as well as for meeting the quality assurance standards of 

the processes. The processes of identifying, monitoring and controlling the variability of 

various process stream components are quite essential before release/testing of products. 

Traditionally these processes had been carried out in post-process batch analysis. With 

advances in biosensor technology more and more industries are turning towards the use of 

real-time multivariate process monitoring as efficient means of identifying and subsequently 

reducing variability. This approach is critical to managing process risks and relating process 

information to critical quality attributes (CQAs) in reduced time, which can potentially lead 

to increasing yields and decreasing impurities. Process analytical approaches along with the 

development and deployment of on-line/at-line/in-line sensors and analyzers have received 

significant attention over the recent years.
238-242

 A recent report discusses the development of 

an at-line SPR sensor for the quantification of antibodies.
243

 

 

Monoclonal antibodies are currently the highest selling biotechnology product and by 2016 

are predicted to make up five of the top ten selling pharmaceutical products worldwide. 
244

 

Currently, there are over 30 FDA approved monoclonal antibodies which are prescribed for 

the treatment of cancer and auto-immune disorders and with a total of 205 reported 

antibodies under trial, the total number of approved antibody therapeutics is expected to 

increase significantly in the foreseeable future.
245, 246

 Chinese hamster ovary (CHO) cells are 

the workhorse of industrial production of monoclonal antibodies because of their ability to do 

gene amplification, which increases the level of product specificity and the ability to grow in 

serum-free suspension conditions.
247

 The purification of antibodies from CHO supernatant is 

a vital step in downstream processing.  Accurate monitoring of the cultivation and 
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downstream processes has become an important goal for understanding the process 

conditions that release or produce impurities. The results from the monitoring steps can 

further be used for implementing procedures to reduce these events, and thus dramatically 

improve current downstream processing.
248

  

 

In biopharmaceutical production, a crucial step involves the use of qualified or validated 

analytical methods, which are utilized to evaluate concentrations and in-process product 

characteristics within process development. SPR techniques can distinguish between 

conformationally active and inactive proteins and generally do not require highly purified 

samples, so the concentration analysis may be used for intermediate process steps during the 

manufacture of a biotherapeutic. For instance the use of SPR for the quantification of total 

IgG in hyper-immunized ovine serum for use within the biopharmaceutical industry for 

production of polyclonal Fab fragments has recently been described, using Streptococcus 

protein G immobilized to a carboxylmethylated dextran sensor chip
249

. If effective 

quantitation of various streams of production can be carried out on process designs already in 

place in the industry, they can be assessed and purification bottlenecks can be better 

identified to enable larger batches to be purified in the long run.
250

  

 

Some other factors should be considered when using SPR techniques for analysis of samples 

during the industrial manufacture of a biotherapeutic. In industrial streams, the sample matrix 

(pH, conductivity, buffer type) may impact the interaction of the ligand with the target 

protein.  In some cases, dilution or some other form of sample preparation may be required. 

The limit detection may be dependent on the mass of the impurities of interest and this may 

also limit the amount of dilution used. Such limitations may often be resolved with careful 

biosensor surface design (for e.g. increasing ligand density on the chip, reducing flow rates to 

extend injection times and adding enhancement steps to boost signal).  
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1.9 Overview of thesis  

 

The general principles pertaining to applications of peptides and grafting on inorganic 

surfaces for affinity interactions studies with the target analyte, human Immunoglobulin G 

(IgG), have been discussed in this introduction. This dissertation is focused on optimized 

methods of peptide grafting for biosensor surface development and the subsequent 

characterization of the interaction between hexameric peptide ligand HWRGWV and IgG.  

 

Chapter 2 investigates in detail the covalent grafting of the peptide onto pure self-assembled 

monolayers, and characterizes the process both qualitatively and quantitatively. The 

interactions with IgG on the covalently grafted peptides are monitored using SPR technology 

and compared side-to-side with the conventional ligand for IgG capture, Protein A. The 

equilibrium and kinetic parameters are determined for both Protein A and HWRGWV 

systems, with mass transfer effects taken into consideration. Chapter 3 uses mixed self-

assembled monolayers to graft peptide HWRGWV at controlled densities on the substrate. 

This is done in order to improve the selectivity of the IgG binding step. This part of the thesis 

also characterizes the mixed monolayer surfaces themselves in order to establish a novel 

approach to quantify the reactive moieties within the monolayers as well as to quantify the 

density of grafted biomolecules. The detection of the analyte, IgG, from pure and complex 

mixtures is carried out on peptide grafted onto SPR sensors, with both pure and mixed 

monolayers. Studies are also described to determine the regeneration potential of the peptide 

sensor surfaces, on pure and mixed monolayer based systems. Chapter 4 studies the effect of 

increased peptide densities using branched amine functionalities on self-assembled 

monolayers on gold. The overall goal was to increase the sensitivity of the peptide based 

biosensors.  In this part of the dissertation, IgG binding equilibrium parameters and 

corresponding adsorption rate constants, are determined using modified models to take into 

account the fact that IgG binds can bind to two reactive sites on the surface. For this system, 

the detection of IgG from pure and complex mixtures was compared and the regeneration 

potential of the branched amine-peptide based surfaces was studied. Finally, in Chapter 5 the 
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various peptide based systems having different peptide densities are compared in terms of 

avidity of binding, maximum capacities, sensitivities, selectivities in pure and complex 

mixtures and regeneration potential. The overall goal was to determine the applicability of 

the various surfaces for commercial deployment and chose the optimal system of grafted 

peptides which would have the most potential for future research work or for commercial 

applications.  
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CHAPTER 2   

 

DYNAMIC AND EQUILIBRIUM PERFORMANCE OF SENSORS 

BASED ON SHORT PEPTIDE LIGANDS FOR AFFINITY 

ADSORPTION OF HUMAN IGG USING SURFACE PLASMON 

RESONANCE 

 
This chapter characterizes the potential of novel hexameric peptide ligands for on-line IgG 

detection in bioprocesses. Surface plasmon resonance (SPR) was used to study the binding of 

human IgG to the hexameric peptide ligand HWRGWV, which was covalently grafted to 

alkanethiol self-assembled monolayers (SAM) on gold surfaces.  Peptides with a removable 

Fmoc or acetylated N-termini were covalently grafted via their C-termini to produce active 

peptide SPR sensors that were tested for IgG binding. The dynamics and extent of peptide-

IgG binding were compared with results from a conventional system using Protein A 

attached on a gold surface via disulfide monolayers. IgG binding to Protein A on disulfide 

monolayers yielded equilibrium dissociation constants of 1.4   10
-7

 M. The corresponding 

dissociation constant value for the acetylated version of the peptide (Ac-HWRGWV) 

supported on alkanethiol SAM was 5.8   10
-7

 M and that for HWRGWV on the alkanethiol 

SAM (after de-protection of Fmoc-HWRGWVA) was 1.2   10
-6

 M. Maximum IgG binding 

capacities, Qm of 6.7, 3.8, and 4.1 mg m
-2

 were determined for the Protein A and the two 

forms of HWRGWV-based biosensors, respectively. Real-time data for the kinetics of 

adsorption were used to determine the apparent rate constants for adsorption and desorption. 

The results were analyzed to understand the mechanism of IgG binding to the protein and 

peptide ligands. It was found that the peptide-IgG binding was reaction controlled, however 

the Protein A-IgG binding mechanism was partially mass transfer (diffusion) controlled. The 

adsorption rate constants, ka, for the Protein A ligand increased with decreasing concentration 

of analyte and the peptide ligand ka values was constant at different IgG concentrations and 

flow rates. 
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2.1 Introduction  

 

The phenomenon of protein adsorption to surfaces is ubiquitous in systems that come in 

contact with biological fluids, for example prosthetics, cell culture supports, bioseparation 

processes, biological sensors, etc. Despite the relevance of ligand-receptor binding in clinical 

diagnostics, platforms that can be deployed easily and universally to monitor protein 

interactions at interfaces are still very limited.
1, 2

 This need is especially acute for on-line 

monitoring and control in the biopharmaceutical industry.
3, 4

 Real-time biosensing via quartz 

crystal microgravimetry (QCM), surface plasmon resonance (SPR) and capacitive techniques 

have afforded several advantages over traditional bioassays such as ELISA, FIA or RIA.
5
 For 

instance, SPR does not require reporter molecules such as enzymes/substrates, fluorochromes 

or radioisotopes, which may affect the binding behavior of target proteins and ligands. In 

addition, time-resolved information, kinetic and thermodynamic parameters can be obtained 

even in systems involving low sample volume or concentration, thus facilitating the 

determination of affinity dissociation constant Kd as well as adsorption- and desorption- 

kinetic rate constants (ka and kd, respectively).
6, 7

 This is possible because SPR allows real-

time analysis of interactions between analytes in solution and surface-immobilized ligands
8, 9

 

by generating a continuous experimental readout of complex formation. Equilibrium affinity 

data help to understand the strength and specificity of interactions between biomolecules, 

while kinetic rate data provide insights into the binding mechanism.  

 

Proteinaceous ligands such as Staphylococcus aureus Protein A and Streptococcus Protein G 

are the most common ligands used for the affinity detection and purification of human 

immunoglobulin G (IgG). However, their high cost, low stability, antigenicity
10

 and loss of 

antibody activity associated with harsh elution and wash conditions are reasons for realizing 

less expensive and more robust synthetic small molecule ligands.
11, 12

 The application of 

short peptide ligands in the development of biosensors is an attractive alternative to protein-

based biosensors due to the potentially lower synthesis costs for large amounts of highly pure 

ligands, their high chemical and thermal stability, and relative ease of modifications, such as 
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addition of amino acids or protection groups, for enhanced binding.
13

 Synthetic peptides are 

also emerging as one the most promising alternative molecules in the transducing layer of 

biosensors to replace larger, more complex biomolecules
14

 and design of peptide ligands for 

biosensor design has been reported previously by authors for detecting functional proteins,
15

 

enzymes,
16

 toxins,
17

 small organic molecules,
18

 small inorganic molecules
19

 and ions.
20

 

However the use of peptides in real applications and the optimal techniques for immobilizing 

peptide ligands as receptor molecules on biosensors is an ongoing area of research.
21, 22

 

Peptide ligands for IgG binding, particularly via Fc fragment have been designed
23-25

 

however only a few authors have immobilized these ligands onto sensor surfaces.
26

  

 

A hexamer peptide ligand, HWRGWV, identified from a one-bead-one-peptide 

combinatorial library, was synthesized on chromatography resins and found to exhibit high 

affinity and specificity to the Fc fragment of human IgG.
11, 27

 A chromatography resin with 

HWRGWV was able to purify human IgG from complete minimum essential medium 

(cMEM) with purities and yields as high as 95%, and in other work from our group, it has 

been used to purify monoclonal antibodies from two different commercial cell culture media 

with purities and recoveries higher than 85% and 94%, respectively, matching very well the 

results found with Protein A or Protein G as affinity ligands.
11, 28, 29

 Purification of human IgG 

using HWRGWV, from other complex mixtures such as Cohn Fraction II + III of human plasma 

and bovine skim milk and whey has also been demonstrated.30 The ligands have the potential to 

be used in purifying human IgA and human IgM from many different complex media
31

 and it 

has been shown by our group that unlike Protein  A, HWRGWV ligand binds human IgG3 as 

well as bovine and goat IgGs.11 The adsorbents bearing the peptide ligand are eluted in milder 

conditions than those of Protein A and up to 100 cycles of regeneration of the resins have been 

demonstrated.32 In earlier work, our group has successfully demonstrated that the peptide 

HWRGWV may be grafted onto a random copolymer layer rich in primary amines, and has 

achieved success in binding IgG from buffer solutions using SPR and QCM. This work 

involved elaborate steps for sensor fabrication but it was possible to demonstrate surface 

regeneration for multiple uses. The success of IgG binding on the peptide layers on polymers 

has demonstrated that there is a potential for construction and application of a variety of 
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peptide based matrices for IgG separation and detection.
33

 The current study aims to graft 

peptides on matrices that require fewer steps to fabricate and where the exposure and 

orientation of the peptide is better defined.  

 

In this work, interactions between HWRGWV ligand and human IgG, were investigated by 

grafting the hexamer ligand on SPR chips with pre-adsorbed self-assembled monolayers 

(SAMs). The SAMs consisted of alkanethiols with six ethyleneglycol units and an –NH2 

terminus (EG6NH2). Grafting chemistries with uronium salts were used to graft two forms of 

the peptide, Fmoc-HWRGWVA (with subsequent Fmoc de-protection) and Ac-HWRGWV 

(acetylated peptide) on the SAMs of EG6NH2. The alanine amino acid of the HWRGWVA 

peptide acts as a spacer and is assumed to have no influence on the binding properties. 

Ellipsometric thicknesses were measured to estimate the peptide densities on the surfaces. 

The peptide/SAM-based SPR sensors were then challenged with IgG and bovine serum 

albumin (BSA) solutions. The performance of the peptide ligands were compared with 

Protein A immobilized via disulfide-based monolayers in the presence of IgG and BSA. 

Experimental equilibrium and dynamic binding data were fitted to mathematical models in 

order to determine equilibrium isotherm parameters and kinetic rate constants for adsorption.  

This analysis provided insights into the differences between the interactions of large protein 

ligands (Protein A) and small peptide ligands with antibodies. This study was carried out to 

determine if hexameric peptide ligands provide a viable alternative for developing sensors for 

on-line IgG detection. To the best of our knowledge this is the first side-by-side comparison 

of the binding mechanisms of IgG to a large molecule ligand (Protein A) and a small 

molecule peptide ligand (HWRGWV).  
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2.2 Experimental  

2.2.1 Materials 

 

Bioresistant alkanethiol EG6NH2, (11-mercaptoundecyl)hexa(ethyleneglycol)ammonium-

hydrochloride, HS(CH2)11(CH2CH2O)6-NH2.HCl) was obtained from Prochimia Surfaces Inc. 

(Poland). Ethanol (200 proof) was obtained from Pharmaco-AAPER (USA). N,N-

dimethylformamide (DMF, ACS reagent, 99.8%), anhydrous DMF, diisopropylethylamine 

(DIPEA), glycerin, glacial acetic acid (ACS reagent 99.5%), bovine serum albumin (BSA, 

98%), dithiobissuccinimide propionate (DSP), recombinant Protein A from Staphylococcus 

aureus cowan strain (expressed in Escherichia coli), phosphate buffered saline (pH 7.4, 

monobasic sodium phosphate, dibasic sodium phosphate, sodium chloride 0.138 M, 

potassium chloride 0.0027 M) and triethylene amine (TEA, ACS reagent 99%) were all 

obtained from Sigma-Aldrich (St. Louis, MO). 2-(1H-7-Azabenzotriazol-1-yl)-1,1,3,3-

tetramethyl uronium hexafluorophosphate methanaminium (HATU) and O-(Benzotriazol-1-

yl)-N,N,N',N'-tetramethyluronium tetrafluoroborate (TBTU) were purchased from ChemPep 

Inc.  (Wellington, FL). Human immunoglobulin G (IgG, 97% purity) was obtained from 

Equitech-Bio, Inc. (Kerrville, TX). Deionized water (resistivity > 15 M·cm) and Milli-Q 

water (MQ water, resistivity > 18 M·cm) were obtained by using a Millipore water 

purification system (Billerica, MA). Nitrogen gas was obtained from Airgas National 

Welders (Raleigh, NC). Peptides Fmoc-His-Trp-Arg-Gly-Trp-Val-Ala-OH, acetylated-His-

Trp-Arg-Gly-Trp-Val-OH and His-Trp-Arg-Gly-Trp-Val-OH were custom synthesized by 

Genscript Inc (Piscataway, NJ) at > 97% purity. Dimethyl sulfoxide (DMSO) was obtained 

from Fisher Chemicals (Pittsburgh, PA).   

 

2.2.2 Cleaning gold slides and sensors 

 

Glass slides coated with 100 nm of gold (25 × 6.25 × 1 mm, EMF Corporation, Ithaca, NY) 

or glass sensor chips (12 × 20 × 0.5 mm) sputtered with a 50 nm gold layer on top of 2 nm 

chromium (KSV Instruments OY, Helsinki, Finland) were cleaned prior to use by soaking in 

Piranha solution (98% H2SO4 and 30% H2O2 at 7:3 v/v) for 15-20 minutes, followed by 
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profuse rinsing in MQ water, further rinsing in 200 proof ethanol and finally drying under a 

stream of nitrogen. The surfaces were immersed in ethanol for not more than 30 minutes 

before being added to freshly prepared solutions for further modification. (Warning: Piranha 

solution reacts violently with organic materials and should be handled with extreme 

caution.) 

 

2.2.3 Protein A immobilization on gold surfaces 

 

The Protein A ligand was immobilized via a disulfide linker using standard protocols.
34

  

Clean gold surfaces were dipped into a solution of DSP in DMSO at 10 mM concentration. 

They were left for 30 minutes at room temperature for activation. They were then rinsed in 

DMSO followed by rinsing and brief sonication in MQ water to remove any physically 

adsorbed chemicals. To immobilize protein on the DSP-activated gold, Protein A at a 

concentration of 0.25 mg ml
-1

 in PBS buffer (pH 7.4, with 0.5 N NaCl) was incubated with 

the activated gold overnight at room temperature. The gold slides/sensors were then rinsed 

with PBS buffer with 0.5 N NaCl, followed by another rinse in MQ water and sonication in 

MQ water for 30 seconds. Finally, they were dried under a stream of nitrogen, after which 

the sensors/slides were ready for SPR experiments or ellipsometric characterization.  

 

2.2.4 Self-assembled monolayer (SAM) on gold surfaces followed by peptide grafting  

 

Alkanethiol EG6NH2, at 1 mM concentration, was dissolved in 200 proof ethanol with 3% 

(v/v) triethylene amine (TEA). The slides or sensors were left in the thiol solution under 

nitrogen for a period of 24 hours. The slides or sensors were then removed and a rinsing 

protocol reported by Wang et al. 
35

 was used to remove excess components from the SAM. 

The surfaces were rinsed with ethanol followed by soaking in a 10% (v/v) aqueous acetic 

acid solution. The surfaces were then sonicated in 10% acetic acid for 2 minutes followed by 

rinsing and sonication in ethanol. The surfaces were finally rinsed with ethanol and dried 

under N2 in preparation for characterization, SPR experiments, or peptide grafting.   
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The peptides were grafted via the –NH2 group of the thiol-modified surfaces by using 

chemistries similar to those previously reported for chromatographic resins.
36

 Acetylated 

peptide (Ac-HWRGWV) was coupled by immersing the slides or sensors in anhydrous DMF 

containing Ac-HWRGWV, HATU and DIPEA at 5 mM, 10 mM and 20 mM, respectively. 

For comparison of ellipsometric thicknesses, slides were also prepared in the same manner 

with 5 mM un-capped HWRGWV. HWRGWV slides/sensors were prepared by immersing 

the slides or sensors in anhydrous DMF with Fmoc-HWRGWVA, TBTU and DIPEA at 5 

mM, 10 mM, and 20 mM, respectively. The slides/sensors and the appropriate peptide 

solutions were purged with N2 gas and the container was sealed to avoid exposure to 

atmospheric moisture. The container was left on a shaker at 250 rpm overnight at room 

temperature. After completion of the peptide grafting reaction, the slides/sensors were rinsed 

with ACS grade DMF followed by sonication in DMF for 5 minutes. For HWRGWV 

slides/sensors, de-protection was carried out using a solution of 20% piperidine in DMF 

(room temperature, 1 hour) to remove the Fmoc group followed by rinsing and sonication in 

DMF.  Finally the slides/sensors were rinsed again in DMF and then dried under a nitrogen 

stream and used for further experiments.  

 

2.2.5 Surface density of SAMs and grafted ligands 

 

The thicknesses of the EG6NH2, peptide or Protein A layers deposited on the gold slides were 

measured by ellipsometry using an Alpha-SE spectroscopic ellipsometer (J.A.Woollam, 

Lincoln, NE) at an angle of incidence Φ = 70° and a wavelength range of 380-900 nm. Five 

points were measured on at least 2 slides and the average thickness was recorded with the 

index of refraction parameter n fixed at 1.45, unless otherwise stated. The number of 

molecules per unit area was estimated using the expression
37

  

 

 Γ = 
     

  
 10 

-22
     (2.1)  

 

Here Γ is the surface density in molecules nm
-2

, d is the ellipsometric thickness in Å,   is the 

specific gravity of the species in g cm
-3

, NA  is the  vogadro’s constant, and MW is the 



 
 

 

 

59 
 

 

 

molecular weight of the species. The thicknesses of peptides layers were also measured 7 

days after the first measurement (during which the slides were kept away from light under N2 

at 4°C).  Authors have calculated Γ for protein layers assuming   = 1.2 (in air) and   =1.35 

(in solution).
38

 The maximum theoretical diameter of the peptide was found using the 

visualization and measurement tools of a space filling model software, PYMOL (Delano 

Scientific Inc.). The diameter of the peptides was used to calculate the theoretical area 

occupied by one peptide molecule (assuming hexagonal packing of peptides assumed to 

behave like spheres with the calculated theoretical diameter).  

 

2.2.6 SPR experiments 

 

A KSV SPR 200 instrument (BioNavis Instruments, Helsinki, Finland) was used to detect 

variations in the refractive index at the interface of the sensor. During a typical measurement, 

buffer solution was pumped through the flow cell in the fluidic system. The flow cell is 

composed of a rectangular flow channel, and liquid flowing in the channel is in direct contact 

with the gold surface of the glass slide as is shown in Figure 1. The sample including analyte 

molecules was injected by means of two injector valves, with 200 µL in volume each, into 

the buffer flow over the gold surface of the glass slide. All experiments were carried out at 

24.5°C. All buffers and solutions were degassed before injection or before introducing them 

into the SPR system.  

 

SPR calibration. The SPR instrument was calibrated to generate a standard curve on clean 

gold sensors, thus relating the SPR response to changes in refractive index (RI). Glycerin was 

dissolved into MQ water to final concentrations of 0.0, 0.3, 0.7, 1.0, 3.0, 5.0 and 10% (v/v). 

A stable baseline was achieved with MQ water flowing at 10 µL min
-1

. The SPR angle shift 

was measured for each concentration of glycerin injected into the SPR chamber. The SPR 

response was plotted against the refractive index values obtained for the glycerin solutions. 

In this way the change in RI in experiments of protein binding was converted to a 

biomolecule adsorbed mass by using the model of Jung et al.
39
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Protein A surface density. Solutions of Protein A in PBS Buffer solution (pH 7.4 with 0.5 N 

NaCl) were injected at a concentration of 0.25 mg ml
-1

. On a sensor modified by DSP, the 

SPR baseline was obtained at a constant buffer flow rate of 50 µL min
-1

. Protein A solutions 

were introduced via the sample loops at a constant flow rate for about 3 minutes, after which 

the flow was stopped. The Protein A coupling reaction was allowed to continue at stopped 

flow mode for 4 hours. The SPR was switched back to buffer solution at the end of the 

injection time.  The net change in signal was recorded. 

 

IgG and BSA binding. Peptide or Protein A sensors were prepared as described. The SPR 

baseline was obtained at a flow rate of 10 µL min
-1

 of PBS buffer solution (pH 7.4, with 1 N 

NaCl). Solutions of IgG and bovine serum albumin (BSA) were prepared in PBS buffer 

solution (pH 7.4, with 1 N NaCl) at different concentrations. Protein solutions were injected 

via 200-μL sample loops at a constant flow rate of 10 µL min
-1

. The SPR was switched back 

to buffer solution at the end of the injection time. The net changes in signal were recorded. 

 

IgG high flow rate experiments. IgG solutions at concentrations of 1 and 0.01 mg ml
-1

 in PBS 

buffer (with 1 N NaCl) were injected on Protein A sensors, and also 1 mg ml
-1

 IgG was 

injected, on a peptide sensor, all at flow rate of 100 µL min
-1 

. The results of these 

experiments were used to determine the effect of flow rate on the kinetic analysis.  

 

2.2.7 Equilibrium and kinetic parameters  

 

The maximum net change of SPR signal that occurs after IgG injection at different 

concentrations was recorded during the experiments and the amount of analyte adsorbed per 

unit area calculated. Isotherms of adsorbed IgG in equilibrium with the bulk solution 

concentration injected were fitted to a simple Langmuir model that used as variables, the 

adsorbed mass per unit area Q (mg m
-2

) and the solution concentration C (mg ml 
-1

),  

 

Q = 
 
 
  

 d    
       (2.2) 
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Here Kd is the equilibrium dissociation constant (M) and Qm is the maximum binding 

capacity (mg m
-2

). It can be assumed that the IgG and the ligand Lg on the surface (either 

Protein A or peptide) bind reversibly forming a complex IgG.Lg as indicated in the 

expression, 

      
  
 
  

IgG.Lg      (2.3) 

The rate of adsorption can be assumed to be a second order reaction with a rate constant ka 

and the desorption step can be assumed to be a first order reaction proportional to the 

concentration of IgG-Lg complex on the surface with a desorption rate constant kd, 

 

d  g  Lg 

d 
    a   g   Lg -  d   g  Lg     (2.4) 

 

The antibody concentration [IgG] in Eq. 4 is the concentration of antibody in the liquid phase 

directly adjacent to the interface.  Because of diffusional limitations, the concentration at the 

interface at a given time might be different from the concentration of antibody in the bulk 

solution.  For simplicity, the concentration of IgG at the surface is labeled Cs and the analyte 

concentration in the bulk solution is labeled Cb as is depicted in Figure 1.  The flux of solute 

(moles/area/time) from the bulk to the interface is governed by a mass transfer coefficient km 

whose magnitude depends on the average superficial velocity in the channel, vz, the gap 

width above the surface, 2B, the diffusion coefficient of the antibody, D, and the 

concentration difference between the bulk and the interface. Mass transfer rates are sensitive 

to the flow rates used. Experiments for kinetic and equilibrium analysis were done at 10 and 

100 μL  in
-1
  The cross sectional area of the flow cell is known to be 100 μ  in height and 2 

mm in width (dimensions taken from company website as well as communication with 

company personnel), giving operating superficial velocities vz of 833 and 8330 μ  s
-1

. The 

Reynolds number, Re for flow in a rectangular channel is defined as
40

 

 

Re = 
     

 
      (2.5) 
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Here, B is half of the slit height (50 μ ),   is the density of the flowing solution at a salt 

loading concentration of 1.134 N NaCl and is estimated at 1.05g/cm
3
; and   is the viscosity 

of the flowing medium, estimated to be 0.01033 g cm
-1

 s
-1

. The Re calculated for these 

experiments are 0.16 and 1.6, at the flow rates of 10 and 100 μL  in
-1

, respectively, which 

are well within the laminar flow regime.  

 

 

 

Figure 2.1:  Schematic diagram (not to scale) depicting the various parameters that come into play when 

IgG interacts with ligand, Lg, at the SPR sensor surface, labeled as ‘gold layer’, in a flow cell with 

rectangular slit geometry of dimensions of width=2B and length=L. In the flow cell the IgG solution is 

depicted as having a superficial velocity of vz,  IgG in the bulk solution has a concentration Cb which 

diffuses to a layer near the surface having an IgG concentration of Cs and the diffusion is governed by the 

average mass transfer coefficient,      . The interaction between IgG, Lg (ligand), and the IgG.Lg complex, 

is related by the rate adsorption constant, ka and rate desorption constant, kd as is shown in the 

equilibrium equation for the reaction at the bottom of the figure.  

 

 

For flow through a rectangular slit for laminar Newtonian flow, the flow is in entrance region 

40
   if  

    
 

  
  1      (2.6)  
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In the SPR flow cell, D = diffusion coefficient of analyte (1 x 10
-11

 m
2 
s

-1
) and z = length of 

slit (7mm), bringing this value to 29.8 i.e. flow is in entrance region.  For flow in a 

rectangular channel the mass transfer coefficient coefficient in the entrance region can be 

estimated using a correlation for the local Sherwood number, Sh 
40

 

 

Sh = 
     

 
 

 

31 3   
 

3
 
   

    
2

  
 
1 3 

   (2.7) 

where km = mass transfer coefficient. Using this expression for the local Sherwood number, 

we can calculate the average Sherwood number,       in the slit from the entrance to the length 

of the channel L, 

         
          

   = 

   
 

31 3   
 
3
 
 

L

0
  

    
2

  
 
1 3 

d 

  d 
L

0

  =   
 

3
1 3 

  
 

3
 
   
 
 
    

2

  
 
1 3 

       (2.8) 

 

The       found from the above calculations for flow rates of 10 and 100 µL min
-1

 were 14.43 

and 31.1 respectively leading to       values of 7   10
-7

 and 1.5   10
-6

 m s
-1

. 

 

The total ligand concentration in the biosensor is a constant and equal to the sum of bound 

and unbound (free) ligand, i.e., [IgG.Lg] + [Lg]. The SPR response R (arbitrary units) can be 

assumed to be proportional to the concentration of ligand bound to antibody on the sensor 

[IgG.Lg]. Furthermore, the maximum response when all the ligands are bound with antibody, 

Rmax  can be assumed to be proportional to the total ligand concentration and in this case 

(Rmax ˗ R) would be equivalent to the free ligand concentration. If Cs is the average IgG 

concentration at the interface in the sensor, Eq. (4) can be rewritten in the form, 

 

d 

d 
   a s    a -   -  d     (2.9) 

 

The average rate of change of the ligand-analyte complex at the interface is equal to the flux 

of antibody to the interface due to mass transfer,  
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d 

d 
          b -    s      (2.10) 

 

The isotherm parameters Rmax and Kd can be obtained from equilibrium adsorption 

measurements. The rate constants for adsorption and desorption are related to the equilibrium 

dissociation constant by the expression Kd = kd/ka.  Dynamic adsorption data of signal R as a 

function of time can be analyzed using Eq. (2.9) and (2.10) by finding the best value of the 

parameter ka that fits the data.   

To determine conditions for mass transfer or kinetic limitations on adsorption Eq. (2.9) and 

(2.10) can be solved for the surface concentration Cs,  

 

Cs  
        b   d  

 a    -        
     =  

         b  a   d  

   -              a  
    (2.11a) 

 

As shown above, the surface and the bulk concentrations are not equal, and their relative 

values will depend on time during the adsorption process and the relative values of the mass 

transfer coefficient and the kinetic rate constant for adsorption. 

 

As t   0, R  0, so Eq. (11a) at the start of the adsorption process take the form, 

 

Cs(t = 0)  
        b 

 a               = 
1

  a             1
 Cb    (2.11b) 

 

If the mass transfer coefficient       is much greater than the adsorption rate constant, the 

surface concentration will equal the bulk concentration and the binding process is rate 

limited.  If the rate constant for adsorption is very large relative to the mass transfer 

coefficient, the surface concentration will approach zero and the adsorption process will be 

mass transfer limited.  As a result, for adsorption kinetic-controlled binding, Cs   Cb, and 

kaRm/      << 1 whereas for mass transport controlled binding kaRm/      >> 1 applies as seen 

from Eq. (2.11b). 
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2.3 Results and discussion 

2.3.1 Surface density of ligands grafted on SAM supports 

 

Ellipsometric thicknesses of peptide on SAMs. The thickness of an adsorbed layer can be 

used as a parameter to quantify the amount of material on the surface if one assumes a 

homogeneous adsorbed layer with constant refractive index
41

. The percentage of –NH2 

moieties that reacted can be estimated by comparing the number of grafted peptides per unit 

area to the number of –NH2 groups in the SAM. The results are summarized in Table 2.1, and 

include calculated values for the number density of ligands per unit area, .  

 

During reactions of the Fmoc-HWRGWVA (with subsequent de-protection) and the 

uncapped HWRGWV, only 10-12% of –NH2 of the SAMs were converted to peptides as 

shown in Table 2.1. Meanwhile the acetylated peptides showed a higher percentage of NH2 

conversion at 18%. A small experimental variation in the ellipsometric thickness of Ac-

HWRGWV, only 0.02 Å, was noted, whereas the standard deviations for the Fmoc-

HWRGWV and uncapped HWRGWV were greater than 1 Å. After 7 days, the HWRGWV 

slides showed an increase in length of approximately 1 Å, while the Ac-HWRGWV slides 

did not show significant changes. We also observed that increasing the bulk concentrations or 

changing the molar ratios of the peptide to coupling agents (uronium salts) did not change the 

conversions to a great extent (data not shown). 

 

The achieved peptide densities, between 0.24-0.49 molecules nm
-2

 (Table 2.1) were lower 

than those determined by Shen
36

 using similar ellipsometric measurements on silica supports 

modified by a silane to graft Fmoc-HWRGWV, where a maximum density of 0.81 molecules 

nm
-2

 was found after de-protection. However the estimated fractional conversions of –NH2 to 

peptide were in the range of 15-30% for our modified gold similar to those of Shen’s silane-

modified silica surfaces. Ding et al. have recently achieved maximum peptide densities in the 

range of 0.47-0.6 molecules nm
-2

 by directly grafting cysteine-terminated oligopeptides on 
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SPR sensors.
43

 We note that the overall peptide densities were similar to those obtained when 

grafting molecules of similar molecular mass onto SAMs by other authors.
43

  

 

Table 2.1: Thicknesses and calculated surface densities of SAMs and peptides on gold surfaces. 

The values in bold indicate the final surface densities and final percentage of NH2 reacted for 

various peptide sensors: HWRGWV sensors which have been de-protected, uncapped 

HWRGWV sensors and Ac-HWRGWV sensors on SAMs, respectively 

 

 

Comparison to theoretical values. The theoretical surface density of peptide molecules with 

efficient packing can be calculated using the theoretical diameter of influence as provided by 

the space filling model software PYMOL. After the structure of the peptide molecule was 

introduced, the theoretical diameter was calculated by PYMOL to be 15 Å, yielding a 

theoretical surface peptide density for hexagonal close packing on the surface of 0.51 

molecules nm
-2

. The experimental surface density calculated was 0.49 molecules nm
-2

 for the 

Ac-HWRGWV peptide, which suggests that the acetylated peptide molecules are well 

packed on the surface in a brush-like structure consistent with the SAM layer below the 

peptides. The surface densities of the other peptide molecules are lower than the values of 

0.51 molecules nm
-2

 suggesting that the peptide molecules are situated further from each 

other due to the lower efficiency of the NH2 conversion.  

 

 Ellipsometric 
Thickness 

(Å) 

Surface 
density   

(molecule nm
-2

) 

NH2 
fraction 
reacted  

(%) 

EG6NH2 on gold 22.3±0.97 2.4 -- 

Fmoc-HWRGWVA  on EG6NH2 SAM 27.7±1.57 0.29 -- 

 HWRGWV on EG6NH2 SAM 25.6 ±1.72 0.24 10±5 

EG6NH2  on gold 23.6 ±1.5 2.55 -- 

Uncapped HWRGWV on EG6NH2 SAM 27.7 ± 1.03 0.30 12±5 

EG6NH2  on gold 25.4 ± 1.4 2.7 -- 

Ac-HWRGWV on EG6NH2 on SAM 32.0 ±  0.02 0.49 18±3.5 
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Surface density of Protein A immobilized on disulfide layer supports. The total ellipsometric 

thicknesses of the Protein A and the underlying DSP layer were measured, giving a thickness 

of 31.7 Å. This corresponded to a surface density of 0.0466 molecules nm
-2

 on the dried 

surface. Experiments to measure surface density of Protein A on the disulfide monolayer 

were also done by injecting Protein A into the SPR flow cell while the Protein A was being 

coupled to the surface of the sensor. No indication of further reaction was noted after two 

hours, even though the reaction was allowed to continue in the SPR flow chamber for four 

hours. The resultant difference in baselines achieved before and after the reaction was 

observed. The calculated Protein A surface density by the SPR experiment was 3.5 mg m
-2 

on 

DSP-activated surface. This corresponds to a surface density of 0.047 molecules nm
-2

, and 

matches well with the ellipsometric density obtained with our experiments. Schmid et al.
43

 

immobilized Protein A at different concentrations (0.1 mg ml
-1

 and 0.5 mg ml
-1

) on DSP-

modified gold surfaces and measured the resulting surface densities. Their results were 

interpolated to find the surface density that would result for a coupling reaction at 0.25 mg 

ml
-1

 of Protein A, a value of 0.0448 molecules nm
-2

, which corresponded well with our 

results.  

 

2.3.2 SPR results of human immunoglobulin G (IgG) and bovine serum Albumin (BSA) 

binding on Protein A and peptide ligands 

 

SPR calibration. The SPR instrument was calibrated using solutions of glycerin in MQ water 

with concentrations from 0% (pure MQ water) to 10% v/v solution. The RIs of these 

solutions are reported to be in the range of 1.333 to 1.345.
44

 Using the standard curve and 

model by Jung et al.,
39

 a 1 degree angle shift was found to correspond to 7.31 mg m
-2

 protein 

adsorbed from PBS buffer, which is an instrument-dependent constant.  

 

Maximum binding and equilibrium dissociation constant of Protein A sensors. SPR 

experiments with various concentrations of analytes were carried out on Protein A sensors, 

which are commonly used for IgG detection. The amount of analyte bound to the surface was 

calculated from the net angle change shown by the sensorgrams before and after analyte 
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injections. The data points for IgG binding were fitted to a Langmuir Eq. (2.2) as shown in 

Figure 2.2(a) to yield values of Kd of 1.43 ± 0.26  10
-7

 M and Qm of 6.72 ± 0.26 mg m
-2

. 

Comparing IgG and BSA binding results, it can be observed that the maximum amount of 

IgG bound to the Protein A biosensor is almost 40 times that of the maximum BSA binding, 

thus demonstrating the high selectivity of Protein A biosensor towards IgG.  

 

Wang et al.
45

 immobilized IgG on silanized silica surfaces with a cross-linker and Protein A, 

and found a maximum binding capacity similar to ours at 5.7 mg m
-2

 with a Kd of 1  10
-6

 M. 

Saha et al.
46

 immobilized Protein A directly on gold and found IgG equilibrium dissociation 

constant, Kd equal to 3.4   10
-8

 M which is lower than what we achieved. The Protein A – 

IgG equilibrium binding parameters of our study are in a similar range as those cited by other 

authors. 

 

Maximum binding and equilibrium dissociation constants of peptide sensors. Peptide 

HWRGWV and its acetylated version Ac-HWRGWV were investigated for IgG and BSA 

binding using SPR biosensors. The binding isotherms of IgG and BSA to the SAM-modified 

gold surface and the surface containing the two types of ligands are shown in Figure 2.2(b-c).  

It is evident that the IgG binding on the sensors was effective in the presence of peptides, 

displaying maximum adsorbed IgG values of 4.02 and 3.75 mg m
-2

 on HWRGWV and Ac-

HWRGWV sensors, respectively. On the sensors with only SAM layers, the IgG and BSA 

bound at comparable levels of approximately 1 mg m
-2

. This can be attributed to non-specific 

binding by electrostatic interactions with the unreacted –NH2 groups of the SAMs. The 

presence of the peptides enhanced the IgG binding on the surfaces, indicating the specificity 

of the peptides towards IgG. BSA binding at 0.5 and 1.0 mg m
-2

 on HWRGWV and Ac-

HWRGWV can be also attributed to the non-specific binding onto the free –NH2 groups.  
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Figure 2.2: Isotherms for IgG and BSA binding on sensors consisting of  (a) Protein A,  (b) peptide Ac-

HWRGWV on SAMs and (c) peptide HWRGWV on SAMs. Where applicable, black filled squares and 

black solid lines, show IgG binding in the presence of ligands and gray open squares and gray solid lines 

show IgG binding in absence of ligands on the SAM. Black filled circles and black dotted lines show the 

BSA binding levels on the ligands grey open circles and grey dotted lines correspond to BSA binding to 

the background SAM, in the absence of immobilized peptides. 

 

 

It should be noted however that we reduced the non-specific binding arising from 

electrostatic interactions by carrying out all the binding experiments using buffers with high 

NaCl concentrations. A reduction of charge on the surfaces themselves should further 

contribute to reduction of non-specific binding. This can be achieved by diluting the SAMs 
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to form mixed monolayers, with the dilutor thiol of SAMs having end groups which 

contribute to reduction of non-specific binding, for instance, -OH terminated thiols.  

 

Fitting the isotherm data to the Langmuir Equation, Eq. (2.2) for IgG binding, the 

HWRGWV peptide exhibited a Kd = 1.2 ± 0.3   10
-6 

M and a value of Qm = 4.09 ± 0.24 mg 

m
-2

 whereas the Ac-HWRGWV peptides resulted in a Kd  of 5.8 ± 1   10
-7

 M and Qm of 3.75 

± 0.19 mg m
-2

. Thus the presence of acetylated N-termini on the peptide layer did not cause a 

significant difference in binding capacities or in affinities. The Ac-HWRGWV and 

HWRGWV ligands do not show much difference in IgG binding. A similar observation was 

reported in other work using polymethacrylate resins with both forms of peptides 

immobilized via C-termini.
47

  

 

The sensors have a peptide density on the SAM support layers of 0.24 molecules nm
-2

 for 

HWRGWV and 0.49 molecules nm
-2

 for acetylated peptide, as shown in Table 2.1. The Kd 

and Qm values can be compared to other supports such as polymeric resins.47 Measurements 

of Qm for IgG–HWRGWV interactions such as those on polymeric resins described by Yang 

et al.47 show higher binding capacities with a maximum of 4.2 mg m
-2

. However this high 

binding capacity was only obtainable at considerably higher peptide densities of 11 

molecules nm
-2

.  At peptide densities below 1 molecules nm
-2

 for the resins, comparable to 

our modified gold surface densities, the Qm was lower than the values in our study. At resin 

peptide densities of 0.44, 0.8, 1.6 and 4.4 molecules nm
-2

 on the resins, the Qm values 

achieved were 2.8, 3.0, 3.7 and 4.0 mg m
-2

, respectively.  

 

We have already observed that the molecular density of Protein A on the surface to be 0.047 

molecules nm
-2

, and the maximum adsorbed IgG on Protein A can be expressed in terms of 

molecular density at 0.0268 molecules of IgG per square nanometers, which gives an IgG to 

ligand ratio of 0.57.  Protein A can bind upto four IgG molecules due to its Fc binding sites
48

, 

but typically  experiments with Protein A on a surface, either physisorbed or grafted via 

various SAMs, have shown IgG to Protein A ratios between 0.2 to 1.1.
49

 It has also been seen 
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by other authors that IgG to ligand ratio is IgG concentration dependent as well as dependent 

on ligand density on the surface.
50

 The concentration dependent change in binding 

characteristics of Protein A is described below.  

 

The selectivity of the IgG sensors can be quantified as the ratio of the maximum IgG binding 

to the maximum BSA binding. The selectivity of biosensors based on Protein A is about 

40:1, higher than that for peptide sensors with a calculated selectivity of up to 10:1. We note 

that the binding affinities of the peptide-based biosensors are four times lower than those of 

Protein A sensors.  It should be noted that the lower Kd value for the Protein A sensor enables 

it to measure IgG concentrations well below 1 mg ml
-1

. The higher Kd value for peptide-

based sensors still allows them to detect IgG concentrations of 0.01 mg ml
-1

 or above.  Given 

that titers of IgG in CHO cell cultures are commonly on the order of 1 mg ml
-1

 or higher, the 

higher Kd value of peptide sensors do not prohibit them from being used as process sensors.  

As demonstrated on work done with chromatographic resins, IgG can be eluted from the 

peptide ligand at milder pH values of 4 or 5 compared to elution normally done at pH 3 from 

Protein A.     

 

2.3.3 Kinetics of binding.  

 

A high affinity interaction is characterized not only by a low Kd value, but also by rapid 

recognition and binding of the ligand to the analyte (or high ka) and the stability of the 

complex formed (or low kd). The real-time monitoring capability of the SPR technique can be 

used to obtain more specific information about the biomolecular interactions through 

measurements of the adsorption and desorption rate constants and a comparison of these rate 

constants for large and small ligands.    

 

The Kd values from the isotherm and the SPR dynamic responses of the ligand-IgG binding 

experiments were utilized in the calculation of ka. The value of the adsorption rate constant ka 

was calculated by fitting the sensorgram data (SPR response in arbitrary units, R vs time, t) to 
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the numerical solution of the differential equations, Eq. (2.9) and Eq. (2.10). For this 

analysis, values for Qm and Kd obtained from the equilibrium isotherm were used.  Since kd = 

ka x Kd, the only parameter that was left to fit the data was ka.  The fitting of theoretical 

models (solid lines) to the experimental data (dotted lines) for IgG binding to the peptide and 

protein ligands pertaining to three concentrations (Cb > Kd, Cb ~ Kd and Cb < Kd) are shown in 

Figure 2.3 for (a) Protein A, (b) Ac-HWRGWV and (c) HWRGWV sensors. The resultant ka 

values are summarized in Table 2.2. The best fits were observed for Protein A sensors for all 

concentrations, and for the Ac-HWRGWV sensors for concentrations of IgG equal to or less 

than Kd. The experimental runs on HWRGWV sensors (dotted lines, Figure 2.3(c)) show 

more variability among runs, as well as with the theoretical fittings. HWRGWV sensors have 

a lower peptide density, 0.24 molecules nm
-2

 compared to those of the Ac-HWRGWV. The 

presence of higher number of unreacted –NH2 as well as the free –NH2 at the peptide 

terminus, may contribute to increased variability due to non-specific binding.  

 

Table 2.2: Average ka values of Protein A and peptide ligands (Ac-HWRGWV and HWRGWV) 

at different IgG concentrations and flow rates 

 

 Average ka at Flow rate 10 µL min
-1

 

(m
3
 mol

-1 
s

-1
) 

Average ka at 100 µL 

min
-1 

(m
3
 mol

-1 
s

-1
) 

Concentration 

range 

Protein A Ac-

HWRGWV 

HWRGWV Protein A Ac-

HWRGWV 

Cb<Kd 10.3 1.51 2.54 9.3 -- 

Cb~Kd 5.89 2.83 2.06 -- -- 

Cb>Kd 2.15 2.03 2.11 3.1 2.99 

 

 

For the acetylated peptides average values ka of 2.1 ± 0.7 m
3
 mol

-1
s

-1
 and kd of 1.2 ± 0.4  10

-3
 

s
-1

 were calculated. The average ka of HWRGWV sensors was 2.18 ± 0.4 m
3
 mol

-1
 s

-1
 and kd 

was 3.1 ± 0.5  10
-3

 s
-1

. The ka and kd values obtained were independent of concentrations as 

well as flow rates used. For the Protein A sensors the ka values ranged from 2.4 to 10 m
3
 mol

-

1
 s

-1
, corresponding kd values ranging from 0.3 to 1.5 10

-3
 s

-1
 and the values showed a 
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decreasing trend with increasing concentration at flow rates of 10 μL  in
-1

. This trend was 

also prevalent at higher flow rates of 100 µL min
-1

 with ka values in the range from 3.1 and 

9.3 m
3
 mol

-1
 s

-1
, for Cb>Kd and Cb<Kd, respectively, as shown in Table 2.2. Protein A 

experiments carried out in our study using IgG concentrations from 0.001-5 mg ml
-1

.  Results 

show a higher value of adsorption rate constants for concentrations ranging from 0.001-0.05 

mg ml
-1

 than those in the range of 0.05-5 mg ml
-1

. In quartz crystal microbalance (QCM) 

studies by Ogi et al.
51

 to evaluate the effect of concentration on the affinity between protein 

A and IgG, they observed different affinities for different concentration ranges. Similar to 

our results, the Kd value they observed for the 0.005-0.02 mg ml
-1

 concentration range is 

1.6x10
-7

 M; for lower concentration ranges, a smaller Kd value was estimated. Saha et al.
46

 

calculated ka values of 8.02 m
3
 mol

-1
 s

-1
 for Protein A-IgG experiments with IgG 

concentration in the range of 0.001-0.05 mg ml
-1

, similar to our values of ka = 8.83 ± 2.6 m
3
 

mol
-1

 s
-1

 taken for the same concentration range (Cb  Kd). They also reported a smaller ka 

value for a broader concentration range 0.001-0.1 mg ml
-1

.  

 

The cited studies indicate a decrease of ka for higher concentrations or at a higher 

concentration range, which corresponded with our observations. The variation in affinity at 

various analyte concentrations can be attributed to different structures of the IgG-Protein A 

complex that occur at different IgG:Protein A reactant concentration ratios, and the fact that 

these different complex structures may possess different affinities. The difference in affinity 

and attributed it to allosteric/cooperative binding of IgG to Protein A such that, at lower 

concentrations of analyte, a neighboring second Protein A molecule is able to bind to an 

already bound IgG molecule with greater affinity than the first.  
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Figure 2.3: Experimental (dotted) and 

theoretical fittings (solid lines) yielding ka values 

for (a) Protein A (b) Ac-HWRGWV and (c) 

HWRGWV   

Figure 2.4: Surface concentration to bulk 

concentration ratio (Cs/Cb) plots for (a) 

Protein A, (b) Ac-HWRGWV and (c) 

HWRGWV at flow rate 10 μL  in 
-1. 
Plots for 

IgG concentrations higher than dissociation 

constant are denoted by large dashed lines 

              , those si ilar to dissociation constant 

by solid lines            ) and those lower than 

dissociation constant by small dashed lines ( - 

- -)  
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To analyze effects of mass transport, we plotted the calculated ratio of surface to bulk 

concentration as a function of time, Cs/Cb, as shown in Figure 2.4 for (a) Protein A ligands, 

(b) Ac-HWRGWV and (c) HWRGWV ligands at a fixed flow rate of 10 μL  in
-1

. Each plot 

for each of the sensors shows the behavior at three concentrations: long dashed lines for 

concentrations greater than Kd, short dashed lines for concentrations less than Kd and solid 

lines for concentration similar to Kd. It can be concluded that the IgG-peptide binding is rate-

controlled as is evident from the IgG-peptide binding profiles where Cs/Cb  1 from the 

onset of the adsorption process. However for the case of IgG-Protein A binding, the Cs/Cb 

plots do not approach unity immediately, leading to the conclusion that the binding reaction 

in this case (10 µL min
-1

 flow rate) is partly mass transport controlled. This experiment was 

repeated by increasing the flow rate to 100 μL  in
-1

 in order to increase the        value, and 

the corresponding results are shown in Figure 2.5. 

 
Figure 2.5: Surface concentration to bulk concentration ratio (Cs/Cb) plots for (a) Protein A and (b) Ac-

HWRGWV at flow rate 100 μL  in
-1
  Plots for IgG concentrations higher than dissociation constant are 

denoted by large dashed lines                and those lower than dissociation constant by small dashed lines ( - 

- -)  

 

 

The experiments were carried out at two concentrations of IgG on Protein A and peptide 

sensors, 1 mg ml
-1 

(Cb> Kd) and 0.01 mg ml
 -1

 (Cb < Kd) but at a higher flow rate of 100 µL 

min
-1

 in order to increase      . We observed that increasing the flow rate did not affect the 
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Cs/Cb plots for 1 mg ml
-1

 (long dashed lines) for either peptide (Figure 2.5(a)) or Protein A 

sensors (Figures 2.5b).  In these cases the ratio of Cs/Cb is close to 1 at all times, unlike the 

ratio of Cs/Cb obtained with Protein A sensors at an IgG concentration of 0.01 mg ml
-1

.  In 

this latter case the ratio of surface to bulk concentration Cs/Cb is less than 1 from the onset of 

the adsorption step. Thus, it can be concluded that, according to Eq. (2.11a-b), the peptide 

binding mechanism to IgG tends to be reaction rate controlled regardless of flow rate. The 

protein A–IgG binding shows two major characteristics: binding shows distinctly different 

affinities at different concentration ranges of IgG; and the reaction is partially diffusion 

controlled. The mass transport limitations are more evident at lower concentrations of the 

analyte, or in other words, at lower stoichiometric analyte:ligand ratios. We look at the term 

kaRm/       to get further insights on the influence of the rate of reaction and mass transport on 

binding. For peptide binding at flow rates of 10 uL min
-1

, this ratio was 0.076 and 0.09 

(acetylated HWRGWV and HWRGWV, respectively), both of which are much less than 

unity, indicating rate controlled reaction. For the IgG binding at flow rate of 100 µL min
-1

, 

the acetylated peptide sensor gave a kaRm/       ratio of 0.04 <<1. The Protein A sensors 

however yielded kaRm/      = 0.18 at both flow rates, suggesting that the reaction might not be 

completely diffusion controlled.  The partially diffusion controlled situations are typical in 

biological systems like the SPR microfluidic channel. Since the peptide ligands are much 

smaller than Protein A and have no tertiary structure, it is not unreasonable that the binding 

kinetic rate is relatively fast since there are minimal molecular rearrangements required 

during binding.  Highly specific binding of IgG to Protein A might require additional time to 

adjust the orientation of sites in the binding regions of the proteins and this slower process 

can introduce some mass transfer limitations during the SPR experiments.  

 

2.4 Conclusions 

 

We investigated the applicability of novel hexameric peptide ligands for IgG detection and 

compared the results to Protein A based sensors.  Peptides were grafted onto monolayers of 

alkanethiol EG6NH2 that were self-assembled on gold. The peptide densities were quantified 
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via ellipsometric measurements. The method of immobilizing protein A onto gold sensors 

was adapted from literature and the number of ligands on the surface was compared with 

existing values. Both Protein A and small peptide sensors were compared side by side in IgG 

binding experiments using SPR. 

 

HWRGWV peptides were grafted onto the alkanethiol monolayers on gold sensors and 

showed selective binding with high affinity towards IgG, as did the protein sensors. Peptide 

sensors can be suitable for IgG detection as low as 0.01 mg ml
-1

 IgG, and can be potentially 

constructed at lower costs as compared to Protein A sensors. Furthermore, the higher 

equilibrium dissociation constants of the peptide based biosensors, in comparison to their 

proteinaceous counterparts, indicated the potential use of less harsh conditions for 

regeneration. Kinetic parameters for binding of IgG were obtained by fitting the experimental 

data to a theoretical model for IgG to ligand binding on the surface which included mass 

transfer and kinetic effects. 

 

We established that the affinity properties of Protein A are concentration-dependent, and at 

high IgG concentrations, the adsorption rate constants closely approach that of hexameric 

peptide ligands. The change in affinity properties of Protein A are possibly due to the 

allosteric effects which are attributed to multiple binding sites on either ligand or analyte. 

The peptide, which lacks a tertiary structure, on the other hand, displays constant ka values at 

all concentrations of IgG, as well as at high flow rates.  

 

Among the two versions of the peptide based sensors, the HWRGWV sensors showed 

variability of peptide density, lower value of peptide density, as well as higher variability 

among experimental runs in IgG binding. The maximum binding capacity and equilibrium 

constants of the HWRGWV and Ac-HWRGWV sensors are statistically similar. The 

desorption rate constant for the Ac-HWRGWV sensors however are lower than for their non-

acetylated counterparts, thus indicating that in buffer, the desorption would be slower and the 

binding to IgG would be tighter. The evidence we have thus favors the use of small molecule 
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ligands such as Ac-HWRGWV rather than their non-acetylated counterparts, without further 

modifications, for developing peptide based biosensors. However, issues such as selectivity 

and performance in complex mixtures must be looked at if the peptide based biosensor is to 

be made viable in a variety of industrial settings.  
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CHAPTER 3 

 

EFFECTS OF COMPOSITION OF OLIGO(ETHYLENE GLYCOL)-

BASED MIXED MONOLAYERS ON PEPTIDE GRAFTING AND 

HUMAN IMMUNOGLOBULIN DETECTION  

 

Alkanethiols carrying ethylene glycol units (EGn, n=3 or 6) with amine termini (EG3NH2 or 

EG6NH2) were co-adsorbed with a “diluent”, hydroxyl-terminated alkanethiol (EG3OH), to 

form mixed self-assembled monolayers (SAMs). The SAMs were characterized via X-ray 

photoelectron spectroscopy (XPS), time-of-flight secondary ionization mass spectra (ToF-

SIMS), contact angle goniometry and ellipsometry. Hexameric peptide ligand HWRGWV, 

which shows affinity binding towards the Fc (constant fragment) of human immunoglobulin 

(IgG), was grafted onto different dilutions of EG6NH2-EG3OH mixed SAMs for preparation 

of IgG detection surfaces. The largest relative number of peptide ligands to NH2 groups in 

mixed SAMs was found for layers which were formed from 10% and 25% EG6NH2 

precursor solutions. The selectivity of IgG over BSA on peptide-grafted mixed SAM was 

optimal at the SAMs prepared from 10% EG6NH2 precursor solution, even though this 

surface did not have the highest number of peptides per unit area.  IgG binding on the 

peptide-grafted SAMs was investigated using surface plasmon resonance (SPR) and 

thermodynamic and kinetic parameters were determined. IgG bound to the peptides on the 

mixed SAM with a dissociation constant Kd of 9.33 x 10
-7

 M and maximum binding capacity 

Qm of 3.17 mg m
-2

. Real time data was used to calculate an adsorption rate constant ka of 

1.99 m
3
 mol

-1
 s

-1
.  IgG binding from complex mixtures of Chinese hamster ovary supernatant 

(CHO) was investigated on peptides grafted to mixed and pure SAM. Compared to pure 

(100% EG6NH2) SAMs with peptides, higher detection sensitivity for IgG from CHO media 

was obtained for the mixed SAMs grafted with peptides. Regeneration of the surfaces (pure 

and mixed SAMs carrying peptides) was achieved by treatment with 10% acetonitrile in 0.1 

M NaOH solution. The peptides grafted on the mixed SAMs lost up to 15% of activity after 

four or more binding and regeneration cycles. Overall, the use of peptides grafted on mixed 
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SAMs improved the effectiveness of detection and had an impact on selectivity and 

regeneration of biosensors. 

 

3.1 Introduction  

 

The interface between the ligand and the transducer surface of a biosensor plays an important 

role in its performance. The incorporation of advanced materials for enhanced 

biocompatibility, improved biorecognition, decreased biofouling and reduced non-specific 

binding are active fields of research.
1
 The optimal surface must be suitable for binding of 

ligands effectively and also must provide maximal specific recognition and minimal non-

specific binding. Self-assembled monolayers (SAM) of alkanethiols are easily prepared, form 

well defined structures and are stable under biological conditions over extended periods of 

time
2
, making them suitable as an interface layer for biosensor applications. SAMs also 

provide the option of various covalently reacting termini for further modification.
3, 4

 Mixed 

SAMs have been used for enhanced binding as well as antibiofouling properties.
5, 6

 This 

study investigates the properties of mixed SAMs with of either HS-(CH2)11-(CH2CH2O)3-

NH2 (EG3NH2) or HS-(CH2)11-(CH2CH2O)6-NH2 (EG6NH2) diluted with HS-(CH2)11-

(CH2CH2O)3-OH (EG3OH), and also explores their applicability for grafting hexameric 

peptide His-Trp-Arg-Gly-Trp-Val (HWRGWV) for binding of human immnunoglobulin G 

(IgG). After HWRGWV grafting via the C-termini onto the EG6NH2 groups on the mixed 

SAMs, protein binding studies were carried out using surface plasmon resonance (SPR). 

 

The common approach for preparation of mixed SAMs is to deposit two different 

alkanethiols simultaneously on a gold surface, where one thiol molecule carries a functional 

group that is capable of covalently binding the biological receptors and a second thiol may 

bear a functional group capable of reducing nonspecific adsorption.
6-10

 In the design of 

biosensors, oligo (ethylene glycol) (OEG) based SAMs have been used, to inculcate the 

hydrophilicity and bioresistence of the ethylene glycol (EG) units without having bulky/thick 

polymer layers. Even though fundamental studies involving OEG-based monolayers have 
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been reported as early as 1991 by Prime and Whitesides
11

, related applications only began in 

the last decade. Alkanethiols with terminal carboxylate (–COOH) groups have been widely 

used in pure or mixed monolayers and OEG-based alkylthiolates (SH-(CH2)m-EGnCOOH) 

have been recently characterized for biosensing purposes.
12-14

  Mixed SAMs based on linear 

alkanethiols with small molecular variations in termini have been studied for biosensing and 

other applications.
15-18

  Recently, studies have been carried out with mixed OEG-based 

alkanethiol monolayers
2, 8, 13, 19-21

. The structure and properties of the mixed monolayers have 

an effect on the ligand immobilization and in turn, on subsequent sensing properties. 

However properties of sets of mixed monolayers will not be necessarily similar when the 

terminal functional groups are changed,
22

 Hence there is a need to characterize the mixed 

monolayers. To the best of our knowledge, EGnNH2 (n=3 or 6) mixed with EG3OH 

alkanethiols have not been utilized for biosensing purposes.  

 

Quantification of the surface density of reactive termini and of the ligands grafted on the 

mixed SAMs is necessary because of their influence on the effectiveness of biosensing. 

Techniques like X-ray photoelectron spectroscopy (XPS)
23

, and ellipsometry
12, 24

 can be used 

for quantification. SPR allows real-time analysis of interactions between analytes in solution 

and surface-immobilized ligands
25-27

 by generating a continuous experimental readout of 

complex formation and dissociation. Affinity data helps to understand the strength of 

interaction and binding behavior between biomolecules in question, at equilibrium, while 

knowledge of ka and kd reveals kinetic information pertaining to the binding mechanism. 

   

The application of short peptides is an alternative to protein-based biosensors due to the 

potentially lower costs of preparing large amounts of highly pure ligands and relative ease of 

modification for enhanced binding.
28

 A hexamer peptide ligand, HWRGWV, identified from 

a one-bead-one-peptide combinatorial library was synthesized on chromatography resins and 

found to exhibit high affinity and specificity to the Fc fragment of IgG.
29

 A chromatography 

resin with HWRGWV was able to purify human IgG from two different commercial CHO 

cell culture media with high levels of purity
29-32

 and multiple cycles of regeneration of these 
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resins have been demonstrated.33 Peptide HWRGWV may be grafted onto a random 

copolymer layer rich in primary amines or on pure alkanethiol monolayers,  and IgG binding  

has been successfully demonstrated on these diverse matrices using SPR and quartz crystal 

microgravimmetry (QCM).
34

 The success of IgG binding on the peptide layers on polymers 

has demonstrated that there is a potential for construction and application of a variety of 

peptide based matrices for IgG separation.  In this study, matrices for peptide grafting are the 

oligo (ethylene glycol) based mixed SAMs.  

 

The properties of the mixed SAMS have been determined using X-ray photoelectron 

spectroscopy (XPS), time-of-flight secondary ion mass spectroscopy (ToF-SIMS), contact 

angle goniometry and ellipsometry. ToF-SIMS was used to estimate the surface 

concentration of alkanethiols in the mixed SAMs. The results were used in conjunction with 

ellipsometric measurements to quantify the number of reactive species and subsequently 

determine the extent to which the reactive species reacted with the peptide ligand. Contact 

angle measurements were carried out to investigate the presence of phase-separated domains. 

The mixed SAMs were used for enhanced biosensing after grafting of active HWRGWV 

ligands. The EG6NH2-EG3OH SAMs were chosen for this purpose as the NH2 moiety is 

hypothesized to have better access to the ligand due to the three additional ethylene glycol 

units of the active thiol.
35

 SPR protein binding studies were carried out and the optimal 

mixed SAM concentration was chosen for further performance analysis in IgG detection. 

Sensors with a base matrix of pure and mixed monolayers were compared to study their 

behavior towards complex mixtures containing the analyte. Finally the regeneration potential 

of sensors based on pure and mixed SAMs carrying the grafted peptides was demonstrated.  

 

3.2 Experimental  

3.2.1 Materials 

 

Bioresistant alkanethiols, (11-mercaptoundecyl)hexa(ethyleneglycol)ammonium-

hydrochloride, (EG6NH2), (11-mercaptoundecyl)tri(ethyleneglycol)ammonium-
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hydrochloride, (EG3NH2), and (11-mercaptoundecyl)tri(ethyleneglycol), (EG3OH)  were 

obtained from Prochimia Surfaces Inc. (Sopot, Poland). Ethanol (200 proof) was obtained 

from Pharmaco-AAPER (Charlotte, NC). N,N-dimethylformamide (DMF, ACS reagent, 

99.8%), anhydrous DMF, diisopropylethylamine (DIPEA), glacial acetic acid (ACS reagent 

99.5%), bovine serum albumin (BSA, 98%), phosphate buffered saline (pH 7.4, monobasic 

sodium phosphate, dibasic sodium phosphate, sodium chloride 0.138 M, potassium chloride 

0.0027 M) and triethylene amine (TEA, ACS reagent 99%) were all obtained from Sigma-

Aldrich (St. Louis, MO). 2-(1H-7-Azabenzotriazol-1-yl)-1,1,3,3-tetramethyl uronium 

hexafluorophosphate (HATU) was purchased from ChemPep Inc.  (Wellington, FL). Human 

immunoglobulin G (IgG, 97% purity) was obtained from Equitech-Bio, Inc. (Kerrville, TX). 

Deionized water (resistivity > 15 M·cm) and Milli-Q water (MQ water, resistivity > 18 

M·cm) were obtained by using a Millipore water purification system (Billerica, MA). 

Nitrogen gas was obtained from Airgas National Welders (Raleigh, NC). Acetylated-His-

Trp-Arg-Gly-Trp-Val-Ala-OH was custom synthesized by Genscript Inc (Piscataway, NJ) at 

> 97% purity. Sodium hydroxide (NaOH) and sodium acetate (CH3COONa) were obtained 

from Fisher Chemicals (Pittsburgh, PA).  Chinese hamster ovary (CHO) cell culture 

supernatant mixtures were a gift from Biogen Idec Inc. (Morrisville, NC).  Serum free media 

CHO-S-SFM II (SFM II) was obtained from Life Technologies (Grand Island, NY). 

 

3.2.2 Gold slides and sensors 

 

For ellipsometric experiments glass slides (25 × 6.25 × 1 mm) coated with 100 nm of gold 

from EMF Corporation (Ithaca, NY) were used. The SPR experiments utilized glass sensor 

chips (12 × 20 × 0.5 mm) sputtered with a 50-nm gold layer on top of 2 nm of chromium 

from KSV Instruments OY (Helsinki, Finland), while XPS and ToF-SIMS experiments 

required silicon wafers coated with 100 nm over a 5-nm Ti adhesion layer from Platypus 

Technologies (Madison, WI), cut into approximately 1 cm x 1 cm pieces. These were cleaned 

prior to use by soaking in Piranha solution (98% H2SO4 and 30% H2O2 at 7:3 v/v) for 15-20 

minutes, followed by profuse rinsing in MQ water, further rinsing in 200 proof ethanol and 

finally drying under a stream of nitrogen. The surfaces were immersed in ethanol for no more 
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than 30 minutes before being added to freshly prepared solutions for further modification. 

(Warning: Piranha solution reacts violently with organic materials and should be handled 

with extreme caution.) 

 

3.2.3 Self-assembled monolayer (SAM) formation  

 

Alkanethiol EG6NH2 or EG3NH2 mixed with EG3OH thiol (total concentration, 1 mM) were 

dissolved in 200-proof ethanol. Gold slides or sensors were left in the precursor thiol 

solutions under nitrogen away from light.  Samples prepared for XPS or ToF-SIMS remained 

in thiol solutions for a period of 48 hours to ensure complete and uniform coverage. The 

sensors were removed and rinsed thoroughly with ethanol, followed by a 5-minute sonication 

in ethanol, followed again by rinsing in ethanol. Finally the sensors were dried under 

nitrogen and immediately used for XPS or ToF-SIMs analysis. For ellipsometry and SPR 

experiments, and also for subsequent peptide grafting, the slides or sensors were immersed in 

thiol solutions dissolved in ethanol with 3% (v/v) TEA to ensure complete monolayers in a 

shorter time.
36

 After 24 hours, these surfaces were rinsed with ethanol followed by soaking in 

a 10% (v/v) acetic acid aqueous solution. The surfaces were then sonicated in 10% acetic 

acid for 2 minutes, followed by rinsing with ethanol and sonication in ethanol. The surfaces 

were finally rinsed with ethanol and dried under N2. A schematic illustration of mixed SAMs 

EG3NH2-EG3OH and EG6NH2-EG3OH is shown in Figure 3.1(a) and (b), respectively. The 

peptide grafted on EG6NH2-EG3OH mixed SAM is depicted in Figure 3.1(c). The mixed 

SAMs tested consisted of EGnNH2 concentrations in the range of 0 to 100% of precursor 

solution concentration, unless otherwise mentioned.  

 

3.2.4 Grafting of peptide 

 

Peptide acetylated HWRGWV was grafted onto the –NH2 of the EG6NH2-EG3OH mixed 

SAM, (Figure 3.1(c)) by using chemistries similar to those previously reported for 

chromatographic resins
32

 and for gold surfaces (Chapter 2). Briefly, HWRGWV was coupled 



 

 

89 
 

 

 

by immersing the slides or sensors in anhydrous DMF containing HWRGWV, HATU and 

DIPEA at 5 mM, 10 mM and 20 mM, respectively. The slides/sensors and the appropriate 

peptide solutions were purged with N2 gas and the container was sealed to avoid exposure to 

atmospheric moisture. The system was left on a shaker at 250 rpm overnight at room 

temperature. After completion of the peptide grafting reaction, the slides/sensors were rinsed 

with ACS-grade DMF followed by sonication in DMF for 5 minutes.  Finally the sensors 

were rinsed again in DMF after which they were dried under a nitrogen stream. 

 

 

Figure 3.1:  Schematic diagram, not to scale, showing the two systems of mixed alkanethiolates being 

studied (a) EG3NH2-EG3OH and (b) EG6NH2-EG3OH; (c) acetylated peptide ligand HWRGWV attached 

via C-termini to NH2 moieties on EG6NH2-EG3OH  
 

 

3.2.5 X-ray photoelectron spectroscopy (XPS) of EG3NH2-EG3OH mixed SAM 

 

The surface chemical compositions of the dried samples of EG3NH2-EG3OH mixed SAM 

were determined via XPS. The measurements were performed using an AXIS 165 electron 
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spectrometer (Kratos Analytical, Manchester, UK) and a monochromatic Al Kα X-ray 

irradiation at 100W (ca. 1 mm
2
 and <10 nm analysis area and depth, respectively).  High-

resolution spectra of carbon (C 1s), and oxygen (O 1s) were collected and elemental wide 

region data for nitrogen (N 1s) and sulfur (S 2p) were collected. All spectra were recorded at 

several different points on each sample. Prior to the XPS, the samples were kept under 

vacuum in a chamber overnight, and an in situ reference of pure cellulose
37

 was used to 

verify satisfactory experimental vacuum conditions during the analysis of each sample batch. 

No sample degradation (due to ultrahigh vacuum or X-rays) was observed during the 

measurements.  

 

3.2.6 Time-of-flight secondary ion mass spectroscopy (ToF-SIMS) of EG3NH2-EG3OH 

and EG6NH2-EG3OH mixed SAMs  

 

The modified gold slides with mixed SAMs of EG3NH2-EG3OH and EG6NH2-EG3OH were 

analyzed using an ION-TOF SIMS 5 instrument (ION-TOF GmbH, Münster, Germany).  A 

static model was chosen and the equipment was operated at a pressure below 1×10
-8

 mbar. A 

Bi+ source operating at 25keV was used. The data points were collected at three points each 

on at least two samples at various concentrations of monolayers. The mass scale for negative 

secondary ions was calibrated primarily using peaks originating from C2H
-
, CH2

-
 and Au2S

-
. 

The mass scale for the positive secondary ions was calibrated using the CH3
+
, C2H3

+
 and 

C3H5
+
 peaks.  Various authors studying SAMs using ToF-SIMS or other MS methods have 

suggested use of negative spectra molecular fragment peaks characteristic to the SAM
38

 and 

negative spectra standards (typically Au cluster ion peaks).
39-41

  The N-containing molecular 

fragments from positive spectra are usually chosen when analyzing peptide or protein 

molecules.
42

 Thus we present our results from characteristic N cluster ion peaks that are 

characteristic of the NH2 containing thiol, and we have chosen the negative spectra Au 

cluster ion peaks to normalize these peak areas. Ion peaks which would be characteristic for 

NH2-terminating thiols were chosen and their corrected peak areas were calculated using 
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ION-TOF software. To represent the total amount of NH2 thiol on the mixed monolayer 

surface, the following expression was used to normalize the areas 
43

 

 

  
 Area o  characteri tic molecular  ea    or     - thiol

 Area o  normali ation molecular  ea   o  Au  
    

=  
 ea  Area

  -  
   ea  Area

   -

 ea  Area
Au-  

  ea  Area
Au -  

   ea  Area
Au -

    ea  Area
Au -

   (3.1) 

 

3.2.7 Contact angle goniometry of EG6NH2-EG3OH mixed SAMs  

 

Water contact angles on the prepared mixed SAMs of EG6NH2-EG3OH were measured using 

a Model 200 Standard Contact Angle Goniometer with Dropimage standard software ( am -

Hart, Mountain Lakes, NJ). Advancing and receding contact angles were measured using the 

sessile drop method.  

 

3.2.8 Surface density of EG6NH2-EG3OH mixed SAMs and grafted ligands by 

ellipsometry 

 

The layer thicknesses of EG6NH2-EG3OH SAM on the gold slides, before and after peptide 

grafting were measured by ellipsometry using an Alpha-SE spectroscopic ellipsometer 

(J.A.Woollam, Lincoln, NE) at an angle of incidence Φ=70° and a wavelength range of 380-

900 nm. Five points were measured on at least 2 slides and the average thickness was noted 

with n fixed at 1.45. The measured ellipsometric layer thicknesses were converted into the 

number of molecules per unit area by using Eq. (3.2) as an approximation. 
44

   

 

Γ =  
   A  0

-  

  
      (3.2) 
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where Γ is the surface density in molecules nm
-2

, d is the ellipsometric thickness in Å,   is 

the specific gravity of the species in g cm
-3

, NA  i  the Avogadro’  con tant and Mw is the 

molecular weight of the species.  

 

3.2.9 Surface plasmon resonance (SPR) experiments and calculation of equilibrium and 

kinetic constants 

 

A KSV SPR 200 instrument (BioNavis Instruments, Helsinki, Finland) was used to detect 

variations in the refractive index at the interface of the sensor and the experimental details 

were followed as in Chapter 2. Briefly, buffer solution flowed over the gold surface with 

attached ligands, in the fluidic system. The sample was injected by means of two injector 

valves, with 200 µL in volume each, into the buffer flow and this flowed over the gold 

surface of the glass slide. All experiments were carried out at 0.5°C below room temperature 

to minimize the possibility of introducing gas bubbles during measurements. All buffers and 

solutions were degassed before injection or before flowing into the SPR system.  

 

SPR calibration. The SPR instrument was calibrated to generate a standard curve relating the 

SPR response to changes in refractive index (RI). The change in RI in experiments of protein 

binding was converted to a adsorbed mass of a biomolecule by using the model of Jung et 

al.
25

  

 

Protein binding. SPR sensors with peptide grafted onto EG6NH2-EG3OH mixed SAMs were 

used for protein binding experiments. Solutions of analyte human immunoglobulin G (IgG) 

were prepared in PBS solution (pH 7.4, with 1 N NaCl added to buffer) at different 

concentrations. Bovine serum albumin (BSA) solutions at different concentrations in the 

same buffer were used to quantify non-specific adsorption.  Baseline in SPR was obtained by 

maintaining 10 µL min
-1

 of PBS. Protein solutions were injected via 200-μL  am le loo   at 

a constant flow rate of 10 µL min
-1

. The SPR was switched back to buffer solution at the end 
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of the injection time. The binding experiments were carried out on newly prepared sensors 

each time.  

 

Calculation of equilibrium constant of IgG binding: The maximum net change of signal that 

occurred after IgG injection at different concentrations was recorded during the SPR 

experiments. The intensity changes were converted into units of adsorbed mass per unit area. 

Protein IgG isotherms were plotted versus the bulk IgG concentration and fitted to a simple 

Langmuir model that used the adsorbed mass Q (mg m 
-2

) and the bulk concentration C (M) 

as variables, 

Q = 
 

m
  

 d   
       (3.3) 

 

Here,  Kd is the equilibrium dissociation constant (M) and Qm is the maximum binding 

capacity (mg m
-2

). 

 

 Determination of kinetic constants of IgG binding. It can be assumed that the IgG and the 

ligand Lg on the surface (peptide) bind reversibly forming a complex IgG.Lg as indicated in 

the expression,
45

  

      
  
 
  

IgG.Lg      (3.4) 

 

The rate of adsorption can be assumed to be a second order reaction with a rate constant ka 

and the desorption step can be assumed to be a first order reaction proportional to the 

concentration of IgG-Lg complex on the surface with a desorption rate constant kd, 

 

d  g  Lg 

d 
  = ka [IgG][Lg] – kd[IgG.Lg]    (3.5) 

 

The antibody concentration [IgG] in Eq. (3.5) is the concentration of antibody in the liquid 

phase directly adjacent to the interface.  Because of diffusional limitations, the concentration 

at the interface at a given time might be different from the concentration of antibody in the 

bulk solution.  For simplicity, the concentration of IgG at the surface is labeled Cs and the 
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analyte concentration of the bulk solution is labeled Cb. The flux of solute (moles/area/time) 

from the bulk to the interface is governed by an average mass transfer coefficient km whose 

magnitude depends on known values of the superficial velocity, the gap width above the 

surface and diffusion coefficient of the antibody. The flux can also be expressed in terms of 

the concentration difference between the bulk and at the interface as is represented in Eq. 

(3.7). Since all molecules diffusing to the interface are assumed to bind, the mass transfer 

flux is equal at all times to the flux due to adsorption. The total ligand concentration on the 

surface is constant and equal to the sum of bound and unbound (free) ligand, i.e., [IgG.Lg] + 

[Lg]. The SPR response R (arbitrary units) can be assumed to be proportional to the amount 

of bound [IgG.Lg]. Furthermore, the maximum response due to analyte binding, Rmax is 

proportional to the total ligand concentration and (Rmax ˗ R) is equivalent to the free ligand 

concentration. If Cs is the IgG concentration at the interface, Eq. (3.5) can be rewritten in the 

form, 

d 

d 
  = ka Cs (Rmax – R) – kd R     (3.6) 

 

The rate of change of the ligand-analyte complex at the interface is equal to the flux of 

antibody to the interface due to mass transfer, 

 

d  

d 
  = km (Cb – Cs)      (3.7) 

 

The isotherm parameters Qm (directly proportional to Rmax) and Kd can be obtained from 

equilibrium adsorption measurements. The rate constants for adsorption and desorption are 

related to the equilibrium dissociation constant by the expression Kd = kd/ka. The details of 

calculation of km can be found in a Chapter 2. Dynamic adsorption data of signal R as a 

function of time can be analyzed using Eq. (3.6) and (3.7) by finding the best value of the 

parameter ka that fits the data.  For further evaluation of the binding process and to determine 

whether binding is mass transport limited or rate limited the following analysis was carried 

out analyzing the Cs/Cb profile, and details of this analysis can be found in the Chapter 2. 

Briefly, when km >> ka binding is reaction rate limited and Cs/Cb  1 from the onset of 
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binding. Conversely when when ka >> km binding is mass transport limited and Cs/Cb < 1 at 

time, t0.  

 

Complex mixture experiment. Chinese hamster ovary (CHO) cell culture supernatant 

mixtures, were diluted with buffer (PBS pH 7.4, with 1 N NaCl added to buffer) or with 

serum free media (SFM II) and passed over peptide grafted onto 100% EG6NH2 and mixed 

SAMs formed from 10% EG6NH2 precursor solution The net difference in SPR signal before 

and after the CHO dilution injection event was observed. This can be converted to find the 

quantity of protein adsorbed from the CHO dilution. These values help calculate the 

percentage deviation from the theoretical SPR signal that would have been generated if the 

IgG had been detected from pure (buffer) solutions of IgG. The theoretical values of the 

signal are calculated using Eq. (3.3) with the appropriate concentration of IgG (in the CHO 

dilution) as an input value for C. Knowing the constants Qm and Kd, Q can be calculated, 

against which, the percentage deviation from the theoretical can be calculated.  The 

sensitivity of detection can be thus be analyzed qualitatively, since the lower the percentage 

deviation, the better the sensitivity of the sensor.  

 

Regeneration experiments. SPR sensors with peptide grafted onto 100% EG6NH2 and mixed 

SAMs formed from 10% EG6NH2 precursor solution were used for regeneration experiments. 

A 0.5-mg ml
-1 

solution of IgG in PBS solution (pH 7.4, with no added NaCl) was injected 

onto 100% EG6NH2-peptide surfaces. Before measurement, SPR baselines were obtained by 

maintaining a 20 μL min
-1

 flow of PBS. Following the IgG binding step and a wash with 

buffer, injections of various regeneration solutions were carried out. The regeneration 

solutions tested were acetate buffer (0.1M, pH 4.5), sodium hydroxide (0.1 M) and sodium 

hydroxide (0.1 M) mixed with 10% acetonitrile. Among these solutions the optimum 

regeneration solution was used in regeneration experiments on sensors with peptides grafted 

on mixed SAMs formed from10% EG6NH2 precursor solutions. These experiments were 

done with the same protocol as on pure monolayer-peptide surfaces. IgG in PBS was 

introduced at 20 μL min
-1

 and allowed to bind for 7 minutes, followed by buffer injection for 
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5 minutes. After this, the regeneration solution was injected twice for 4 minutes each with 4 

minutes of buffer flow between injections. IgG was injected again and the cycle was repeated 

to test the regeneration capacity of the system. 

 

3.3 Results and discussion 

3.3.1 Estimation of surface composition mixed SAMs  

 

In X-Ray Photoelectron Spectroscopy (XPS) measurements, the nitrogen (N 1s) signal is 

used as fingerprint for the amine-containing molecules present in the mixed SAM
46

. The 

average N content on the mixed SAM surface (filled triangles in Figure 3.2 (a)) was 

expressed as a percentage of the N content of pure amine-terminated SAM, formed from 

100% EG3NH2 precursor solution.  Mass spectrometry (MS) methods are usually employed 

for qualitative analysis to detect the presence of molecules according the molecular weights 

and fractions of molecular ions and ion fragments. MS can be used for semi-quantitative 

determination of surface density of mixed monolayers, provided the characteristic peaks of 

the component molecules of the mixed systems are properly identified at a unique m/z 

ratio
47

. To use the results of ToF-SIMS molecular peaks for calculating surface 

concentration, certain conditions must be fulfilled, for example, a series of closely 

chemically related samples should be measured under the same experimental conditions
48

. 

Few reports exists about the application of mass spectroscopy, in particular time-of-flight 

secondary ion mass spectrometry, (ToF-SIMS), for characterizing mixed SAMs;
40

 in fact, 

ToF-SIMS is not in widespread use for determining quantitatively the molecular surface 

concentration on a surface. However, characterization of monolayers with XPS or  infrared 

spectroscopy can be complemented by other methods such as ToF-SIMS
26

, contact angle 

goniometry
40, 49-51

 , or ellipsometry
49, 52-54

. The EG3NH2 relative concentration calculated 

from ToF-SIMS peak areas for samples from alkanethiols with different percentages of 

EG3NH2 thiol are shown in Figure 3.2(a). The XPS elemental N peak values and ToF-SIMS 

molecular fragment peak data for N-containing fragments are expressed as percentages of the 
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respective highest N containing sample i.e. samples formed from 100% EG3NH2 precursor 

solution.  

 

 

Figure 3.2: (a) Experimental results for EG3NH2-EG3OH mixed SAMs with XPS (black profile) and ToF-

SIMS (red profile) showing a good correspondence of elemental nitrogen (N 1s) and molecular N-

containing peak data, respectively. (b) Experimental results of EG6NH2-EG3OH mixed SAMs from ToF-

SIMS results (red profile) (Both XPS data and ToF-SIMS peak data are expressed as a percentage of the 

respective highest N containing sample,  ie SAMs formed from 100% EGnNH2 precursor solution).  

 

 

As seen in Figure 3.2(a), there was agreement between XPS and ToF-SIMS results. For 

EG3NH2-EG3OH mixed SAMs the non linear trend of surface compositions with respect to 

precursor solution concentrations is evident. Also there is shift in preferential adsorption of 

one thiol component over the other, after a certain concentration of SAMs is reached, and the 

shift is seen in both XPS and ToF-SIMs results for this mixed SAM.  

 

We thus proceeded to estimate surface concentrations of the monolayers for EG6NH2-

EG3OH SAMs using ToF-SIMS, as this method was suited for semi-quantitative 

characterization. We applied the same method of analysis based on the molecular peaks, as 

was done for EG3NH2-EG3OH.  
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Similar to the results for EG3NH2-EG3OH mixed SAM, the surface compositions of 

EG6NH2-EG3OH were not linearly related to the EGnNH2 concentration in the precursor 

solution. ToF-SIMS surface composition calculations in EG3NH2-EG3OH (Figure 3.2(a)) and 

EG6NH2-EG3OH (Figure 3.2(b)), show that there is a dominant tendency for EGnNH2 to 

adsorb from solution when the EGnNH2 precursor solution concentrations are below 45% and 

25% respectively. Such adsorption selectivity has been observed by other authors
55

 who have 

attributed this behavior to the preferential adsorption from a polar solvent of the less polar 

thiol (EGnNH2 in our case).   Kang et al
56

 has also observed the shift in preferential 

adsorption when co-adsorbing two thiols having polar end groups from a polar solvent. We 

observe a similar trend in the change of preferentital adsorption of OEG-based alkanethiols 

as their concentration (EG3NH2 or EG6NH2) in precursor solution reaches a certain value 

(unique to that particular thiol pair).  

 

Kang et al have postulated three governing factors that influence the partitioning in the 

adsorption of binary mixtures of thiols: the relative adsorption and desorption kinetics of the 

thiols, the polarity of the individual components, and the final electronic structure of the 

resulting SAM. Below a certain concentration of the EGnNH2, the preferential adsorption of 

EGnNH2 occurs because the EG3OH has higher polarity and higher hydrogen bonding 

probability with the ethanol solvent, producing less extensive adsorption compared to that of 

NH2-terminating molecules. Also preferential desorption of EG3OH occurs contributing to 

the preferential adsorption of NH2-terminated molecules. Kang explains that if the SAM 

components are both polar molecules but with differing polarities and are coadsorbing from a 

polar solvent, the SAMs will have reduced stability due to different polarities.  But if 

coadsorption is from polar solvent, the SAMs will be stabilized by interactions with polar 

solvent molecules. In the case of EG3NH2-EG3OH, beyond 45% EG3NH2 precursor solution 

concentration, the concentration of EG3NH2 on the surface increases so much that 

intermolecular repulsion within the polar molecules in the SAM balances the adsorption-

desorption kinetics effects. Adsorbed EG3NH2 desorbs into the solution at a faster rate 

compared to EG3OH. At lower concentrations of EG3NH2, the SAM EG3NH2 do not desorb 
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at a fast rate because of the stabilizing interactions of the polar solvent molecules on the 

molecules in the formed SAMs. It has been seen that the change of preferential adsorption of 

component thiols are absent in case of co-adsorption of non polar thiols or when coadsorbing 

from non polar solvents.
56

 Thus at higher EGnNH2 concentrations of the precursor solutions 

monolayers display apparent higher rates of preferential desorption of the NH2 terminated 

thiol. For EG6NH2-EG3OH systems, the formed SAMs are even less stable compared to the 

EG3NH2-EG3OH because of the differing lengths of components SAMs. The number of 

EG6NH2 molecules required to offset the stabilizing effects of the polar solvent is lower. The 

change in preferential adsorption is seen at 25% precursor solution concentration. Evidence 

of preferential adsorption of EGnNH2, especially at lower precursor solution concentrations, 

is seen in results of subsequent sections as well.  

 

3.3.2 Characterization of EG6NH2-EG3OH mixed SAMs using contact angle goniometry 

 

In our mixed SAMs an almost linear decrease of advancing contact angles, from 50 ± 5° 

(EG6NH2) to 35 ± 5° (EG3OH), was observed (Figure 3.3). The contact angle values were in 

agreement with those measured for diethyleneglycol-based mixed SAMs with amine and 

hydroxyl terminated thiols described by Chirakul et al 
24

 However the EG6NH2-EG3OH 

mixed SAMs formed from 25% EG6NH2 precursor solutions or below show contact angles 

clustered closer to 50°, which again shows the preferential adsorption tendencies of one thiol 

over the other up to a certain concentration. Amine-terminated SAMs without OEG groups 

investigated by other authors
57, 58

 had contact angle value  ≥50 ° which indicate that the OEG 

groups in our systems increased the hydrophilicty of the SAM. The water contact angle 

hysteresis was in general less than 20°, which is similar to that found for well-ordered SAMs 

of pure alkanethiolates on gold (Figure 3.3 (inset)). In our mixed monolayer systems the 

change in hysteresis from 0% EG6NH2 to 100%EG6NH2 SAMs was smooth and almost 

linear. There were no sudden changes in hysteresis, which would have suggested formation 

of phase-separated domains or highly heterogeneous surfaces.
59, 60
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Figure 3.3: Cosine of contact angle plots for EG6NH2-EG3OH mixed monolayer systems against 

concentration of EG6NH2 in the precursor thiol solutions. (inset) Contact angle hysteresis plotted against 

concentrations of EG6NH2 in the precursor thiol solutions  

 

 

The water contact angle hysteresis was in general less than 20°, which is similar to that found 

for well-ordered SAMs of pure alkanethiolates on gold (Figure 3.3(inset)). In our mixed 

monolayer systems the change in hysteresis from 0% EG6NH2 to 100%EG6NH2 SAMs was 

smooth and almost linear. There were no sudden changes in hysteresis, which would have 

suggested formation of phase-separated domains or highly heterogeneous surfaces.
59, 60

 

 

The properties of mixed SAMs influence the analyte binding onto the biosensor surfaces 

which employ them as linking layer between ligand and transducer surface. Furthermore, the 

amount and spacing of ligands grafted onto mixed SAM are also influenced by the surface 

composition and wettabilities of the SAM surfaces, which in turn will affect the sensitivity 

and selectivity of biosensor surfaces. Thus characterizing the properties of mixed SAMs 

qualitatively and quantitatively can be vital for the development of improved biosensors.  

 



 

 

101 
 

 

 

3.3.3 Peptide ligand surface density  

 

In previous studies it has been suggested that by diluting the supporting SAMs one can 

control the amount of grafted ligands and decrease the number of reactive functional groups 

on biosensors, leading to an increase in accessibility of the analyte to the ligand, as well as 

decreasing the non-specific adsorption by more bioresistant species available on the surface. 

These considerations are important when controlling analyte binding and in the development 

of biosensors with improved selectivities.
61, 62

.  

 

The layer thicknesses can be used to quantify the amount of material on the surface by 

assuming the layer as having a constant refractive index.
27, 63, 64

 Zhu et al 
65

 calculated the 

lengths of SAMs formed by n-alkanethiols and OEG containing alkanethiols from 

ellipsometry measurements, assuming a value of 1.46 for the refractive index. Table 3.1 lists 

the ellipsometric thicknesses measured for the various mixed SAMs, before and after ligand 

attachment. 

 

It is assumed that the chemical composition of the terminal group do not strongly affect the 

layer thickness of SAMs of the alkanethiols on gold, especially if the functional terminal 

groups have similar sizes. This applies to methyl- and amine- terminated alkanethiol, which 

have similar hydrodynamic radii.  However the hydroxyl group is smaller than these two 

functional groups and therefore the stated consideration may not apply
9
 . The ellipsometric 

lengths of EG3OH and EG3NH2 SAMs were 12 ± 1 Å and 18 ± 1 Å, respectively, which goes 

well with the above considerations. As a reference, the thickness for a similar OEG based 

al anethiol in Zhu’   tudie   a   7 ±   Å. For pure EG6NH2 SAMs a thickness of 25 ± 1 Å 

was determined (compares with 24 ± 1 Å for similar OEG-based molecule reported by Zhu). 

We have used the ToF-SIMS surface density approximations in conjunction with the 

ellipsometric lengths to estimate the exact numerical density of both alkanethiol molecules 

and subsequently of the peptides. The calculated density of EG6NH2 on the gold surface was 

a maximum for 50% EG6NH2 precursor solution.  
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Table 3.1: Ellipsometric lengths, surface densities of SAM components and grafted peptides,  

and  corresponding efficiencies of peptide grafting 

EG6NH2 

concen-

tration 

 in 

precursor 

solution 

 

(%) 

Thickness 

(Å) 

Surface density 

(molecules nm
-2

) 

Peptide 

grafting 

efficiency  

 

 

 

 

(%) 

Mixed SAM Mixed SAM 

with grafted 

peptide ligand 

EG6NH2 

SAMs 

before 

peptide 

grafting 

 

Peptide 

1 16.5 ± 2.9 16.5 ± 1.5 2.68 0.005 
0.16 ± 

0.06 

5 21.2 ±  3.0 28.5 ± 2.6 2.26 0.50 ± 0.28 22 ± 16 

10 20.0 ± 1.3 31.1 ± 2.0 2.79 0.77 ± 0.26 28 ± 11 

25 19.7 ± 0.1 31.8 ± 1.9 2.72 0.84 ± 0.20 31 ± 8 

50 25.1 ± 2.1 32.0  ± 0.4 3.41 0.48 ± 0.15 14 ± 5 

100 25.4 ± 1.4 32.0 ±  0.02 2.66 0.49 ± .095 18 ± 5 

 

 

The peptide surface densities were calculated from the change in ellipsometric lengths due to 

covalent grafting of peptides on the SAMs with varying EG6NH2 surface densities. The 

efficiency of peptide grafting was calculated as the ratio of the number of molecules of 

peptide to the number of NH2 moieties available before grafting reaction.  As is seen from 

the results, the molecular surface density ranges from 0 to 0.84 molecules nm
-2

 with the 

maximum occurring at the surface prepared from 25% EG6NH2 precursor solution. The 

efficiency of peptide grafting on the SAMs show a maximum value for surfaces prepared 

from 10% EG6NH2 precursor solution. The relatively higher conversion for SAMs from 10% 

EG6NH2 precursor solution concentration is due to the optimal NH2 spacing on the surface, 

and this has been investigated in a subsequent section.  

 

The net charges on the peptide and on the NH2 moieties are both positive in the given 

grafting conditions and the stoichiometric ratio of the NH2 to peptide is unfavorable at 

solution percentages below 10% and above 25% EG6NH2. These contribute to the poor 
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peptide coupling efficiency of these systems. Ethylene glycol units of the longer thiol 

(EG6NH2) ‘ hield’ the molecules beneath it. 
20

 Thus, at concentrations above 50% EG6NH2 

the NH2 termini are spatially closer to each other and the peptide molecules are unable to 

access each and every NH2 terminus, giving rise to a lower peptide coupling efficiencies.  In 

Chapter 2 we have shown that if the peptides have a theoretical diameter of influence of 15 

Å, the maximum possible molecular density is 0.51 molecules nm
-2

. However in this work 

we observed molecular densities higher than this value when grafting peptide molecules on 

mixed SAMs. Peptide densities higher than the theoretical value, found at low surface 

concentrations of NH2, can be explained if the peptides bind  (even if to a limited extent) to 

the surface via  –OH  groups.
66

 We can also attribute this increased density to the availability 

of NH2 termini on  lexible extended ‘arm ’ o  the E 6NH2 which have 3 ethylene glycols 

which are theoretically ~1nm (3*length of theoretical EG unit) extended above the EG3OH 

base monolayers.  

 

3.3.4 Specific and non-specific protein binding ratio with peptide grafted onto EG6NH2-

EG3OH mixed SAMs 

 

The analyte protein, IgG, and the non-specific protein, BSA, were used to study the 

selectivity of the peptide biosensor system on mixed SAM and characterize the effects of 

concentration of monolayers on which the peptides had been grafted. The serum for 

monoclonal antibody production is often complemented with additives such as those from 

fetal bovine serum, and BSA has been known to be one of the major protein contaminants in 

IgG production downstream.
67

  Thus this protein has been used as the reference protein for 

non-specific binding onto the peptide based sensors.  The HWRGWV short peptide was 

grafted onto SPR sensors with mixed monolayers formed from solutions with EG6NH2 

concentrations ranging from 5% to 100%.  Protein adsorption levels for IgG and BSA 

solutions (6 mM concentration, each) were recorded and the ratio of IgG:BSA bound was 

plotted against the EG6NH2  precursor solution concentration used to build the SAM (Figure 

3.4(black columns)). The signal (IgG) to noise (BSA) ratio reaches maxima at surfaces 
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prepared 10% EG6NH2 solution. Thus the mixed monolayer-peptide system prepared from 

10% EG6NH2 (with density of 0.77 peptides nm
-2

) was chosen as ideally suited for biosensor 

design.  For this surface, the area/peptide molecule (calculated as the inverse of peptide 

density in molecules nm
-2

, Figure 3.4(inset)) showed a local minimum, indicating that the 

peptide molecules are optimally spaced. This optimal spatial distribution of peptides 

surrounded by nonspecific binding detractors (i.e. -OH termini of EG3OH) contributes to the 

optimum ratio of IgG to BSA molecules bound.  

 

 

Figure 3.4: Peptide density (grey columns) on mixed SAMs and ratio of binding of IgG and BSA (of same 

molar concentrations) (black columns) shown for peptides grafted on monolayers formed from EG6NH2 

precursor solutions of the concentration and calculated EG6NH2 surface compositions in brackets in x-

axis . (inset) area occupied per peptide molecule for mixed SAMs formed from EG6NH2 precursor 

solutions of the concentrations shown in x-axis 

 

 

At higher concentrations of EG6NH2 the inability of the ligands to access all the reactive NH2 

groups can lead to a higher percentage of unconverted NH2, leading to higher levels of non-
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specific binding due to electrostatic interactions with the available NH2. Authors have found 

evidence of an enhanced specific binding, of optimum ligand attachment, reduced non-

specific binding or a combination of these on systems with mixed monolayers at intermediate 

surface concentrations (commonly between 10-25 % of the reactive species in the 

monolayers).
68

 For example, biotinylated oligo(ethylene glycol) alkanethiol mixed SAMs 

prepared from 10% precursor solution concentration(~20% surface composition),  showed 

maximum specifically bound streptavidin in studies by Nelson et al.
19

 Another biotinylated 

alkanethiol mixed SAM system, (without OEG units), showed better specific binding 

towards streptavidin at mixed monolayer concentrations of 57%. 

 

We have already seen in a previous section that the preferential adsorption of EG6NH2 on the 

SAMs changes after 25% EG6NH2 precursor solution. The peptide density is a maximum at 

SAMs formed from 25% precursor EG6NH2 solutions and also leads to a higher IgG binding 

value, however the selectivity of binding (IgG to BSA binding ratio) is higher at 10% 

EG6NH2.  This study has illustrated that using mixed monolayers in conjunction with the 

active ligands increases the selectivity of binding, but the mixed SAMs should be 

characterized in order to achieve optimal selectivities.   

 

3.3.5 IgG binding on peptides grafted on EG6NH2-EG3OH mixed SAMs  

 

We focus our attention to the peptide systems based on EG6NH2-EG3OH mixed SAMs 

prepared from 10% EG6NH2 solution (~20% surface composition). SPR protein binding 

experiments (IgG and BSA) were carried out on sensors made from peptides grafted onto the 

mixed SAM. The amount of analyte protein adsorbed to the surface was calculated from the 

net angle change of sensorgrams before and after analyte injections. The data points were 

fitted to a Langmuir Equation, Eq. (3.3) as shown in Figure 3.5 to yield values of Kd of 9.33 

± 0.26  10
-7

 M and Qm of 3.177 ± 0.26 mg m
-2

. The value of Kd was 5.8  10
-7

 M for the 

same peptide grafted onto 100% EG6NH2 system (Chapter 2),  however the value of Qm was 

higher at 3.76 mg m
-2

 on this surface. Thus the dilution of the monolayers had no effect on 
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the inherent binding affinity of the ligand towards IgG, but the capacity of the surface was 

decreased. Even though there is a higher peptide ligand density associated with the mixed 

monolayer system we observed a lower amount of protein adsorbed and this is due to the 

high protein resisting capabilities of the OEG units present in the mixed SAM.  

 

 

Figure 3.5: Analysis of proteins binding on EG6NH2-EG3OH mixed SAM with and without peptide 

grafted. The mixed SAMs were formed from 10% EG6NH2 precursor solution (and had ~20% surface 

composition). Results of IgG adsorption on HWRGWV grafted onto mixed SAM (black), IgG adsorption 

on mixed SAM with no peptide (red) and BSA adsorption on HWRGWV grafted onto mixed SAM (s 

blue) are shown in the figure. 

 

 

The number of unconverted NH2 termini decreased in the mixed monolayer system leading 

to a decrease of non-specific binding of the IgG, as is also demonstrated by the decrease of 

BSA adsorption on the mixed SAM. We observe in Figure 3.5 that the maximum BSA 

adsorption in presence of the peptides is 0.5 mg m
-2

 and IgG adsorbed in absence of peptides 

(which can also be considered non-specific) is 0.5 mg m
-2

. The corresponding values on 

peptides grafted on SAMs of 100% EG6NH2 were in the order of 1 mg m
-2

 (Chapter 2). The 
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implications of these observations are tied to the analyte quality that is to be used. In general 

the mixed SAMs can improve the selectivity of ligand binding and can be used in developing 

biosensors in cases where non-specific binding must be reduced. If there is a need for better 

selectivity one should opt for mixed monolayers; if there is a need for lower levels of 

detection the pure monolayer system would serve better. 

 

Figure 3.6: (a-f) SPR fittings of experimental (dotted lines) and theoretical fittings (solid lines) at various 

concentrations of IgG(g) Cs/Cb plotted with respect to time at various concentrations of IgG  

 

 

Rate adsorption constant. Time-dependent SPR sensorgrams obtained for different IgG 

(analyte) concentrations were fitted to the kinetic model described in Chaper 2 to determine 
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the rate adsorption constant ka. A good fit was obtained for IgG concentrations lower than 1 

mg ml
-1

. At higher IgG concentrations the change in refractive index is affected by the high 

protein load, which causes an overshoot that is not accounted for in the kinetic model for 

IgG-peptide binding. An average ka of 1.99 ± 0.3 m
3
 mol

-1
 s

-1 
was obtained from the fittings 

(Figure 3.6(a-f)). This value corresponded well with our results from IgG binding onto 

peptides grafted onto pure SAM, where average ka values of 2.18 ± 0.4 and 2.1 ± 0.7 m
3
 mol

-

1
 s

-1
 were obtained for non acetylated and acetylated peptides, respectively. We also observed 

that the experiments are not mass transport limited as seen in the Figure 3.6(g); at time t0, 

Cs/Cb tends to unity for all concentrations of IgG.  

 

IgG detection from complex media. For effective use as a biosensor, its performance should 

be analyzed in complex media. The SPR signals can be used to calculate the response of 

dilutions of complex mixtures towards the sensor systems. We injected Chinese hamster 

ovary (CHO) cell supernatant solutions (where the cells were genetically modified to produce 

human IgG) onto peptides grafted onto SAMs with 100% EG6NH2 and 10% EG6NH2.  

 

The performance of the peptide sensors towards CHO dilutions with IgG and other impurities 

(red points in Figure 3.7(a-b)) conformed well with the performance of the respective sensors 

towards pure IgG solutions in buffer (black points in Figure 3.7(a-b)). The theoretical SPR 

signals for a particular sensor, are calculated using the concentration of IgG in the CHO 

dilution as Q in the Langmuir equation, Eq. (3.3) and using previously calculated values of 

Kd and Qm,  
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Figure 3.7: (a) IgG binding from complex mixture dilutions of Chinese hamster ovary (CHO) 

supernatant on peptides grafted on 100% EG6NH2  

(b) IgG binding from complex mixture dilutions of CHO supernatant on peptides grafted on mixed SAMs 

from 10% EG6NH2 –EG3OH 

(c) IgG binding and regeneration cycles using 0.1M NaOH + 10% Acetonitrile as regeneration solution 

for system of peptides grafted on 100% EG6NH2  

(d) IgG binding and regeneration cycles using 0.1M NaOH + 10% Acetonitrile as regeneration solution 

for system of peptides grafted on mixed SAMs from 10% EG6NH2-EG3OH 

 

 

The smaller the percentage deviation value of the actual SPR signal for CHO dilutions from 

the calculated theoretical SPR signals, the higher is the sensitivity of detection at that point. 
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By this definition, we obtained higher sensitivities (i.e. deviations in the range of ~10% to 

30%) for (i) 100% EG6NH2-peptide systems with higher concentrations of complex mixture 

(up to 3 times dilutions of CHO) and (ii) for 10% EG6NH2-peptide systems when detecting 

IgG from lower concentrations (from 15 to 300 times CHO dilutions). There was no 

significant difference observed between the performance on CHO when diluting media was 

serum free media (SFM II, red triangles) and when it was buffer (PBS + 1 N NaCl , red 

circles). At higher concentrations of CHO (CHO with added IgG) the performance on the 

10% EG6NH2 is also quite satisfactory. These results suggest that the peptide biosensors are 

viable for IgG detection applications in industrially relevant situations.  

 

We believe that the diluted (mixed) SAMs helped to counter non-specific binding arising 

from the contaminants present in the complex mixture. However, at lower dilutions of CHO 

(i.e. more concentrated mixtures of IgG) there is a possibility that the mixed SAMs displayed 

bioresistance towards both specific as well as non-specific binding, which is why it would be 

less suited for concentrated complex mixtures as a detection tool.  

 

Sensor regeneration: Functional biosensors necessitate the development of effective 

regeneration conditions. For commercial use of biosensors the system should be suitable for 

multiple cycles of repeated binding and regeneration, without loss of ligand activity.  

Optimum regeneration conditions are those which break the bonds between the ligand and 

analyte  ithout adver ely a  ecting the ligand’  binding abilitie   For regeneration of the 

100% EG6NH2 HWRGWV sensors, we determined the best regeneration solution that caused 

minimum loss in ligand activity from one the following regeneration solutions: 0.1M acetate 

buffer pH 4.5, 0.1M NaOH, or 0.1 M NaOH with 10% acetonitrile. Optimum regeneration 

was obtained for 0.1 M NaOH with 10% acetonitrile. Multiple cycles of binding and 

regeneration were carried out using this solution.  There was no loss in activity for the 

peptide sensors for the first four cycles (binding-regeneration).  Conducting four more cycles 

(for a total of eight cycles) led to a 15% loss in peptide activity and a baseline regeneration of 

84%, (see Figure 3.7(c)).   
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The 0.1 M NaOH with 10% acetonitrile regeneration solution was used for regeneration 

experiments on 10% EG6NH2 HWRGWV sensors. There was some loss of peptide activity 

for the first eight cycles. A 23% loss of peptide activity and a final regeneration baseline of 

77% were recorded after 12 cycles. The loss of peptide activity is higher in case of the mixed 

monolayers and this is expected because the NaOH is able to rupture bonds between the –OH 

and peptides which accounts for ~ 30 % of the peptide bound sites and the ester bond formed 

between C termini and OH is susceptible to alkaline conditions.
66

 In separate SPR 

experiments, if the sensors had been pretreated with 0.5 M NaOH (room temperature, 1 

hour), IgG bound to peptides on mixed SAMs of 10% EG6NH2-EG3OH, with a decrease in 

performance of 25% (data not shown). This can account for the higher loss of activity of 

peptide grafted on mixed monolayers.  

 

Yang et al. has used mass spectrometry (MS) data and docking simulations to study the 

nature of bonding between the hexameric peptide HWRGWV and human IgG
69

. They have 

shown that the most likely binding site is the loop SNGQPENN localized in the CH3 domain 

of IgG. They have also pointed out that the binding sites on Protein A or Protein G are 

different from the peptide binding sites for IgG molecules. These and previous experimental 

results by the same author
70

 indicate that neither hydrophobic nor electrostatic interactions 

are a dominant force in binding of IgG to the peptide and that hydrogen bonding between 

residues play a major role in the specific affinity binding. The results of regeneration 

experiments carried out in this study are also indicative of the forces prevalent during the 

binding event of IgG to the ligands. We were unable to regenerate the 100% EG6NH2 

HWRGWV surface after IgG binding by use of regeneration buffers or solutions such as 

acetate buffer at pH 4.5 and 0.1M NaOH with no added acetonitrile. This indicated that 

merely the change of pH was not enough to cause 100% breaking of bonds between IgG and 

the peptide. As we see in our results, introduction of a chaotropic agent (e.g. urea) or a polar 

solvent (e.g. acetonitrile) was required to weaken forces contributed by hydrogen bonding.  
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3.4 Conclusions  

 

The applicability of peptide ligands for detection of human immunoglobulin (IgG) was 

investigated. Pure and mixed self-assembled monolayers (SAMs) of alkanethiol molecules 

with oligo(ethylene glycol) units on gold surfaces were implemented to determine the 

optimum binding of IgG from pure and complex mixtures. Amine terminated alkanethiols are 

reactive towards the ligand, and in this work, they were mixed with hydroxyl terminated 

alkanethiols which provide antibiofouling properties. Results of surface concentration of 

mixed SAMs from XPS and ToF-SIMS analyses were in close agreement. In the mixed 

SAMs of EG6NH2-EG3OH, EG6NH2 showed preferential adsorption during coadsorption 

only up to a certain concentration, which had implications on the subsequent ligand 

attachment and also on the selectivities of analyte binding. The surface concentrations and 

corresponding coverages of NH2 on mixed SAMs of EG6NH2 and EG3OH were estimated 

from ToF-SIMS and ellipsometric measurements. The contact angle measurements indicated 

that the mixed SAMs used to graft ligand HWRGWV were hydrophilic and indicated the 

potential for reducing the contribution from non-specific adsorption, as demonstrated in 

experiments of IgG and BSA binding. 

 

The SPR sensors with peptides grafted onto SAMs from the 10% precursor solution (~20% 

surface composition) EG6NH2 were used for protein binding studies and the equilibrium and 

kinetic binding constants were statistically of the same value as those found for peptide 

grafted on 100% EG6NH2. However, the maximum protein adsorbed onto the mixed SAMs 

with peptides was of lower value as compared to that on the pure SAMs with peptides. The 

change in the base matrix and in peptide density on the surface did not affect the inherent 

mechanism of peptide-IgG interaction. Mixing the monolayers did not change the peptide 

density to a large degree neither did it affect the IgG-peptide interactions too much. However 

it did help to minimize non-specific binding onto the surface which in turn helped to detect 

IgG with higher precision from complex mixtures particularly at lower concentrations. The 

regeneration behavior on peptide on 100% EG6NH2 or on 10% EG6NH2-EG3OH were 
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comparable to each other, however the alkaline regeneration solutions affected performance 

of the peptide on mixed SAMs. It is thus important to know the precise application of the 

sensor surface, to help choose the optimum monolayer concentration in order to develop an 

effective SPR biosensor. 
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CHAPTER 4 

 

GRAFTING OF PEPTIDES ON BRANCHED AMINES TO INCREASE 

BINDING CAPACITY OF SENSORS FOR DETECTION OF HUMAN 

IMMUNOGLOBULIN G 

 

Branched amines were introduced on self-assembled monolayers (SAMs) of alkanethiols to 

increase the peptide grafting density on planar surfaces. The peptide grafted was a hexameric 

ligand HWRGWV that binds specifically to the Fc fragment of the analyte human 

immunoglobulin G (IgG). The SAMs bore hydroxyl groups which were activated to react 

with tris(2-aminoethyl)-amine (TREN).  The TREN molecule has a tertiary amine center 

with three primary amine pendant groups, one of which was used to anchor the molecule on 

to the SAM, while the other two were left free to react with the C-termini of the peptides. 

Peptides grafted onto the SAM-branched amine surfaces were characterized with 

ellipsometer and the grafting densities and efficiencies estimated. The density achieved was 

1.24 molecules nm
-2

 and this was higher than what was previously achieved with un-

branched amine based SAMs. The surfaces with peptides were further investigated via 

surface plasmon resonance (SPR) to quantify the IgG adsorption properties. The adsorption 

isotherms were fitted to two models. The first model was (1:1) Langmuir binding and an 

alternate model was developed to account for IgG reacting with multiple binding sites on the 

surface. The equilibrium parameters for the Langmuir model: maximum binding capacity, 

Qm, was 4.45 mg m
-2 

and dissociation constant Kd was 0.87   10 
-6

 M. The corresponding 

non-Langmuir equilibrium parameters were determined and  
 

   was 5.1 mg m
-2

 and    
  

 

was calculated as 3   10
-6

 M
2
 m

-1
, respectively. Real time dynamic adsorption data using 

both models were used to determine adsorption rate constants ka or   
   

. The ka values were 

concentration dependent and the fittings showed mass transport limitation effects.  The 

Langmuir model did not account for the multiple binding sites which could lead to the ka 

variability for different IgG concentrations. For the non-Langmuir model the adsorption 

process was rate controlled except at the lowest concentration of IgG, for which mass 

transport effects were seen to influence the binding event.  Non-specific binding was 
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relatively high using the branched amine-peptide system. For reduction of non-specific 

binding, sensors were prepared by using grafting mixtures of 50/50% or 25/75% 

TREN/ethanolamine instead of pure TREN prior to peptide grafting; alternatively the peptide 

surfaces formed from 100% TREN grafting were acetylated after the peptide grafting 

reaction. IgG binding from complex mixtures of Chinese hamster ovary supernatant (CHO) 

was investigated and regeneration studies were carried out using two regeneration solutions. 

The use of branched amines was found to increase the overall sensitivity of the peptide 

binding surfaces for IgG adsorption. The peptide binding mechanism to IgG on these 

surfaces was more complex than on surfaces without the TREN due to the multipoint 

interaction and mass transport effects through a matrix that can adopt a three-dimensional 

structure on the planar surface.  

 

4.1 Introduction  

 

There are a number of performance parameters of a biosensor, however two of the most 

studied parameters are sensitivity and selectivity towards the analyte. The sensitivity of a 

biosensor is strongly dependent on many factors, one of the most important of which is the 

surface functionalization. Commercial biosensors must have typical limits of detections in 

the order of 0.001 mg m
-2

. 
1
 The enrichment of surface receptors leading to enhanced binding 

capacities is a function of surface chemical treatments. Self-assembled monolayers (SAMs) 

and long polymer chains have been commonly used to create stable, uniform two- or three-

dimensional surfaces. With this type of biochemical matrix, the capacity of the surface to 

adsorb the target analytes while rejecting non-specific binding determines the selectivity 

parameter of the biosensor.
2
 

 

In order to graft a higher number of ligands on the surface in a controlled fashion a three-

dimensional structure can be considered (e.g., dextran, poly-acryl-amide, agarose, etc.), 

however these matrices are usually subject to increased non-specific binding due to 

interactions with unconverted reactive moieties.
3, 4

  These surfaces may also be subject to 
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increased bioleaching of ligands that are typically physisorbed to the matrices.
5, 6

  The 

introduction of branching points that provide additional functional groups, changing the 

overall topology of the biosensor surface can lead to a significant variation in materials 

properties.
7
 Additional functional groups via branched molecules permit multiple 

derivatization reactions compared to their linear counterparts.
8
 One of the most commonly 

studied application of the branched functional group is the use of dendritic compounds such 

as poly(amido amine) (PAMAM). These are branched polymers with highly dense peripheral 

amino groups which can contribute to high loading of proteins and other biomolecules, onto 

surfaces like silica,
9
 chitosan

10
  and gold

11
. These surfaces can be used for a variety of 

applications including the development of biochips and biosensors. 
11-14

 Only a few studies 

have looked at increasing capacity while also decreasing nonspecific binding at the same 

time as it is understood that enhancing one of these properties usually causes a decline the 

other. A recent study to develop a platform with branched functionalities (PAMAM), along 

with bio-fouling resistance, has shown that incorporating poly(ethylene glycol) (PEG) units 

can attenuate the nonspecific adsorption of biomolecules.
15

  Bergbreiter et al. used a SAM 

bearing amine group on silica gel, which they activated by cyanuric chloride and introduced 

polyethyleeneimine (PEI) which had multiple secondary amine groups for the production of 

hyperbranched grafts with NH2 functionality.
16

 Kim et al. have worked extensively with 

branched functionalities for the purpose of increasing the number of amines per area on 

substrates beyond what is achievable by SAM on substrates.
17-19

 Other authors have used 

naturally occurring amino acids like lysine and glutamic acid as branching units, and a 

variety of other methods have also been used to graft peptides onto or within support-bound 

dendrimers and dendrons.
20-22

 

 

For the study of enhanced chemistries for grafting biomolecules, techniques such as quartz 

crystal microgravimetry (QCM) and surface plasmon resonance (SPR) can be used to test the 

effectiveness of the biomolecular grafting and to investigate the biodetection capabilities of 

the grafted ligand. These are label-free approaches and they provide real time information 

which can be used to understand the mechanism of biomolecular interactions via 
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determination of kinetic and thermodynamic parameters for adsorption. Analysis of kinetic 

parameters such as adsorption and desorption kinetic rate constants (ka and kd, respectively) 

can provide insights into the binding mechanisms. Additionally, equilibrium parameters such 

as the dissociation constant Kd and binding capacity, Qm help evaluate the specificity and 

sensitivity of interaction of the biomoleuclar interactions.  

 

Affinity detection and purification of human immunoglobulin G (IgG) are commercially 

important because of the highly specific nature of IgG molecules themselves. Monoclonal 

and polyclonal antibodies are the highest consumed protein biotherapeutic molecules
23, 24

 and 

they play vital roles in immunoaffinity chromatographic separation applications,
25

 

immunoassays and immunosensors.
26

 Conventionally, purification and detection of IgG is 

based on proteinaceous ligands such as Staphylococcus aureus Protein A and Streptococcus 

Protein G. However the high costs, low stability, and loss of antibody activity due to harsh 

elution conditions associated with the proteinaceous ligands have been the major motivations 

for designing less expensive and more robust synthetic small ligands.
27, 28

 Synthetic peptides 

offer a promising alternative to protein based biomolecules for use as the biorecognition 

layer of biosensors and the design of peptide ligands for biosensing functional proteins.
29, 30

 

has been reported previously.  

 

A hexamer peptide ligand, HWRGWV has been identified from a one-bead-one-peptide 

combinatorial library, and has been found to exhibit high affinity and specificity to the Fc 

fragment of the human IgG.
27, 31

 Chromatographic resins bearing the peptide were able to 

purify human IgG from various complex mixtures including two different commercial 

Chinese hamster ovary (CHO) cell culture media with purities and recoveries higher than 

85% and 94% respectively.
27, 32, 33

. The resins bearing the peptide ligand are eluted in milder 

conditions than those of protein A and up to 100 cycles of regeneration of the resins have 

been demonstrated without significant activity loss. In earlier work, our group has 

successfully demonstrated that the peptide can be grafted onto a random copolymer layer or 

self-assembled monolayers bearing primary amines and has demonstrated IgG binding from 
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buffer solutions as well as complex solutions. Both the copolymer and the SAM surfaces 

were able to graft peptides and subsequently bind IgG at similar binding capacities. This 

study takes a look at an approach to increase the peptide density on the planar surfaces to 

increase the IgG binding capacities via branched functionalities while keeping the non-

specific binding at a minimum, thus increasing the sensitivities of IgG detecting surfaces.  

 

In the current work, interactions between peptide ligand HWRGWV and its affinity target 

protein IgG were investigated in detail, after grafting the ligand onto branched 

functionalities. The peptides were grafted onto branched amines to increase the peptide 

density on the surface. The branched amines were grafted onto self-assembled monolayers of 

bioresistant alkanethiols to reduce non-specific binding. The SAMs were formed from a 

bioresistant alkanethiol with three ethylene glycol units and a terminal –OH functionality. 

The branched amines were formed using a linker, tris 2-aminoethyl amine (TREN), with a 

tertiary amine center and three primary amine groups. One of the primary amines was 

covalently grafted onto the SAMs of the alkanethiol with the –OH terminus. Chemistries 

with uronium salts were used to graft the peptide onto the TREN that was in turn grafted onto 

the SAMs.  Ellipsometric thicknesses were measured to estimate the peptide densities on the 

surfaces. The peptide/branched amine/SAM system was investigated for protein binding with 

IgG solutions, bovine serum albumin (BSA) solutions and Chinese hamster ovary (CHO 

dilutions).  The regeneration potential of the sensors grafted with the peptides on the 

branched functionalities was demonstrated. Protein binding experiments with IgG and BSA 

were also carried out on sensors prepared to minimize the number of –NH2 binding sites to 

decrease BSA binding and increase the overall sensitivity towards IgG analytes. For the 

reduction of non-specific binding, branched amine sensors were prepared from a mixture of 

TREN and ethanolamine (as opposed to pure TREN solutions), followed by peptide grafting; 

or sensors were acetylated after peptide grafting.   
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4.2 Experimental  

4.2.1 Materials  

 

Bioresistant alkanethiols, (11-mercaptoundecyl)hexa(ethyleneglycol)ammonium-

hydrochloride, (EG6NH2), and (11-mercaptoundecyl)tri(ethyleneglycol), (EG3OH) were 

obtained from Prochimia Surfaces Inc. (Poland). Ethanol (200 proof) was obtained from 

Pharmaco-AAPER (USA). N,N-dimethylformamide (DMF, ACS reagent, 99.8%), anhydrous 

DMF, diisoproplyethylamine (DIPEA), glacial acetic acid (ACS reagent 99.5%), bovine 

serum albumin (BSA, 98%) and phosphate buffered saline (pH 7.4, monobasic sodium 

phosphate, dibasic sodium phosphate, sodium chloride 0.138 M, potassium chloride 0.0027 

M) were all obtained from Sigma-Aldrich (St. Louis, MO). 2-(1H-7-Azabenzotriazol-1-yl)-

1,1,3,3-tetramethyl uronium hexafluorophosphate (HATU) was purchased from ChemPep 

Inc.  (Wellington, FL). N,N-Carbonyldiimidazole (99% ) was ordered from Chem-Impex 

International (Wood Dale, IL) and tris(2-aminoethyl)-amine (TREN, 96%) was purchased 

from Aldrich Chemicals. Human immunoglobulin (IgG, 97% purity) was obtained from 

Equitech-Bio, Inc. (Kerrville, TX). Deionized water (resistivity > 15 MΩ·cm) and Milli-Q 

water (MQ water, resistivity > 18 MΩ·cm) were obtained by using a Millipore water 

purification system (Billerica, MA). Nitrogen gas was obtained from Airgas National 

Welders (Raleigh, NC). Acetylated-His-Trp-Arg-Gly-Trp-Val-Gly-OH and acetylated-His-

Trp-Arg-Gly-Trp-Val-OH was custom synthesized by Genscript Inc (Piscataway, NJ) at > 

97% purity. Sodium hydroxide (NaOH) and sodium acetate (CH3COONa) were obtained 

from Fisher Chemicals (Pittsburgh, PA).  Chinese hamster ovary (CHO) cell culture 

supernatant mixtures were a gift from Biogen Idec Inc. (Morrisville, NC).   

 

4.2.2 Gold slides and sensors 

 

The ellipsometer experiments used glass slides coated with 100 nm of gold (25 × 6.25 × 1 

mm) from EMF Corporation (Ithaca, NY) and SPR experiments used glass sensor chips (12 

× 20 × 0.5 mm) sputtered with a 50 nm gold layer on top of 2 nm of chromium from KSV 
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Instruments OY, Helsinki, Finland. These were cleaned prior to use by soaking in Piranha 

solution (98% H2SO4 and 30% H2O2 at 7:3 v/v) for 15-20 minutes, followed by profuse 

rinsing in MQ water, further rinsing in 200 proof ethanol and finally drying under a stream of 

nitrogen. The surfaces were immersed in ethanol for not more than 30 minutes before being 

added to freshly prepared solutions for further modification. (Warning: Piranha solution 

reacts violently with organic materials and should be handled with extreme caution.) 

 

4.2.3 SAM formation  

 

Clean gold slides or sensors were left in alkanethiols EG3OH (total concentration, 1 mM) in 

200- proof ethanol under nitrogen away from light for 12-24 hours at room temperature. The 

surfaces were then rinsed with ethanol, sonicated in the same solvent, rinsed again and dried 

under N2.  

 

4.2.4 Grafting of branched amine 

 

On monocomponent SAMs of EG3OH, branched amines were grafted for subsequent peptide 

grafting. The slides or sensors were rinsed after SAM formation and were CDI-activated by 

immersion in anhydrous DMF solutions of CDI (40 mg ml
 -1

) at room temperature. The CDI 

solution was purged with N2 and added to the shaker for 2 hours. The CDI-activated surfaces 

were rinsed with anhydrous DMF and sonicated for less than a minute in DMF to remove 

physically adsorbed substances. The slides were then introduced into 30% (v/v) solutions of 

TREN (Figure 4.1(a)) in anhydrous DMF and left overnight at room temperature on the 

shaker at 250 rpm. For all protein binding experiments except those to reduce non-specific 

binding branched amines were grafted from grafting solution of 100% TREN in anhydrous 

DMF.  
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Figure 4.1: Schematic representation of reactions of CDI and TREN on SAMs of EG3OH on gold 

followed by (a) branched amine grafting (100% TREN) (b) branched amine grafting with hydroxyl 

moieties (The TREN/ethanolamine ratios in the grafting mixture was either 50/50% or 25/75%  and the 

formed surfaces are arbitrarily referred to as 50% or 25% TREN surfaces)  (c) schematic representation 

of peptide grafting via C-termini on amine functionalities (d) acetylation of unreacted amine termini 

 

 

For protein experiments to reduce non-specific binding, the surfaces were prepared as 

follows. SAMs of EG3OH were prepared and on these a TREN-ethanolamine mixture was 

used for branched amine grafting so that a fraction of the SAM molecules would be grafted 

with OH groups.  The sensors were introduced to grafting mixtures so that the volume of 
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TREN and ethanolamine together was 30% of the final mixture volume in  anhydrous DMF. 

The ratio of TREN/ethanolamine in the mixture was either 50/50% or 25/75%  to produce 

branched amine sensors with hydroxyl moities (Figure 4.1(b)). The slides were left in the 

respective mixtures overnight at room temperature on the shaker at 250rpm.  The formed 

surfaces are arbitrarily referred to as 50% TREN or 25% TREN surfaces according to TREN-

ethanolamine ratio in the precursor solution. 

 

Following TREN reaction or TREN-ethanolamine mixture reaction the surfaces were rinsed 

with anhydrous DMF and sonicated for about a minute in the same solvent. Subsequently 

these surfaces, with branched amines, or with branched amines and hydroxyls, were taken for 

peptide grafting. 

 

4.2.5 Grafting of peptide  

 

Branched amine moieties were functionalized by using chemistries similar to those 

previously reported for chromatographic resins
31

 and for gold surfaces in Chapter 2. Briefly, 

acetylated HWRGWV, either with a C terminus glycine amino acid, or without one, was 

coupled to the branched amines by immersing the slides or sensors in anhydrous DMF 

containing the peptide Ac-HWRGWVG or Ac-HWRGWV, HATU and DIPEA at 5 mM, 10 

mM and 20 mM, respectively (Figure 4.1(c)). The slides/sensors and the peptide solutions 

were purged with N2 gas and the container was sealed to avoid exposure to atmospheric 

moisture. The system was left on a shaker at 250 rpm overnight at room temperature.  

 

After completion of peptide grafting reaction, the slides/sensors were rinsed with ACS grade 

DMF followed by sonication in DMF for 5 minutes.  Finally the sensors were rinsed again in 

DMF after which they were dried under nitrogen stream.  
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4.2.6 Acetylation of the branched amine surfaces with grafted peptide  

 

For protein experiments to reduce non-specific binding, to reduce the number of unreacted 

amines after peptide grafting, the slides were immersed in acetic anhydride (10% v/v) 

solution with DIPEA (10% v/v) added into anhydrous DMF and the solution left on a shaker 

at 250 rpm for 2 hours at room temperature. (Figure 4.1(d)) 

 

4.2.7  Surface density of SAMs and grafted moieties by ellipsometer 

 

The layer thicknesses on the gold slides, before and after grafting of peptide were measured 

by ellipsometry using an Alpha-SE spectroscopic ellipsometer (J.A.Woollam, Lincoln, NE) 

 t  n  ngle of inci ence Φ=70°  n    w velength r nge of 380-900 nm. Five points were 

measured on at least 2 slides and the average thickness was noted using an index of refraction 

n fixed at 1.45, unless otherwise mentioned. The measured ellipsometric layer thicknesses 

were converted into the number of molecules per unit area by using Eq. (4.1) as an 

approximation,   

 

 Γ = 
      0

-  

  
     (4.1)  

 

Here Γ is the surface density in molecules nm
-2

, d is the ellipsometric thickness in Å,   is the 

specific gravity of the species in g cm
-3

, NA  is the  vog  ro’s const nt, and Mw is the 

molecular weight of the species. 

 

4.2.8 Surface plasmon resonance (SPR) experiments  

 

A KSV SPR 200 instrument (BioNavis Instruments, Helsinki, Finland) was used to detect 

variations in the refractive index at the interface of the sensor and the experimental details 

were followed as in Chapter 2. Briefly, buffer solution flowed in the fluid chamber of the 

SPR unit and over the gold sensors prepared according to steps described in previous section. 
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The sample was injected by means of two injector valves, with 200 µL in volume each, into 

the buffer flow and this flowed over the gold sensor. All experiments were carried out at 

0.5°C below room temperature to minimize the possibility of introducing gas bubbles during 

measurements. All buffers and solutions were degassed before injection or before flowing 

into the SPR system.  

 

SPR calibration. The SPR instrument was calibrated to generate a standard curve relating the 

SPR response to changes in refractive index (RI). The change in RI in SPR experiments of 

was converted to a adsorbed mass of a biomolecule by using the model of Jung et al. 
34

  

 

Protein binding experiments. SPR sensors with peptide grafted onto branched amines were 

used for protein binding experiments. Solutions of analyte human immunoglobulin G (IgG) 

were prepared in PBS solution (pH 7.4, with 1 N NaCl added to buffer) at different 

concentrations. Bovine serum albumin (BSA) solutions at different concentrations in the 

same buffer were used to quantify non-specific adsorption. Control experiments were also 

carried out with IgG solutions injected on to branched amine-based sensors, with no grafted 

peptides. Baseline in SPR was obtained by maintaining 10 µL min
-1

 of PBS buffer. Protein 

solutions were injected via 200-μ  s  ple loops  t   const nt flow r te of  0 µ   in
-1

. The 

SPR was switched back to buffer solution at the end of the injection time. The binding 

experiments were carried out on newly prepared sensors each time.  

 

Calculation of equilibrium parameters: The maximum net change of signal that occurred 

after IgG injection at different concentrations was recorded during the SPR experiments. The 

intensity changes were converted into units of adsorbed mass per unit area, Q. The IgG 

bound to the surface were fitted to one of the two following isotherm expressions, and the 

equilibrium parameters, maximum binding capacity and equilibrium dissociation constant 

were determined. One of the isotherm models is the (1:1) Langmuir isotherm:  

 

Q = 
    

      
       (4.2a) 
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A non-Langmuir model was developed to account for an IgG molecule binding to multiple 

binding sites on the surface,   

 

   
  

-   
 = 

 

  
     n=2   (4.2b) 

 

This non-Langmuir model has parameters of maximum protein adsorbed,  
 

  
 and 

equilibrium dissociation constant,   
  
, the superscript ‘  ’  ifferenti tes these v lues fro  

the Langmuir model parameters of maximum protein adsorbed and equilibrium dissociation 

constants. If the coefficient, n, of expression   
 

  
-    in Eq. (4.2b) was set to 1, the 

equation would be reduced to the Langmuir isotherm equation. For the IgG binding to 

branched peptides in this model, n is taken 2, assuming one IgG molecule is able to bind to 

two free binding sites on the surfaces investigated in this study.  

 

Determination of apparent rate constants of IgG binding : A dynamic model was derived 

from the mass action law equations.  It can be assumed that on the surface the IgG and a 

ligand (peptide) bind reversibly forming a complex IgG.Lg as indicated in the expression,
35

  

 

      
  
 
  

IgG.Lg      (4.3) 

 

The rate of adsorption can be assumed to be a second order reaction with an apparent rate 

constant ka and the desorption step can be assumed to be a first order reaction proportional to 

the concentration of IgG-Lg complex on the surface with a desorption rate constant kd, 

 

   g     

 t
= ka [IgG][Lg] – kd [IgG.Lg]    (4.4)  

 

The total ligand concentration is constant and equal to the sum of bound and unbound (free) 

ligand, i.e., [IgG.Lg] + [Lg]. The SPR response θ (arbitrary units) can be assumed to be 

proportional to [IgG.Lg]. Furthermore, the maximum response due to analyte binding, θm ,is 

proportional to the total number of binding sites and the quantity (θm ˗ θ) is equivalent to the 

free binding sites. 
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The antibody concentration [IgG] in the dynamic equation Eq. (4.4) is the concentration of 

antibody in the liquid phase directly adjacent to the interface.  Because of diffusional 

limitations, the concentration at the interface at a given time might be different from the 

concentration of antibody in the bulk solution.  For simplicity, the concentration of IgG at the 

surface is labeled Cs and the analyte concentration is that of the bulk solution is labeled Cb.  

 

If IgG binding to the ligands on the surface were to follow 1:1 Langmuir model based 

binding, Eq (4.4) can be rewritten as  

 θ

 t
 = ka Cs (θm – θ)– kd θ     (4.5a) 

 

At equilibrium dθ/dt = 0 and the expression Eq. (4.5a) simplifies to the Langmuir isotherm 

equation with the appropriate conversions.  

In an alternate non-Langmuir model, if the IgG is envisioned to bind to two free binding sites 

on the surface and if Cs is the IgG concentration at the interface, Eq. (4.4) can be rewritten 

with apparent rate adsorption constant of   
  

 and apparent rate desorption constant   
  

 

 

 θ

 t
 =   

  
 Cs (θ 

  
  – θ) 

2
 –   

  
 θ     (4.5b) 

 

At equilibrium dθ/dt = 0 and Eq. (4.5b) simplifies to the non-Langmuir isotherm equation, 

Eq. (4.2b) with n =2.  

 

The flux of solute (moles/area/time) from the bulk to the interface is governed by a mass 

transfer coefficient km whose magnitude depends on the superficial velocity, the gap width 

above the surface, the diffusion coefficient of the antibody, and the concentration difference 

between the bulk and in the interface.  The details of calculation of km can be found in 

Chapter 2. The rate of change of the ligand-analyte complex at the interface is equal to the 

flux of antibody to the interface due to mass transfer, 

 

 θ

 t
  =         s      (4.6) 
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The isotherm parameters θm or θ 
  

 (calculated from Qm or  
 

  
) and Kd or   

  
can be 

obtained from equilibrium adsorption measurements by fitting data to either the Langmuir 

model (2a) or the non-Lanmguir model (2b). The rate constants for adsorption and desorption 

are related to the equilibrium dissociation constant by the expression Kd = kd/ka. and   
   

  
  
   
  

 Dynamic adsorption data of signal θ as a function of time can be analyzed by solving 

differential equation pair, Eq. (4.5a) and (4.6) for Langmuir model,  or Eq. (4.5b) and (4.6) 

for non-Lagnmuir model and best fits of the parameter ka or   
  

 are determined by curve 

fitting, respectively.  

 

Analyzing the effect of mass transport : To determine conditions for mass transfer or kinetic 

limitations on adsorption, according to which model, Langmuir Eq. (4.5a) or non-Langmuir 

Eq. (4.5b) and (4.6) can be solved for Cs. The details of solving Eq. (4.5a) and (4.6) to obtain 

a value for Cs and subsequent analysis of mass transport effects are described in Chapter 2.  

 

For the non-Langmuir system solving Eq (4.5b) and equation (4.6) for Cs, we obtain 

 

Cs =
        

  
  θ

  
    θ 

  
- θ 

 
    

 =  
       

  
     

  
 θ 

 θ 
  - θ 

 

        
    

    (4.7a) 

 

As shown above, the surface and the bulk concentrations are not equal, and their relative 

values will depend on time during the adsorption process and the relative values of the mass 

transfer coefficient and the kinetic rate constant for adsorption.As t   0, θ  0, so Eq. (4.7a) 

at the start of the adsorption process takes the form, 

 

Cs(t   0) =
     

  
   θ 

   
 
    

  = 
 

   
   θ 

   
 

       
 Cb    (4.7b) 

 

As seen from Chapter 2 and the Eq. (4.7a-b) here, for both Langmuir and non-Langmuir 

models, when km >>   
  

 binding is reaction rate limited and Cs/Cb   1 from the onset of 
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binding. Conversely when when   
  

 >> km binding is mass transport limited and Cs/Cb ≠ 1 at 

time, t 0. Thus Cs/Cb plots with respect to time can help determine whether IgG-ligand 

interaction is reaction limited or mass transport limited.   

 

Reduction of non-specific binding experiments. The branched amines can introduce increased 

amounts of non-specific binding due to electrostatic interactions resulting from unreacted 

amines on the surface after peptide coupling. SPR experiments using two approaches to 

reduce unreacted amine groups during protein binding.  One approach involved the use of 

50-50 (%v/v) or 25-75 (%v/v) TREN-ethanolamine mixtures instead of 100% TREN 

solutions to graft the branched amines, and the second involved acetylating the surfaces after 

peptide grafting was complete. The SPR sensors modified in one of these two ways were 

used for injections of IgG or BSA solutions in PBS (pH 7.4, added 1N NaCl) and the SPR 

responses were recorded.  

  

Complex mixture experiment. Chinese hamster ovary (CHO) cell culture supernatant mixture 

was diluted with buffer (PBS pH 7.4, with 1 N NaCl added to buffer) or with serum free 

media (SFM II) and passed over peptides grafted onto branched amine systems. The net 

difference in SPR signal before and after the CHO dilution injection event was observed. 

 

Sensor regeneration experiments. SPR sensors with peptide grafted onto branched amines 

(100% TREN) were used for protein binding-regeneration experiments. A 0.5-mg ml 
-1 

solution of IgG in PBS solution (pH 7.4, with no added NaCl) was injected on to sensors. 

Before measurement, SPR baselines were obtained by maintaining a 20 μL min
-1

 flow of 

PBS. Following the IgG binding step and a wash step with PBS, regeneration step was 

carried out by injecting one of three regeneration solutions : 0.1 M NaOH, 0.01 M NaOH or 

0.2M acetate buffer (pH 4). IgG in PBS was flowed at 20 μL min
-1

 and allowed to bind for 7 

minutes, followed by buffer injection for 5 minutes. After this, the regeneration solution was 

injected twice for 4 minutes each with 4 minutes of buffer flow between injections. IgG was 

introduced again and the cycle was repeated to test the reversibility of the system. 
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4.3 Results and discussion 

4.3.1 Ellipsometric densities 

 

The peptides, acetylated HWRGWV (Ac-HWRGWV) and acetylated HWRGWVG (Ac-

HWRGWVG) were grafted with uronium salt based chemistries onto the branched moiety 

tris(2-aminoethyl)amine (TREN). The results of ellipsometric measurements on these 

modified surfaces are summarized in Table 4.1. The changes in length after the TREN 

grafting step onto the EG3OH SAMs were too small to measure. Thus the net change of 

length before and after the peptide grafting onto the SAMs, taking into account the molecular 

weight of the all the species that were grafted (i.e. including the molecular weight of 

branched amines), was used to estimate surface density. The peptide densities with or 

without the glycine amino acid at the C-terminus are almost the same with density values of 

1.24 and 1.27 molecules nm
-2

 respectively. However the Ac-HWRGWV gave a higher 

variation in length and subsequent experiments were carried out using the Ac-HWRGWVG. 

The number of peptides per –OH moieties on the SAMs is quite high with an overall yield of 

almost 70% for this reaction. Since we did not quantify the actual number of amine moieties 

on the surface, we base the overall efficiency of amine usage for peptide grafting on the 

assumption that each –OH moiety was able to bear two amine groups. This assumption leads 

to calculation of grafting efficiencies of 33-34%. We have achieved similar efficiencies for 

grafting peptides onto linear amines on SAMs of EG6NH2 in previous studies. It should be 

noted that if the peptides are assumed to behave like spheres with a theoretical diameter of 

influence of 15 Å, the maximum possible molecular density is 0.51 molecules nm
-2

 with 

hexagonal packing of peptide molecules is predicted.  However we have achieved higher 

densities of up to 0.84 peptide molecules nm
-2

 on mixed SAMS of EG6NH2-EG3OH. In the 

case of branched amines we have achieved peptide densities beyond this value and we 

conclude that were able to graft higher number of amines per unit area due to the branched 

functionalities.  
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Table 4.1: Ellipsometric thicknesses and corresponding molecular densities 

   * (assuming -OH has two NH2 grafted) 

 

 

4.3.2 Binding studies with IgG and BSA 

 

The analytes IgG and BSA were injected on to SPR sensors functionalized with Ac-

HWRGWVG grafted on branched amine surfaces. Solutions of IgG were also injected on to 

surfaces with branched amine with no peptide grafted. The SPR responses of all the 

experiments were converted into units of protein adsorbed per area using the model described 

in Chapter 2. The binding plots in Figure 4.2, show that the sensors were able to bind high 

levels of IgG on the branched amine surface. Even with no peptides present (blue lines and 

triangles, Figure 4.2) the maximum IgG adsorbed levels are greater than 1 mg m
-2

. In Chapter 

2 and 3, control surfaces of pure or mixed SAMs and no peptides showed IgG binding levels 

lower than 1 mg m
-2

. This suggests that proteins are able to bind to higher levels due to the 

increased number of binding sites of –NH2. This is also indicative of a propensity towards 

high levels of non-specific binding. This is further exemplified by the BSA binding levels on 

the surfaces grafted with peptides onto branched amines (red lines and circles, Figure 4.2). 

The maximum binding levels are comparable to those of BSA adsorbed on peptides grafted 

onto pure SAMs (Chapter 2). In Chapter 3, grafting peptides on mixed SAMs caused a 50% 

decrease of BSA binding on sensors. The surfaces can be modified to reduce the number of 

binding sites, and decrease non-specific binding levels by careful design of the sensor 

surface, as is described in a subsequent section.     

Surfaces studied 
Thickness 

(Å) 

Surface Density 

(molecules nm
-2

) 

Peptide per 

-OH moiety 

NH2 

usage* 

EG3OH SAM  12.4 ± 1.8 1.86 ± 0.2 -- -- 

Ac-HWRGWV grafted via 

branched NH2 (TREN)  on 
EG3OH 

34.2 ± 2.0 1.27± 0.1 0.68 34% 

Ac-HWRGWVG grafted via 

branched NH2 (TREN)  on 

EG3OH 

36.2 ± 1.1 1.24 ±  0.1 0.66 33% 
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The equilibrium values of protein adsorbed, Q for protein concentrations, C were fitted to 

Langmuir model, Eq. (4.2a) or non-Langmuir model (4.2b) as depicted in Figure 4.3 (black 

and red solid lines, respectively). The Langmuir model parameters were determined and a Qm  

of 4.45 mg m
-2

 and a Kd of 0.87   10
-6

 M was calculated.  Fitting to the non-Langmuir model 

yielded a  
 

  
 of 5.1 mg m

-2
 and a   

  
 of 3   10

-6
 M

2 
m

-1
. The units of   

  
 represent the 

assumption that each IgG molecule participates in an adsorption step involving two binding 

sites on the surface. 

 

 

Figure 4.2: IgG binding to Ac-HWRGWVG peptides on branched amines (black), BSA binding to Ac-

HWRGWVG peptides on branched amines (red) , IgG binding to branched amine surfaces with no 

peptides grafted (blue) 

 

 

We had observed Qm values of 3.75 and 4.1 mg m
-2

 when IgG interacted with acetylated and 

non-acetylated peptides on un-branched amines on pure SAMs; on mixed SAMs with 

acetylated peptides Qm of 3.17 mg m
-2

 was observed. Corresponding Kd values were 0.58   

10 
-6

 M, 1.2   10
-6

 M and 0.93   10
-6

 M, respectively. (All fittings were based on the (1:1) 

Langmuir model for the un-branched systems in Chapters 2 and 3).  
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Figure 4.3: Isotherm fitting for IgG protein adsorbed onsto Ac-HWRGWV peptides on branched 

amine surface at various concentrations of IgG. The experimental data points (grey) are fitted to a 

Langmuir model Eq. (2a) (fitting shown in black), and non-Langmuir model Eq (2b) (fitting shown 

in red) for comparison of the two models  

 

 

The branched amine sensors with peptides in this study show increased binding capacity 

compared to the un-branched counterparts. This agrees well with the observation of an 

increase in number of properly accessible/properly oriented peptides on the branched amine 

surface. This has implications on the sensitivity of the sensor because at low concentrations, 

a large observable signal change indicates that the sensors are more sensitive to small 

changes. It also has implications for the limit of detection (LOD). Due to the increase of 

peptide density we observe an enhanced LOD of 0.005 mg ml
-1

 IgG.   For peptides grafted on 

pure SAMs and mixed SAMs with un-branched amine termini, the LODs achieved were 0.01 

mg ml
-1

 and 0.05 mg ml
-1

 respectively (data from studies carried out previously in Chapters 2 

and 3).Equilibrium dissociation constant values Kd and   
  

 were in the same order of 

magnitude as has been obtained for IgG binding to peptides on linear amines on pure and 

mixed SAMs (Chapters 2 and 3). Considering Langmuir model Kd, the branched and un-

branched amines show similar tightness of binding for IgG-peptide interactions.   
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4.3.3 Adsorption kinetics 

 

Time-dependent SPR sensorgrams (SPR response in arbitrary units, θ vs. time, t) obtained for 

different IgG (analyte) concentrations were fitted to the numerical solutions of the 

differential equations described in Eq. (5a/b) and (6) to determine the rate adsorption 

constants ka or   
  

, for Langmuir and non-Langmuir models respectively. The non-Langmuir 

model was developed in order to take into account that the two amine branches can provide 

multiple sites for IgG binding.  

 

The Kd and Qm values were obtained from the experimental protein adsorption data fitted to 

Langmuir model isotherm, Eq. (2a).  Since kd = ka   Kd, the only parameter that was left to fit 

the data was ka.  The fitting of theoretical models (black solid lines) to the experimental 

sensorgrams (dotted lines) for IgG binding to the peptide ligands pertaining to various 

concentrations of IgG are shown in Figure 4.4(a-h). For non-Langmuir model, equilibrium 

parameters,   
  

 and  
 

  
 were obtained from data fitted to Eq. (4.2b). Since   

  
=  

  
   

 

  
, 

the only parameter left to determine was   
  

 and the solutions to the differential equation 

pair Eq. (4.5b) and (4.6) were fitted to the experimental SPR sensorgrams to yield the   
  

 

values. The fitting of theoretical models (red solid lines) to the experimental sensorgrams 

(dotted lines) for IgG binding to the peptide ligands pertaining to various concentrations of 

IgG are shown in Figure 4.4(a-h). The adsorption rate constants and corresponding desorption 

rate constants, at various IgG concentrations are summarized for both models in Table 4.2.  As 

can be seen from Table 4.2 the adsorption rate constants increase with decreasing 

concentrations of IgG for both models. The Langmuir model shows a steady increase of ka 

values in the range of 0.005-0.1 mg ml 
-1 

IgG. There ka values show an increase of two orders 

of magnitude the full range of IgG concentrations investigated. This indicates that the model 

has not accounted for parameters involved in interactions which do not follow (1:1) 

Langmuir binding. For the non-Langmuir model, the increase of apparent adsorption rate 

constant at lower IgG concentrations is less drastic (1 order of magnitude increase of   
  

 was 

observed for the full range of IgG concentrations). The non-Langmuir model has accounted 
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for the IgG binding to multiple (two) sites on the surface. The fact that there is a decrease of 

apparent adsorption constant signifies a mass transport limited interaction at lower 

concentrations.  

 

Table 4.2: Summary of rate adsorption constants and rate desorption constants using 

Langmuir (columns 2 and 3) and non Langmuir models (columns 4 and 5), respectively 

Bulk 

Concen-
tration of 

IgG 

(mg ml
-1

) 

Langmuir model Non-Langmuir model 

Adsorption 

constant, ka 

(m
3
 mol

-1
 s

-1
) 

Desorption 

constant, kd 

  10 
3
(s

-1
) 

Adsorption 

constant,   
  

 

(m
5
 mol

-2
 s

-1
) 

Desorption 

constant,    
  

 

  10 
3
(s

-1
) 

0.005 96 84 9.11 27.3 

0.01 37.4 33 1.74 5.24 

0.05 7.46 6.5 1.98 5.94 

0.1 4.70 4.1 1.72 5.15 

0.5 1.69 1.5 0.62 1.86 

1 2.31 2.0 2.31 6.92 

2.5 2.41 2.1 1.62 4.85 

5 2.75 2.4 1.63 4.88 
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Figure 4.4: (a-h) SPR fittings of experimental (dotted lines) and theoretical fittings (solid lines) at 

various concentrations of IgG. Black solid lines are theoretical fittings according to Langmuir model 

(Eq. (4.2a) and Eq (4.5a)) and red solid lines are theoretical fittings according to non-Langmuir 

model (Eq. (4.2b) and Eq. (4.5b)).  
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The average ka value obtained for the IgG concentration range 0.5-5 mg ml 
-1

 is 2.29 ± 0.44 

m
3
 mol

-1
 s

-1
. The corresponding rate adsorption rates for IgG 1:1 binding to peptides grafted 

on linear amine-SAMs were 1.99 – 2.2 m
3
 mol

-1
 s

-1
 (calculated in Chapters 2 and 3).  Thus at 

higher concentrations of IgG, the binding on branched amines with peptides can be described 

well with Langmuir (1:1) model. In fact the apparent rate of adsorption of IgG to the peptide 

tends to values approximately equal to 2 m
3
 mol

-1
 s

-1
, regardless of the base matrix on which 

the peptide has been grafted.  

 

The average of   
  

 is 2.59 ± 2.68 m
5
 mol

-2
 s

-1 
, and if the value of   

  
 at 0.005 mg ml

-1
 IgG 

is excluded, the average   
  

 is calculated to be1.65 ± 0.52 m
5
 mol

-2
 s

-1
. It is difficult to do a 

one-to-one comparison between the ka values obtained for previous systems and these values 

because the   
   values are derived from a substantially different mode of IgG binding.  

 

Figure 4.5(a) and 4.5(b) show the plots of ratios of surface concentrations to bulk 

concentrations of IgG, Cs/Cb plots against time, t, for various concentrations of IgG. The 

Cs/Cb plots at lower concentrations tend to 0, at time t  0, for both models but the effects 

are more pronounced for the Langmuir model (Figure 4.5(a)), as the non-Langmuir 

theoretical model describes the binding with more accuracy than the Langmuir model.  

 

A three-dimensional structure has been introduced by the branched amines on the sensors, 

which can affect the peptide grafting step and also can affect subsequent IgG binding 

behavior. The IgG can travel through the three dimensional matrix to bind to the peptide in a 

preferred configuration, and the additional time taken to achieve this optimal configuration 

can introduce mass transfer limitations.  
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Figure 4.5: Ratio of surface concentration to bulk concentration of IgG, Cs/Cb plots for various 

concentrations of IgG obtained while fitting to (a) Langmuir model (b) non Langmuir model.  

 

 

Additionally, the changes in ka or   
  

 with IgG concentration as well as Cs/Cb tending 

towards zero at low concentrations could be accounted for if the parameters which played a 

significant role in IgG binding to peptides on the three-dimensional matrix with multiple 

binding sites,  had been considered when developing the theoretical models.  

 

During multisite binding, identical interactions of analyte are repeated across an interface due 

to multivalency. The ter  “ vi ity” is use  to  escri e the  ffinity of such  ultiv lent 

interactions. The IgG adsorbs to a binding site and this step will have individual adsorption 

and desorption coefficients. The IgG molecule is now able to bind to a second binding site, 

but since the molecule is already adsorbed on the surface, it adsorbs to the closest binding 

site available. This second binding step will have its own rate constants of adsorption and 

desorption. The adsorption and desorption rate constants of each of these steps during 

multisite (and multistep) binding can have different (or similar) numerical values but they 

will not be independent of each other and will also be influenced by the overall IgG 

concentrations.
36

  The models developed in this study have not taken into account these 

individual rate adsorption/desorption rate constants.  
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4.3.4 Reduction of non-specific binding on peptides  

 

The growth medium for monoclonal antibody production using cell culture is often 

complemented with additives such as fetal bovine serum, and BSA has been known to be one 

of the major protein contaminants in IgG downstream purification
37

 As a result, this protein 

has been used as the reference protein for non-specific binding on to peptide based sensors.   

 

The HWRGWV short peptides were grafted onto SPR sensors with branched amines grafted 

onto monolayers (Figure 4.1(a)). To reduce the number of unreacted amines after peptide 

grafting, two approaches were taken. One was to acetylate the surfaces using acetic 

anhydride after the peptide grafting reaction was completed (Figure 4.1(d)). The other 

approach involved reducing the original number of branched amines before peptide grafting 

reaction. This was done using a mixture of TREN and ethanolamine, dissolved in anhydrous 

DMF during the branched amine ligand-grafting step. The concentration ratio of 

TREN/ethanolamine in the grafting mixture was reduced from 100% TREN to either 50% 

(%v/v) or 25 (%v/v) TREN in anhydrous DMF only for this set of experiments (Figure 

4.1(b)). Subsequently peptides were grafted in the same procedure with HATU chemistries as 

on the pure TREN (100%). 

 

IgG and BSA were injected on to these sensors at various concentrations and the results were 

analyzed (Figure 4.6). IgG bound on 100% TREN molecules grafted with Ac-HWRGWVG 

peptide (black solid line) show the highest binding and BSA on the same surface (black 

dashed line) also shows the highest binding among the BSA binding profiles  
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Figure 4.6: IgG binding on different surfaces to reduce non-specific binding. All solid lines and filled 

symbols correspond to IgG binding while all dashed lines and open symbols correspond to BSA binding.  

The black lines and symbols correspond to binding of proteins on  Ac-HWRGWVG grafted  onto 

branched amines formed from 100% TREN; the red lines and symbols represent binding of proteins on 

Ac- HWRGWVG grafted onto branched amines formed from 50% TREN; the grey lines and symbols 

correspond to binding of proteins on Ac-HWRGWV grafted onto branched amines formed from 25% 

TREN; the blue lines and symbols represent binding of proteins to surfaces which were acetylated after 

Ac- HWRGWVG peptide was grafted onto 100% TREN surfaces.  

 

 

The ratios of maximum IgG bound to maximum BSA bound on the surfaces with peptides 

grafted on various surfaces are summarized in Table 4.3. For the surfaces produced from 

25% TREN the experiments were not carried to find the maximum binding ratios because the 

IgG adsorbed at 1 mg ml
-1

 was too low to be of practical use. The ratio of protein adsorbed 
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values calculated for this surface corresponded to adsorption from bulk concentrations of 1 

mg ml
-1

 for IgG and BSA.  

 

Table 4.3: Ratios of maximum IgG to maximum BSA bound to peptides grafted on branched 

amine sensors, modified to obtain reduced non-specific adsorption 
 

Surfaces studied 

Ratio of maximum IgG to 

maximum BSA bound to 

surfaces 

100 % TREN Ac-HWRGWVG 4.4 

50% TREN Ac-HWRGWVG 4.1 

25% TREN Ac-HWRGWVG * 6.1 

Acetylated 100% TREN Ac-HWRGWVG 6.6 

* The ratio of IgG adsorbed level to BSA adsorbed level for IgG 1 mg ml
-1

 and  

   BSA 1 mg ml
-1

 bulk concentrations  

 

 

Between the two approaches to reduce non-specific binding, acetylating the surfaces after 

peptide grafting on 100% TREN had a better outcome for reduction non-specific binding as it 

gave the best IgG to BSA binding ratio (Table 4.3). However it decreased the IgG binding by 

17% compared to the unmodified 100% TREN surfaces. The surfaces with peptides on 25% 

TREN gave even lower IgG values and thus these surfaces would not be commercially 

feasible.  Thus and intermediate value between 25% and 50% concentration ratio in TREN-

ethanolamine mixtures might prove helpful to optimize the level of IgG to BSA binding on 

the branched amine surfaces.  

 

4.3.5 Complex mixture behavior and regeneration 

 

IgG detection from complex media. The best test of biosensor performance is on complex 

media, i.e. mixtures with various large protein molecule and small molecule contaminants. 

This is particularly important for sensors to be used in industrial downstream processing 

since these streams will contain impurities as well as biotherapeutic concentrations ranging 

from the product titer in the reactor (IgG for example) to significantly higher or lower 



 

 

147 
 

 

 

concentration depending on the specific purification step. SPR signals can be used to 

calculate the response of dilutions of a complex mixture, Chinese hamster ovary cell 

supernatant containing dissolved IgG. This mixture is relevant because Chinese hamster 

ovary cells are currently the work-horse of antibody production in industry. The SPR sensors 

with SAMs were modified with 100% TREN solutions and subsequently the peptide Ac-

HWRGWVG was grafted onto the branched moieties. 

 

 

 

Figure 4.7: IgG binding on branched amine-peptide systems from buffer (black line) and from CHO 

dilutions (red circles)  

 

 

The performance of the peptide sensors towards CHO dilutions with IgG (red points in 

Figure 4.7) compared well with the performance of the respective sensors towards pure IgG 

solutions in buffer (black points Figure 4.7). The non-specific binding observed from CHO 

cell culture and non-specific binding described in the previous section using BSA as the 

contaminant are two independent factors in determining the sensor response. There are two 

reasons for this: (1) the CHO cell culture used in this experiment did not contain fetal calf 

serum (it was common serum free media), and (2) the CHO cell culture had undergone a 

preliminary clarification step as commonly done as the first step in purification after the 
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bioreactor.  We were able to observe elevated binding levels of the CHO dilutions compared 

to IgG binding levels from buffer solutions especially at lower dilutions of CHO (higher 

concentrations of IgG), suggesting some level of non-specific binding. However the 

percentage increase in the values of CHO dilution responses were low enough to imply that 

the peptide biosensors are viable for IgG detection applications in industrially relevant 

situations.  

 

For the branched amine based peptide sensors, for small changes in concentration of the 

analyte for both pure and complex mixtures, large signal responses have been observed, 

implying enhanced sensitivity of these sensors in complex mixtures, as compared to other 

peptide systems studied in complex mixtures in Chapters 2 and 3. Furthermore, we 

succeeded to achieve a better (LOD) limit of detection of 0.005 mg ml
-1

 compared to the 

systems with peptides grafted on un-branched peptides, as described in a previous section. 

Thus an overall enhancement of sensitivity of peptide-based sensors can be achieved by 

grafting onto branched amines.  

 

Sensor regeneration. Commercial biosensors should be able to withstand multiple cycles of 

repeated binding and regeneration, without loss of ligand activity. Optimum regeneration 

conditions are those which break the non-covalent bonds between the ligand and analyte 

without   versely  ffecting the lig n ’s  in ing   ilities  The regeneration solutions can also 

give indications of the molecular interactions formed between the ligand and analyte 

according to the harshness of the conditions required to break them.  

 

For regeneration-binding experiments, branched peptides were grafted using 100 % TREN 

solutions (in anhydrous DMF) onto EG3OH SAMs, and subsequently peptides were grafted 

on the branched peptides, as has been described earlier. A solution of IgG (0.5mg ml
-1

 

concentration) was injected on the branched amine-peptide based sensors. One of three 

regeneration solutions, 0.1 M NaOH, 0.01 M NaOH and 0.2 M acetate buffer (pH 4) were 
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injected on to the IgG bound to the surface, and the binding and regeneration cycles were 

repeated multiple times. The results obtained are shown in Figure 4.8.   

 

Before the first IgG injection a baseline in PBS buffer had been obtained. If the injection of 

regeneration solution is able to bring the baseline level back to this initial baseline value, then 

the regeneration is termed as being 100% effective.  However most regeneration solutions are 

only able to regenerate the baseline to less than 100%, i.e. the baseline levels achieved after 

application of regeneration solutions are typically higher than the initial baseline level.  

Optimum regeneration solutions can thus be chosen based on higher values of percentage 

regeneration. On the other hand harsh regeneration can lead to a decline in peptide activity 

typified by a decline in the amount of protein adsorbed for subsequent IgG injections. A 

smaller decline in peptide activity is also a desirable property of an optimal regeneration 

solution 

 

The optimal regeneration solution would be the one providing highest regeneration 

percentages while causing as low as possible declines in peptide activity. In our experiments, 

this was achieved by using 0.1 M NaOH, (Figure 4.8(a)) exhibiting negligible loss of peptide 

activity and regenerations above 90% for eight cycles investigated. Figure 4.8(b-c) depict the 

first four regeneration-binding cycles using 0.01 M NaOH and 0.2 M acetate buffer, 

respectively.  For 0.01 M NaOH the regeneration percentage was quite low and the baseline 

regeneration was as low as 65% after the first two cycles (Figure 4.8(b)).  For 0.2 M acetate 

buffer the regeneration of baseline was only 70% after the third cycle, however the peptide 

activity did not decrease with the passage of cycles (Figure 4.8(c)).  
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Figure 4.8: IgG binding regeneration cycles on branched amine-peptide system with (a) 0.1M NaOH 

solution (8 cycles) (b) 0.01 M NaOH (4 cycles) and (c) 0.2M acetate buffer pH 4 (4 cycles) as regeneration 

solutions. Each binding-regeneration cycle consists of an injection of IgG followed by two injections of 

regeneration solutions with PBS washes between each step.   
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In our previous studies (Chapters 2 and 3) with peptides grafted on un-branched amines, an 

aqueous solution of 0.1M NaOH had not been enough for regeneration and an additive of a 

polar solvent like acetonitrile was required to break the hydrogen bonds. Alternatively a 

chaotropic agent like urea could be used on the peptide-un-branched amine systems to 

achieve regeneration levels higher than 80%. We had carried out similar regeneration-

binding cylces on peptide Ac-HWRGWV grafted onto SAMs of amine terminated 

hexa(ethylene glycol) alkanethiols mixed with hydroxyl terminated tri(ethylene glycol) 

alkanethiols (Chapter 3). In these studies, the application of NaOH had caused the peptide 

activity to decline after 3-4 cycles. The results imply that branched amines with grafted 

peptides are better suited for multiple cycles of IgG binding-regeneration, displaying higher 

regeneration percentages as well as lower peptide activity decline, in comparison to their un-

branched counterparts.   

 

4.4 Conclusions 

 

This study was conducted to graft hexamer peptides onto branched amine functionalities 

(TREN) on planar surfaces in order to achieve higher peptide densities to increase the 

binding capacity for human immunoglobulin (IgG). Ellipsometric densities of the peptides on 

the branched amines confirmed the covalent grafting of peptides on the surfaces and also 

helped to quantify the peptide densities. We succeeded to increase peptide density to 1.24 

molecules nm
-2

 by using branched amine to graft peptides. This was higher that what had 

been achieved on two-dimensional SAM surfaces, on which were able to graft a maximum of 

0.84 peptide molecules nm
-2

. Dynamic binding experiments were done using SPR to 

determine the equilibrium and kinetic properties of IgG adsorption. It has been observed in 

our study that a higher number of binding sites can be introduced due to increased number of 

–NH2 sites as exemplified by an increase of IgG binding on control surfaces without the 

peptide. An increase of IgG binding by about 50-100% was observed when injected on to 

branched amine surfaces without peptide compared to un-branched amine control surfaces 

studied in previous Chapters (2 and 3).  



 

 

152 
 

 

 

High BSA binding levels indicate increased propensity towards non-specific binding, and 

steps were implemented to reduce high BSA binding levels.  Acetylation of the surfaces after 

peptide grafting step was carried out; or hydroxyl functionalities were introduced when 

grafting branched amines before peptide grafting step. Both these techniques were helpful to 

reduce the BSA binding on the peptide-grafted surfaces but the methods which gave highest 

IgG–to-BSA binding ratios, also reduced the IgG adsorption levels on the surfaces. We 

believe that an optimum percentage of branched amine-to-hydroxyl ratio could help to reduce 

the high levels of BSA while keeping the IgG binding virtually unaffected. Complex mixture 

detection and regeneration behavior was effective on these surfaces and the branched amines 

with peptides proved highly effective for IgG detection in these settings which are 

commercially relevant.  

 

The binding mechanisms of IgG on to the peptides on branched amines are more complex. 

We believe that effects of avidity and multiple binding sites come into play during binding, 

which have not been completely accounted for in the Langmuir and non-Langmuir binding 

models described in this study. Also due to the three dimensional structure introducing mass 

transport effects, we observe partially diffusion controlled interactions of IgG on peptides 

grafted on branched amines. Further work can be done to include the factors which were not 

accounted for, to achieve better agreement between experimental observations and 

theoretical models.   
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CHAPTER 5 

 

CONCLUSIONS AND IMPLICATIONS FOR FUTURE WORK 
  

This dissertation focuses on the grafting of peptides on planar surfaces for subsequent human 

immunoglobulin G (IgG) detection. The peptide HWRGWV had been identified along with 

two more hexameric peptides which displayed affinity interaction towards the Fc portion of 

IgG,
1, 2

 and much work has been since carried out for optimization of properties and 

characterization of behavior of HWRGWV peptide-based adsorbents for IgG purification.
3-6

 

There is a requirement for determining optimum methods for grafting of the peptides onto 

planar surfaces and sensors in simple, reproducible steps with enhanced stability in biological 

and environmental conditions. Interaction of IgG on the peptide based surfaces also needed 

to be characterized in depth. If these peptide based sensors are to be made commercially 

viable, the performance in complex mixtures and their regeneration potential have to be 

investigated.   

 

The studies described in this dissertation have taken a comparative look at the IgG binding 

characteristics with Protein A and the hexameric peptide HWRGWV on pure self-assembled 

monolayers (SAMs) (Chapter 2) and analyzed the effects of varying peptide densities, mixed 

monolayers have been employed to graft peptides (Chapter 3). IgG detection from complex 

mixtures using peptides grafted on mixed SAMs was quantified and compared to pure SAM 

systems. Regeneration capabilities of peptide-based systems with mixed and pure SAMs 

were also compared (Chapter 3). To further increase the peptide densities on planar surfaces, 

branched amines were grafted followed by peptide coupling onto these branched 

functionalities (Chapter 4). Complex mixture IgG detection and regeneration potential was 

investigated for the branched amine-peptide systems as well. Peptides grafted on each of 

these systems are shown schematically in Figure 5.1.  
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Figure 5.1: (a) Various systems of SAM studied and (b) reaction of amine termini for covalent grafting 

peptides via C-termini 

 

 

Figure 5.1 (a) shows the general schematic representation of SAMs on gold surfaces and also 

describes the various pure and mixed SAMs investigated in this dissertation. Amine 

functionalities were introduced onto or incorporated within the SAMs studied. Figure 5.1 (b) 

shows the general method of peptide grafting via C-termini onto the amine functionalities 
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5.1 Peptide systems  

 

We have shown in the previous chapters that the IgG detection characteristics are influenced 

by the support matrix on which peptides are grafted. The systems which were studied in 

detail are summarized in Table 5.1. To illustrate the behavior of the IgG on these systems the 

isotherms of the IgG bound to ligand and support systems are also shown in Figure 5.2. The 

isotherms in Figure 5.2 are fitted to simple Langmuir isotherms for sake of comparison of the 

binding dissociation constant, Kd and maximum binding capacities, Qm according to the 

following Langmuir equation,  

Q = 
    

     
       (1)  

 

 

Table 5.1: Summary of equilibrium parameters on IgG binding to peptide systems with varying surface 

densities (and binding to Protein A based sensors) 

Termini on supporting monolayer Ligand 
Qm 

(mg m 
-2

) 

Kd x 10
6
 

(M) 

Peptide 

densities 

(molecules 

nm 
-2

) 

Linear amines (pure SAMs) HWRGWVA 4.10 1.20  0.24 

Linear amines (pure SAMs) Ac-HWRGWV 3.75 0.58  0.49 

Linear amines (mixed SAMs) Ac-HWRGWV 3.18 0.93  0.77 

Branched amines (pure SAMs) Ac-HWRGWVG 4.45 0.89  1.24 

     

 Protein A 6.72 0.14  -- 

 

 

In Figure 5.2, the adsorption isotherms fit the general Langmuir equation with adjusted R
2
 

values of greater than 0.95, except for the branched amines (pure SAMs) with 1.2 molecule 

nm
-2

 peptide density, (blue line and blue inverted triangle, Figure 5.2). This fit to the data 

points had an adjusted R
2
 value of 0.88. In Chapter 4, we have observed that the Langmuir 

isotherm does not describe the IgG-peptide binding completely and additional parameters 

would be required for complete binding characterization. Nevertheless, we use the Langmuir 
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Eq. (1) and use the corresponding binding parameters for a side-by-side comparison of all the 

systems of IgG binding surfaces.  

 

We observe that the inherent affinity of binding is not affected to a great extent with changes 

in surface preparation for the peptides, demonstrated by the observation that the dissociation 

constants, Kd are the same order of magnitude for peptide-IgG interactions on different 

systems, (seen in Table 5.1 as well as Figure 5.3). This is reasonable because of the lack of 

tertiary structure of the peptides, i.e. peptide-IgG configuration does not change with the 

change of supporting structure.  

 

On the other hand, the binding capacities were influenced by the peptide density, the 

different supporting SAMs or a combination of these factors. In general the increase of 

peptide density is expected to increase the IgG binding up to a certain point after which 

further increase of peptide density will cause steric hindrance during IgG binding, causing 

the maximum binding to decrease. However, the monolayer surface composition is another 

factor influencing the binding capacity. The hydroxyl terminated component of the mixed 

monolayers was introduced in order to reduce the non-specific binding on the surfaces. But 

the non-specific binding deterring effect influenced the maximum levels of IgG adsorbed as 

well (green line, Figure 5.2) as demonstrated by the lowest binding capacity among the 

peptide systems.  

 

Maximum binding capacities Qm and inverse of dissociation constants, Kd (i.e. Ka) were 

plotted as a function of peptide densities in Figure 5.3. The binding characteristics are 

observed in Figure 5.2 and 5.3, and it is seen that neither the maximum capacity nor the 

strength of binding (exemplified by Ka values) increases linearly with peptide density.  
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Figure 5.2: IgG binding isotherms on surfaces with peptides grafted at different peptide densities 

 

 

 

 

Figure 5.3: Maximum capacities and tightness of binding of IgG on surfaces grafted with peptides at 

varying densities 
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5.2 Selectivity and sensitivity of peptide systems  

 

Two of the most studied properties of biosensors are selectivity and sensitivity. Both these 

parameters can be influenced by the support matrices of biosensor ligands. It should be noted 

that in antibody IgG production downstreams, detection from CHO cell cultures is a more 

relevant performance indicator, and has been discussed in a subsequent section. The IgG-to-

BSA selectivity ratios are more important as a performance indicator in IgG detection in 

diagnostic applications, where plasma protein contaminants (e.g. albumin) can affect sensor 

performance. For our studies, we quantify selectivity as the ratio of IgG-to-BSA binding, 

which signifies specific-to-non-specific binding ratio. 

 

We have observed a selectivity value greater than 40 for Protein A sensors (Chapter 2). The 

Protein A has inherently high selectivity towards IgG. The peptides are able to react with 

BSA, mainly via electrostatic interactions. Thus, to increase selectivity, the increase of IgG 

binding level, decrease of BSA (or other non-specific binding) level, or a combination of 

both these effects, are to be ensured.  For the peptide systems we obtained the highest 

selectivity for peptides grafted onto mixed SAMs from 10% EG6NH2 precursor solutions. In 

fact among all the mixed SAMs studied, this system gave the optimal ratio for IgG-to-BSA 

binding (Chapter 3). This is further demonstrated in Figure 5.4 (a); it can be seen that there is 

a peak value for selectivity at 0.77 molecules nm
-2

 which corresponds to the mixed SAM 

system described above. We have already discussed a correlation between IgG:BSA ratio and 

varying peptide densities (mixed monolayers in Chapter 3). There seems to also be a 

correlation of selectivity with the effectiveness of usage of amines.  

 

The peptide densities can be expressed as a percentage of the (approximate) number of 

amines present prior to grafting reaction, signifying the effectiveness of the usage of amine 

groups on the surface (plotted in red points and lines in Figure 5.4 (a)). The effectiveness is 

observed to have an almost linear relationship with the peptide densities observed. However 

after approximately 0.8 molecules nm
-2

 (upper limit for planar peptide density was 0.84 



 

 

162 
 

 

 

molecules nm
-2

 as seen in Chapter 4), it was difficult to increase usage of amines on the 

planar surfaces linearly with peptide densities. In fact, to increase the actual number of 

molecules of peptides per unit area, we incorporated branched amines.  

 

 

 

Figure 5.4: Effect of peptide density on (a) selectivity and (b) sensitivity of IgG detecting surfaces 

 

 

(a)  

(b)  
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We observe that for the branched amine systems, the efficiency of usage does not increase 

proportionately to the peptide densities. It is possible that the upper limit of usage of peptide 

density using these chemistries is very close to what we observe for this system i.e. 

approximately a maximum of 40% of the amines on a planar surface can be used for peptide 

grafting. Beyond this value the steric hindrances during peptide grafting reaction come into 

play and prevent the percentage efficiency of usage of amine groups to show an increase. 

Further investigation could be carried out to test this hypothesis by incorporating a higher 

number of branches (e.g. 3 or 4 branched amine functionalities instead of the system with 

two that was used in this work) and observing effects on peptide density as well as 

percentage usage of branched amine functionalities. 

 

It is evident that the presence of the non-specific binding inhibitor groups like hydroxyl 

and/or ethylene glycol units has a marked effect on selectivity. Mixing the reactive group 

functionalities with ‘ ilutor’ functionalities like hy roxyl also contributed to the 

enhancement of the amine usage percentage value and to the spacing out of the reactive 

functionalities. Thus, incorporation of ‘ ilutor’ thiols played a significant role in increasing 

the effectiveness of specific (IgG) binding by reducing steric hindrance effects. In 

conclusion, the optimal ratio of number of reactive functionalities (amines) to that of dilutor 

functionalities can greatly increase the selectivity of the biosensor.  

 

Sensitivity of sensors can have several definitions. When comparing the response given by 

two sensors, the one which gives a higher response for a concentration of analyte detected 

(especially lower concentrations) would be termed as the one with higher sensitivity. Thus 

the sensor having a higher binding capacity, Qm, will most likely show higher sensitivities. 

We thus plotted Qm in units of molecules nm
-2

 as a function of peptide densities (black 

crosses and line Figure 5.4(b)). We can investigate sensitivity in further detail when looking 

at the slope of the isotherms since a higher slope would signify a higher response for a small 

change in concentration, signifying higher sensitivity of the sensor. The slopes of the 

isotherms were plotted (green line and circles Figure 5.4(b)) and the values of the slopes 



 

 

164 
 

 

 

followed the trend for the maximum capacities very closely. Thus to increase sensitivities of 

sensors it is important to increase maximum capacities. As observed earlier the increase in 

peptide densities can play a role in increasing the maximum capacity on planar surfaces. 

 

5.3 Comparison of complex mixture behavior on various peptide SAM systems 

 

The sensitivities of the sensor in complex mixtures can be analyzed in two ways. One method 

has already been looked at in the previous section where the slopes of response per change in 

concentration of analyte can be a definition for sensitivity. The larger the slope, the better is 

the sensitivity of the sensor. Another method of looking at sensitivity has been discussed in 

Chapter 3. This method is revisited here to take a comparative look at sensitivities in 

complex mixtures. Chinese hamster ovary supernatant (CHO) with IgG in the supernatant 

were diluted using buffers and the resultant mixtures was passed on the various peptide 

systems.  The SPR signal changes due to CHO dilution injections were noted.  

 

The theoretical SPR signals for a particular sensor were calculated using the concentration of 

IgG in the CHO dilution as Q in the Langmuir equation Eq. (1) and using values of Kd and 

Qm, calculated from the same equation. The smaller the percentage deviation value of the 

actual SPR signal for CHO dilutions from the calculated theoretical SPR signals, the higher 

the sensitivity of detection at that point. By this definition, we obtained higher sensitivities 

(i.e. deviations in the range of ~10% to 30%) for (i) the 0.47 molecules nm
-2

 systems (i.e. 

100% EG6NH2 - peptide systems) with higher concentrations of complex mixture (up to 3 

times dilutions of CHO) and (ii) for 0.77 molecule nm
-2

 (10% EG6NH2-peptide systems) 

when detecting IgG from lower concentrations (from 15 to 300 times CHO dilutions). 

Compared to these two systems with linear amines and peptides, the system with branched 

amines and peptides with 1.24 molecules nm
-2

 showed high detection sensitivities (deviations 

from theoretical less than 40%) at both high and low IgG concentrations. These results 

suggest that the peptide biosensors with branched peptides are very well suited for IgG 
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detection applications in industrially relevant situations.  (We do not currently have data for 

CHO mixture IgG detection for the 0.24 molecule nm
-2

 system.)  

 

5.4 Comparison of regeneration on various peptide SAM systems 

 

All the systems of peptides studied were subject to multiple cycles of IgG binding and 

regeneration. We were able to demonstrate at least eight cycles for systems with peptides on 

mixed SAMs, pure SAMs and branched amines on SAMs. For the first eight to twelve cycles 

little or no decline was observed in peptide activity, for the mixed and pure SAM peptide 

systems. The branched peptides showed even lower percentages of decline in peptide activity 

indicating that the peptides were grafted with very stable bonds onto the branched peptide on 

SAMs. The branched peptides had another advantage over the linear peptide systems from 

the perspective of effective regeneration. This system could be regenerated using even less 

harsh conditions as compared to the peptides grafted onto linear amines. An additive of 10% 

acetonitrile was required in the regeneration solution of 0.1 M NaOH for the peptides on 

linear amines, while for the branched amines more than 90% regeneration was achieved in 

each cycle without the polar additive. For the branched amine system the use of acetate 

regeneration buffer (pH 4) worked quite well in that the regeneration percentages were above 

70% , however the same regeneration buffer could only regenerate 50-60% of the baseline 

for the peptides grafted onto linear amine SAMs. 

 

5.5 Overall conclusions  

 

This work has helped to characterize and quantify IgG binding on peptide based biosensing 

surfaces. It has helped to optimize the peptide grafting matrix and a choice of the method of 

peptide grafting can be made based on the requirements of IgG detection settings.   We have 

succeeded in developing a novel method to characterize the peptide densities in conjunction 

with ellipsometer and Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS). We 

have also succeeded in demonstrating that use of mixed SAMs can be a viable method of 
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controlling peptide densities and also for controlling non-specific binding on biosensor 

surfaces. Branched amines have been used to graft peptides and to the best of our knowledge 

this is the first time subsequent protein binding studies have been carried out using SPR 

technology. A comprehensive look has been taken at the mechanism of binding of peptides 

with IgG, and we have compared the binding mechanism of large molecule proteinaceous 

ligand side by side to a small molecule peptide ligand, for the first time.  

 

Some general conclusions can be drawn from results of this study.  The peptides grafted onto 

the branched amine system were the optimal system in terms of peptide density, efficiency of 

amine terminus usage, sensitivity and regeneration potential. This system did not show 

optimal IgG-to-BSA binding ratio, yet the sensors showed high sensitivity in terms of IgG 

binding levels from CHO cell culture supernatant. The non-specific binding pertaining to 

BSA binding levels and that pertaining to binding levels from CHO signify two very 

different criteria of sensor performance and are largely independent of each other. This is 

because the CHO cell culture used in the experiments are free of fetal calf serum (primary 

source of albumin). The IgG-to-BSA must be increased in order to have an improved 

biosensor selectivity, and this can be relevant in diagnostic application settings. For antibody 

production and purification, detection responses from the CHO cell culture are better 

indicators of sensor performance. Thus in terms of performance criteria for IgG detection in 

manufacturing downstreams studied so far, the peptides grafted on branched amines showed 

the highest potential for development of commercial peptide-based IgG biosensors.  

 

5.6 Recommendations for further work  

 

Other fundamental and application based research is possible in the future using the 

principles, techniques and results established in this work.  
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5.6.1 Further work on branched amines 

 

The ‘ ixing’ of  onolayers to incorporate an unreactive or non-specific binding deterrent 

functionality (e.g. hydroxyl or ethylene glycol units) has already shown success by enhancing 

selectivity for the linear amine systems. This concept can be extended to the branched amine 

system and such functionality can be co-adsorbed on to the surfaces when grafting the 

amines. This system with decreased non-specific binding can play an important role for 

improved IgG detection in diagnostic applications.  

 

The branched amine functionality we used had two free branches for peptides to react - this 

concept can be used to graft three or even more branches, and the incorporation of 

dendrimers or hyperbranched polymers may increase the binding capacity, and in turn, 

increase the sensitivity of the sensor. 

 

5.6.2 Orientation of IgG on peptide based systems  

 

The peptide is able to bind to IgG via the Fc (constant fragment) portion. This means that the 

peptide based sensors or surfaces can be used to orient the IgG so that the Fab (antibody 

binding fragment) portion is oriented away from the surface for effective antigen binding. 

Effects of antibody activity with or without being oriented by a peptide can be compared 

using the SPR setup described in this dissertation.  

 

Research has already been underway to investigate whether orienting antibodies can enhance 

their antigen binding activity and many authors have implemented different techniques for 

the site-directed immobilization of antibodies. Protein A and Protein G based methods for 

enhanced immunosensor design has been discussed by authors for their Fc binding 

properties.
7-10

 The concept can be implemented to investigate the orientation of IgG using 

hexameric peptides on planar sensor surfaces. Experiments must be carried out to verify 

whether implementing HWRGWV to orient IgG actually improves antibody-antigen 
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interaction. Experiments must also be done, to verify if the activity enhancement, if it occurs, 

is due to the orientation of the IgG with Fab regions away from the surface. This can be done 

by (i) comparing the antigen adsorption levels on antibodies grafted with and without 

peptides on SPR sensors (ii) comparing the antigen-to-antibody ratio for the two sets of 

sensors. Further characterization can be carried out by comparing the antigen binding 

behavior towards Fab fragments grafted onto the SPR sensors, which should mimic the 

‘oriented’ antibody activity both qualititatively and quantititatively.  

 

5.6.3 Grafting of peptide on other matrices  

 

Other matrices can be used to graft the peptides and subsequent IgG binding interactions can 

be monitored by either SPR or quartz crystal microbalance (QCM) or both.  Studies have 

already been done to graft peptides onto random copolymers rich in primary amines, poly(2-

aminoethyl methacrylate hydrochloride-co-2-hydroxyethyl methacrylate) (poly(AMA-co-

HEMA)) grafted from initiator-coated gold substrates followed by immobilization of 

acetylated-HWRGWVA peptide.
11, 12

 The above work, in conjunction with the theoretical 

models developed in this dissertation, has potential of being used to understand the IgG 

interaction mechanism with peptides grafted onto polymeric membranes.  

 

The biocompatibility, bioresistance and the abundance of hydroxyl groups on cellulose or 

cellulose based nanoparticles can be extended to incorporate the specificity of peptide 

ligands. Cellulose as hydrophilic material widely used in membrane preparation for 

bioseparations. However, difficulties in finding suitable solvents to dissolve cellulose make 

cellulose nanofiber difficult to be directly prepared by methods such as electrospinning
13

. 

With recent advances made in the field of cellulosic films – discovery of new solvents, N-

methylmorpholine-N-oxide (NMMO)
14-16

 or dimethylacetamide with lithium chloride 

(DMAc-LiCl)
16, 17

 for dissolution of cellulose, development of newer chemistries for 

functionalization
18, 19

 including carbodiimide (CDI) chemistries
20

, and the search for 
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‘greener’ platfor s an  che istries, a new foun  interest has been  eveloping for cellulose 

based platforms for biosensing and bioseparations in the recent years
21

.  

 

Authors have incorporated amine bearing polymers onto cellulose grafted on gold sensors for 

IgG sensing.
22

 The concepts developed in this study can be used to incorporate HWRGWV 

onto these platforms for higher selectivity and sensitivity of IgG detection. More detailed 

characterization can be done to understand the interactions of IgG on peptides grafted on 

cellulose based biomaterials.  

 

The peptide based systems can used to monitor transient effluents, for instance, from a 

chromatographic resin-based bioseparation system for IgG purification. The results of much 

of the future work proposed above can be characterized by the theoretical models developed 

in this work, or if required, better models incorporating various defining parameters can be 

developed.  
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