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Abstract 

The interactions between biomolecules and solid surfaces play an important role in 

designing new materials and applications which mimic nature. Recently, solid-binding 

peptides (SBPs) have emerged as potential molecular building blocks in 

nanobiotechnology. SBPs are short amino acid sequences (7-12 amino acids) that have the 

distinctive ability to recognize and bind to the surfaces of specific solid materials, such as 

metals and metal oxides, semiconductors, carbon-based materials, and polymers. These 

peptides act as ‘molecular linkers’ that mediate the simple and controlled attachment of 

biomolecules onto solid surfaces to confer biological functionality. SBP-solid interactions 

rely primarily on the peptide adopting structural conformations that maximize the contact 

between the reactive side chains of its amino acid residues and the solid surface. However, 

due to the high level of complexity of the SBP-solid interface within the surrounding 

solution, the exact mechanism that determines the SBP recognition, selectivity, and strong 

binding affinity remain ill-defined.  

We have engineered a bifunctional fusion protein composed of a solid-binding peptide 

(referred to as the ‘linker’), which is a tetra-repeat of 21 amino acid sequence with unique 

binding affinity to silica-based materials, and a Streptococcus protein G, which binds 

antibodies. Linker protein G (LPG) acts as an anchor for the rapid and oriented 

immobilization of antibodies onto silica surfaces without using any complex conjugation 

chemistry. Although we have used this linker technology in biotechnology and biomedicine 

applications, there is still a lack of knowledge and understanding about the interaction 

mechanism which facilitates the binding of this SBP to the surface of silica.  

In this work, different biophysical characterization techniques, namely quartz crystal 

microbalance for dissipation monitoring (QCM-D), surface plasmon resonance (SPR), 

circular dichroism spectrometry (CD) and fluorescence spectrometry, were used to study 

the binding of LPG to silica surfaces and compared to protein G (PG) without the linker. 

LPG displayed high binding affinity to silica surface (KD=34.77±11.8 nM) with a standing-

up orientation in comparison to parent PG, which exhibited no measurable binding affinity. 

Incorporation of the linker in the fusion protein LPG had no effect on the antibody binding 

function of PG, which retained its secondary structure and displayed no alteration of its 

chemical stability. 
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We also engineered several truncated derivatives (1xLPG, 2xLPG, 3xLPG) from LPG to 

determine the effect of SBP multimerization on the silica binding function of LPG.  

The quantitative binding analysis for the different truncated derivatives were compared to 

that of LPG and PG (without linker) using various biophysical characterization techniques. 

Out of these truncated derivatives, 1xLPG (single linker sequence) displayed no binding to 

silica surface while the 2xLPG (two linker sequences) displayed minimal binding. Although 

the three-repeat derivative (3xLPG) binds to silica with a binding affinity (KD) of 53.23 ± 

4.5 nM, it was 1.5 times lower than that of the four-repeat sequence (LPG). Spectroscopic 

techniques like circular dichroism (CD) spectroscopy and fluorescence spectroscopy studies 

indicated that the SBP degree of multimerization has no effect on the secondary structure 

and chemical stability of the parent protein G. However, the data from quartz crystal 

microbalance with dissipation monitoring (QCM-D) showed that multimerization was an 

important parameter for a strong and stable silica binding. The effect of peptide length on 

silica binding was evaluated by replacing the 3 sequence repeats by a (GGGGS)12 glycine-

rich spacer. The results indicated that the overall length rather than the SBP multimerization 

mediated the effective binding to silica.  

A preliminary investigation was performed to assess the linker-protein G (LPG) as a suitable 

system for potential use in nanomedicine applications. We took advantage of the ability of 

the LPG bifunctional fusion protein to bind in an end-on-end orientation on the silica 

surface. The sensitive, selective and efficient detection of the HER2 biomarker was also 

investigated in the presence of biological fluids. This preliminary work showed that LPG 

mediates the functionalization of silica-coated nanoparticles with the anti-HER2 antibody 

trastuzumab easily and under mild conditions. The system was able to detect the HER2 

biomarker in the presence of biological fluids demonstrating its potential suitability in 

nanomedicine applications e.g., nanoparticle-based drug delivery systems and efficient 

detection of disease biomarkers. 

This work provides the first insights into the binding mechanism of the aforementioned 

silica binding SBP. It also highlights the advantage of the LPG as a milder, facile and faster 

affinity immobilization technique of biomolecules to inorganic surfaces compared to 

traditional chemical coupling techniques. 
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1.1 Introduction 

 
 

The self-assembly, binding and molecular recognition of biomolecules to solid surfaces 

plays an important role in molecular biomimetics. Traditionally, these biomolecules are 

chemically conjugated to inorganic surfaces by creating various self-assembled monolayers 

(SAMs) linkages on the solid surfaces, the most common being thiol or silane chemistry. 

However, one of the major drawback of this approach is that SAMs are highly complex and 

require harsh chemical reagents such as organic solvents and high temperatures, which may 

reduce the stability of biomolecules and the biocompatibility of the nanomaterial surfaces. 

An interesting alternative to this approach is the use of combinatorially selected peptides, 

known as solid-binding peptides (SBPs), as molecular linker and assemblers. SBPs are short 

amino acid sequences that specially bind to the surfaces of various solid materials. In doing 

so, they mediate the simple and controlled attachment of biomolecules onto solid surfaces, 

conferring biological functionality or as material synthesizers in binding, erecting and 

linking of solid nanostructures. Although many of these SBPs have been demonstrated for 

their potential use in the fields of biotechnology and biomedicine, there is still a lack of 

knowledge and understanding about the interaction mechanism that governs the binding of 

these peptides to inorganic surfaces.  

In the following review, various experimental (biophysical characterization techniques) and 

theoretical (algorithm-based approach, like computer modelling and simulation) tools are 

described, which can be used individually or in combination to characterize and study these 

SBP-surface interactions, and how these approaches will further contribute to rationally 

design new peptides for tailored binding. 

 

 

 
This chapter was an invited review article and has already been published in the peer-review 

journal New Biotechnology. 
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1.3 Aims and scope of this thesis 
 

The overall aim of this thesis was to advance the understanding of the interaction between 

biomolecules and inorganic compounds. More specifically, to determine the binding 

mechanism of a silica-binding peptide, linker-protein G (LPG), which has been used for the 

directed immobilization of antibodies onto a variety of silica-based materials. Silica was the 

material of prime focus because the linker sequence of LPG has been shown to display high 

binding affinity and specificity towards silica-based materials. Furthermore, our group has 

used LPG-silica bioconjugation in various applications including theranostics and  

bioimaging. As a material, silica can be tailored easily to provide large range of porous 

surfaces, surface functionalities and processing conditions. Also, silica shows high 

mechanical strength and microbial resistance, and is also highly stable against high 

temperatures, pressure and extreme pHs. The LPG-mediated biofunctionalization of silica 

surfaces was also compared to the conventional chemical conjugation of antibodies. 

Different truncated derivatives of this linker were designed and analyzed using various 

biophysical characterization techniques to gain insights into the role played by the linker 

multimerization in the binding affinity of LPG to silica.  

 
In order to realize the comprehensive aim, specific steps of this study included: 

 

I. To express and purify various truncated derivatives of LPG. 

II. To characterize the kinetics, binding and structure of the purified samples  

III. To study the effect of the linker on the directed immobilization of antibodies. 

IV. To study the role of multimerization and linker length on silica-binding. 

V. A preliminary application study to assess the suitability of the LPG system to detect a           

disease relevant biomarker in biological fluids. 

 

The main work of this thesis is divided in to three chapters (chapters 1-3), which are either 

published, accepted or prepared for submission to peer-reviewed journals. 

 

Chapter 1 include an extensive review of various biophysical techniques (experimental 

approach)  currently available for the characterization of solid-binding peptides. The review 
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also including molecular modelling and artificial intelligence (theoretical approach) which 

are used to study various binding mechanisms involved in peptide-surface interactions. This 

chapter provides an overview of the field and set the scene for the following experimental 

chapters. 

 

Chapter 2 describes the study of the binding mechanism of a bifunctional silica-binding 

peptide, linker protein G (LPG) and investigate the possible effect of the linker on the 

function and stability of the parental protein G. Some of the biophysical characterization 

techniques presented in Chapter 1 were used here to characterize  and quantitatively 

analyze the effect of the linker on the overall binding of LPG to silica. The mode of binding 

as well as the effect of the linker on the structural and chemical function of PG were also 

investigated. Chapter 3 describes the potential effect of linker multimerization on the 

binding affinity LPG. Several truncated derivatives of LPG were designed, and biophysical 

characterization techniques were used to compare their binding properties on silica.  The 

potential role of the overal linker length on the effective silica-binding was also investigated 

in this chapter by partial replacement of the linker region with a synthetic glycine-rich 

sequence .  

Chapter 4 describes a preliminary study for a proof-of-application, Here, LPG was used 

for the specific and efficient detection of a cancer biomarker, HER2, in complex biological 

fluids.  

A summary and perspectives on future research including the optimization of linker 

sequence using spacers is described in Chapter 5.  
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Chapter 2   

 

2.1 Introduction 

 
 

The previous chapter highlighted the different tools available to study the binding 

mechanism of solid-binding peptides onto solid surfaces. This chapter introduces the 

bifunctional fusion protein, linker protein G (LPG) which displays binding affinity to silica-

based materials.  This fusion protein consists of a silica-binding peptide (referred as ‘linker’) 

and an antibody binding module, protein G (PG). The original sequence of the silica binding 

peptide was reported by Nygaard et al. The peptide sequence was only characterised using  

two types of specific synthetic zeolites, Faujasite and EMT. There were no previous 

characterization studies performed to determine the binding affinity and also no rational, 

combinatorial or computational optimization was done to improve the affinity of this 

peptide. The linker was introduced to PG as a fusion protein by Sunna et al. This fusion 

protein (LPG) has been used to bio-functionalize several  materials for biomedical and 

biotechnological applications. Despite many LPG applications already established by our 

group,  no studies have been performed to stablish  its binding mechanism.  

The binding characteristics of LPG were quantitatively studied and was compared to the 

parent protein, PG. The results showed that LPG binds to silica surface in a standing-up 

orientation, with a strong binding affinity (KD), as high as 34.77±11.8 nM.  In comparison, 

PG displayed no measurable affinity to silica. Further experiments indicated that the fusion 

of linker to PG has no major effect on PG antibody-binding function. Spectroscopic analysis 

confirmed that the linker neither affects the secondary structure nor does it alter the chemical 

stability of parent, PG. Finally, it was shown that in comparison to traditional approach of 

chemically conjugating biomolecules onto solid surfaces which may result in non-specific 

orientation of biomolecules,  the linker mediated bioconjugation displayed a facile and rapid 

technique of protein immobilization, without compromising biological function.  

 
This chapter has already been published in the peer-reviewed journal Biomolecules.  

 

 

 

 



30 

Chapter 2   

 

2.2 Contribution to manuscript 2 
 

The concept of this publication was developed together with my main supervisor A/Prof 

Anwar Sunna and my co-supervisor Dr. Andrew Care. They were also involved in 

experimental designing and troubleshooting. I designed and performed all the experimental 

work including data collection and analysis. The initial draft of the manuscript was written 

by me and was reviewed by all authors. The contributions of each author are given in Table 

2.1 

 

 

Table 2.1 Author contributions for manuscript 2 
 

 
  

Conceptualization 

 

 

Methodology 

 

Data 

collection 

 

Data 

analysis 

 

Manuscript 

 

Rachit 

Bansal 

 

✓  ✓  ✓  ✓  ✓  

 

Zehra 

Elgundi 

 

 ✓  ✓  ✓  ✓  

 

Andrew 

Care 

 

✓  ✓    ✓  

 

Sophia C. 

Goodchild 

 

 ✓  ✓  ✓  ✓  

 

Megan S. 

Lord 

 

 ✓   ✓  ✓  

 

Alison 

Rodger 

 

 ✓   ✓  ✓  

 

Anwar 

Sunna 

 

✓  ✓    ✓  
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Chapter 3 
 

 

3.1  Introduction 

 

The previous chapter highlighted the binding mechanism of a silica-binding peptide, Linker 

Protein G (LPG) and how the linker enhances the binding of PG to silica surface without 

affecting its structural and chemical properties. In this chapter, we studied the effect of 

multimerization on the binding affinity of LPG. Among several molecule design methods, 

multimerization can be used to tune the overall binding and physical and chemical 

properties of an SBP by applying simple tandem repeat of the original SBP sequence. 

Various truncated derivatives of 4xLPG (LPG) were constructed and analysed using the 

same biophysical characterization techniques as used in the previous chapter. It was found 

that the degree of silica-binding is proportional to the linker repeats, i.e. truncated derivative 

with single sequence showed no measurable binding while the one with two sequence 

repeats displayed moderate binding to silica. The binding was found to increase with the 

number of repeats where the three repeats showed a KD=53.23 ± 4.5 nM, which is 1.5 lower 

than the 4xLPG. Also, the spectroscopic techniques revealed that the linker repeats don’t 

have any effect on the overall structure or chemical stability of parent, PG. The effect of 

overall linker length on silica binding was also studied, where the three repeat sequence was 

replaced by a glycine-rich spacer to from the fusion protein, 1X-(GGGGS)12-PG. 

Surprisingly, this fusion protein binds with comparable affinity to silica (qualitatively). This 

overall study demonstrated that not the peptide repeats but the peptide length mediates a 

strong silica-binding owing to increased flexibility and plasticity of the peptide. 

 

This chapter has been prepared as a manuscript for submission to ACS 

Biomacromolecules.          
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3.2 Contribution to manuscript 3 

The concept of this publication was developed together with my main supervisor A/Prof 

Anwar Sunna and my co-supervisor Dr. Andrew Care. They were also involved in 

experimental designing and troubleshooting. I designed and performed all the experimental 

work including data collection and analysis. The initial draft of the manuscript was written 

by me and was reviewed by all authors. The contributions of each author are given in Table 

3.1 

 

 

Table 3.1 Author contributions for manuscript 3 
 

 
  

Conceptualization 

 

 

Methodology 

 

Data 

collection 

 

Data 

analysis 

 

Manuscript 

 

Rachit 

Bansal 

 

✓  ✓  ✓  ✓  ✓  

 

Zehra 

Elgundi 

 

 ✓  ✓  ✓  ✓  

 

Sophia C. 

Goodchild 

 

✓  ✓    ✓  

 

Andrew 

Care 

 

 ✓  ✓  ✓  ✓  

 

Megan S. 

Lord 

 

 ✓   ✓  ✓  

 

Alison 

Rodger 

 

 ✓   ✓  ✓  

 

Anwar 

Sunna 

 

✓  ✓    ✓  
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Abstract  

The bifunctional linker-protein G (LPG) fusion protein is comprised of a peptide (linker) 

sequence and a truncated form of Streptococcus strain G148 protein G (protein G’). The 

linker represents a multimeric solid-binding peptide (SBP) comprised of 4 × 21-amino acid 

sequence repeat that displayed high binding affinity towards silica-based materials. In this 

study, several truncated derivatives were investigated to determine the effect of the SBP 

multimerization on the silica binding function of LPG (for the sake of clarity, LPG will be 

referred from here on as 4xLPG). Various biophysical characterization techniques were 

used to quantify and compare the truncated derivatives against 4xLPG and protein G’ 

without linker. The derivative containing two sequence repeats (2xLPG) showed minimal 

binding to silica while the truncated derivative with only a single sequence (1xLPG) 

displayed no binding. The derivative containing three sequence repeats (3LPG) was able 

to bind to silica but with a binding affinity of KD= 53.23 ± 4.5 nM. This value represents a 

1.5 times lower binding affinity than that obtained for 4xLPG under similar experimental 

conditions. Circular dichroism (CD) spectroscopy and fluorescence spectroscopy studies 

indicated that the SBP degree of multimerization has no effect on the secondary structure 

and chemical stability of the parent protein G. However, based on quartz crystal 

microbalance with dissipation monitoring (QCM-D) multimerization was an important 

parameter for a strong and stable binding to silica. The replacement of 3 sequence repeats 

by a (GGGGS)12 glycine-rich spacer indicated that the overall length rather than the SBP 

multimerization mediated the effective binding to silica. 

 

Keywords 

Linker-protein G; multimerization; solid-binding peptide (SBP); silica-binding peptide; 

silica-based materials; quartz crystal microbalance with dissipation monitoring (QCM-D).  

 

Introduction 

Solid-binding peptides (SBPs) are a group of short amino acid sequences that specially bind 

to the surfaces of various inorganic materials including minerals, semiconductors and 

polymers. In doing so, they are able to mediate the simple and controlled attachment of 

biomolecules onto solid surfaces, conferring biological functionality. SBPs can also act as 

functionalizing agents for binding and linking biomolecules to solid nanostructures (1,2). 

Molecular biology protocols further allow tailoring of the selected peptides to tune their 



56 

Chapter 3 
 

 

binding and material selectivity properties so that they can be used in bionanotechnological 

applications. Some of these SBPs have already been used in the development of 

multifunctional hybrid materials and for the oriented immobilization of biomolecules (3-5). 

For example, Coyle et al. demonstrated the use of a silica-binding dodecapeptide (Car9), 

having micromolar affinity to silica gel, for the purpose of a rapid and inexpensive affinity 

purification technique (6). Two polystyrene-binding peptides screened by Kumada et al. (5) 

were shown to mediate an effective site-specific immobilization of proteins onto 

polystyrene surfaces without considerable conformational change, using an enzyme linked 

immunosorbent assay (ELISA). To improve hospital sanitation and reduce biohazard 

exposure, Mansoor et al. developed a graphene wireless nanosensor based on a bifunctional 

peptide system, where a graphene-binding peptide (GrBP) was fused with an antimicrobial 

peptide (AMP) to recognize and capture pathogens such as Staphylococcus aureus and 

Helicobacter pylori (7). The bifunctional peptide approach was also used by Cui et al. (8) 

to develop a graphene field effect transistor (GFET)-based sensor device for efficient vapor 

phase detection of trinitrotoluene (TNT), where a TNT-binding peptide domain was fused 

to a GrBP. SPBs have initiated and regulated the synthesis of composite materials, such as 

biosynthesis of silver nanoparticles using combinatorially-selected silver-binding peptides 

(9). 

Proper orientation is crucial to preserve the bioactivity as well as the avidity of 

biomolecules. Care et al. demonstrated the oriented immobilization of antibodies onto 

silica-coated magnetic particles using a bifunctional linker-protein G (LPG) fusion protein 

which contains a silica- 

binding peptide and an antibody-binding region (10). Other applications of SBPs include 

the design of medical biomaterials via surface modification. One such case has been 

reported for the use of a bispecific material-binding peptide, TBP-NHBP, which was 

designed as a fusion of a titanium-binding peptide (TBP) and single walled carbon 

nanohorn-binding peptide (NHBP) connected via a GG linker (11). TBP-NHBP displayed 

binding affinity to both titanium and single walled carbon nanohorn (SWNH).  TBP-NHBP 

was applied for the efficient loading and controlled release of drugs such as dexamethasone 

(DEX), necessary for bone regeneration and osteogenesis. Similarly, a titanium-binding 

peptide fused to an antimicrobial peptide was shown to reduce bacterial growth on titanium-

made dental implants (12).  

 

The binding of SBPs to their corresponding materials is governed by several non-covalent 
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interactions (e.g. electrostatic, polar, hydrophobic, hydrogen bonds) and these interactions 

can result in equilibrium binding constants in the nM to sub-mM range (2,13). However, 

due to the complexity (14,15) displayed at the SBP–material interface (9) many of the 

mechanisms involved in these interactions remain poorly understood. At present, a 

collection of experimental and theoretical tools is available to investigate these interactions. 

For example, surface plasmon resonance (SPR) (16), quartz crystal microbalance with 

dissipation monitoring (QCM-D) (17), and isothermal titration calorimetry (18) can be used 

to investigate the selectivity, binding kinetics, thermodynamics, stoichiometry, orientation, 

and viscoelastic properties of these interactions. Circular dichroism (CD) spectroscopy (19), 

nuclear magnetic resonance (NMR) spectroscopy (20) and Fourier-transform infrared 

(FTIR) spectroscopy (21) provide information about dynamics, structure and conformation 

of SBPs. Computational approaches such as in silico molecular modelling and simulation 

(22) with the development of artificial intelligence (23,24) provides in depth knowledge of 

these interfaces at atomic level (25). 

 

The interactions between SBPs and their substrates relies on the affinity that particular 

chemical groups within amino acid residues have for solid surfaces. For example, SBPs that 

bind to metals predominantly contain hydrophobic and hydroxyl-containing polar residues 

(13) while those that bind to carbon-based materials are high in aromatic residues (26). 

Various molecular-tailoring strategies can be applied to tune the affinity and selectivity of 

SBPs, the most common being site-specific mutagenesis. Another method used to tune the 

binding and structural features of an SBP is by increasing the number of repeats of the 

original SBP sequence, also known as multimerization (27,28). Multimerization can be 

achieved by the sequential attachment of the original sequence (i.e. simple tandem repeat 

of the peptide sequence). For example, Seker et al (29) reported the improved affinity and 

selectivity of a gold-binding peptide (GBP) as a function of polypeptide sequence repeats. 

Using SPR, they showed that a 3-repeat GBP (3R-GBP) was able to bind 5 times more 

strongly to gold when compared to 1-repeat GBP (1R-GBP). In another case, Cho et al. (30) 

used ITC analysis to show that a zinc oxide-binding peptide (ZBP) with triplicate tandem 

repeats (3xZBP) displayed nearly two-fold higher binding affinity (KD = 0.69 µM) to zinc 

oxide nanoparticles when compared to the single peptide domain (1xZBP, KD = 1.5 µM). 

These findings implied that there might be a direct relationship between the binding activity 

and the number of repeated sequences for some SBPs. 
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LPG (for the sake of clarity, LPG will be referred from here on as 4xLPG) was initially 

reported by Sunna et al. (1) and was designed as a bifunctional fusion protein for the rapid 

and oriented biofunctionalization of silica-based materials (31-33). 4xLPG connects a 

recombinant form of Streptococcus protein G’ antibody-binding protein to a multimeric 

linker made of a 4 × 21-amino acid sequence repeat that display high binding affinity 

towards silica-based materials. Here, we used various biophysical characterization 

techniques to examine several truncated derivatives of 4xLPG and to determine the effect 

of the linker multimerization on the stability of the parental protein G. The study also 

provides insights into the general effect of SBP multimerization on the binding affinity to 

silica substrate. We also show the potential effect played by the overall length of the SBP 

on the effective binding to the silica surface. 

 

 

Figure 1. Truncated derivatives used in this study. 

 
 

 

Materials and Methods 

The silica binding studies were performed using silica coated quartz crystals purchased from 

ATA Scientific (Australia). Pefabloc, lysozyme and Benzonase nuclease were purchased 

from Sigma-Aldrich. Human serum was obtained from Sigma-Aldrich while the humanized 

anti-HER2 monoclonal antibody trastuzumab was purchased from Jomar Life Research.  

The human HER2/ErbB2 protein (His-Tag) was purchased from Sino Biological Inc. 

(China). All biological assays were performed at room temperature with standard 

phosphate-buffered saline (1×PBS) buffer at pH 7.4.  
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Production and purification of truncated derivatives 

The expression plasmids (pLink1xpET22b, pLink2xpET22b and pLink3xpET22b) used to 

produce the recombinant proteins were previously reported by (1). The production of each 

of the truncated derivatives (1xLPG, 2xLPG and 3xLPG) was as follows. 1 litre Luria 

Bertani (LB) medium supplemented with 50 µg/ml carbenicillin was inoculated with 10 mL 

of an overnight culture of E. coli Tuner (DE3) cells (Novagen) harbouring the expression 

plasmid. The culture was incubated at 37 °C with continuous shaking (250 rpm) until the 

A600 was approximately 0.7–1.0. The incubation temperature was reduced to 20 ºC and 

protein synthesis was induced by the addition of 0.2 mM isopropyl β-D-thiogalactoside 

(IPTG). Cells were harvested after 3–4 h induction by centrifugation for 15 min at 10,000 

x g and 4 ºC and were stored at -20 ºC.  

The cells were resuspended in ice-cold lysis buffer (25 mM Tris–HCl, pH 8.0, 100 mM 

NaCl, 1.25 mM EDTA and 0.05% Tween 20), supplemented with 4 mM of the Pefabloc 

serine protease inhibitor and 1.5 mg lysozyme. They were ruptured by three passages 

through a French pressure cell. After cell rupture, 50 units of Benzonase nuclease and 4 mM 

Pefabloc were added. The sample was incubated on ice for 20 min. The debris was removed 

by centrifugation for 30 min at 20,000 x g and 4 ºC. The supernatant obtained was first 

filtered through a 0.45 µm and then through a 0.22 µm sterile filter and stored at 4 ºC. 

All purifications were performed using the Äkta™ start chromatography system (GE 

Healthcare, USA). For purification, each truncated derivative soluble extract (1xLPG, 

2xLPG and 3xLPG) was loaded onto a 5 ml HiTrap Q anion exchanger column (GE 

Healthcare) previously equilibrated with 25 mM Tris–HCl, pH 8.0, supplemented with 100 

mM NaCl. The column was washed extensively with the same buffer. Under these 

conditions all truncated derivatives eluted at 200 mM NaCl.  The eluted protein samples 

were concentrated using an Amicon Ultra-15 centrifugal filter (10 kDa cut-off, Millipore) 

followed by buffer exchange with a PD-10 desalting column (GE Healthcare). 1xLPG was 

buffered exchanged into 20 mM Bis-Tris (bis-(2-hydroxyethyl)-amino-

tris(hydroxymethyl)-methane) buffer pH 6.0. This fraction was applied again the 5 ml 

HiTrap Q column previously equilibrated with 20 mM Bis-Tris buffer pH 6.0. The column 

was washed extensively with the same buffer and the 1xLPG recombinant protein was 

eluted at 200 mM NaCl. 2xLPG and 3xLPG were buffer exchanged into 50 mM HEPES (4-

(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer pH 8.0. The  

fractions were applied to a 5 ml HiTrap SP cation exchanger column (GE Healthcare) 

previously equilibrated with 50 mM HEPES buffer pH 8.0. The column was washed 
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extensively with the same buffer. Under these conditions 2xLPG eluted at 50 mM NaCl 

while 3xLPG eluted at 100 mM NaCl. 

 

Fractions containing the truncated derivatives were identified on 4–15% Mini-PROTEAN® 

TGX™ Precast Protein Gels (Bio-Rad laboratories) by SDS-PAGE and staining with 

Coomassie Brilliant Blue. Individual fractions were concentrated using an Amicon Ultra-

15 centrifugal filter and all final samples were stored in 1xPBS buffer (after fresh addition 

of Pefabloc) at -80 ºC. The final protein concentration was measured using Micro BCA 

protein assay kit (ThermoFisher Scientific) according to the manufacturer’s instructions.  

 

Construction, production and purification of a synthetic linker derivative 

Three sequence repeats from the 4xLPG peptide linker were replaced by a synthetic 

(GGGGS)n linker sequence. This replacement was important to determine whether the 

multimerization or the overall SBP length was required for efficient binding to silica. The 

protein G sequence was ligated into plasmid pET44a (+) via NheI/BamHI restriction sites 

to obtain the plasmid pET44-PG. A gene sequence containing one original SBP sequence 

from LPG followed by the synthetic linker sequence (GGGGS)12 was synthesized by 

Invitrogen GeneArt Gene Synthesis (ThermosFisher Scientific) and ligated into plasmid 

pET44-PG via NdeI/NheI restriction sites to assemble the expression plasmid pLink1x-

(GGGGS)12-PG (Figure 8). E. coli α-Select (Bioline) was used as a host for general gene 

cloning and vector storage and E. coli Tuner (DE3) cells were used for recombinant protein 

expression.  

 

Link1x-(GGGGS)12-PG was produced and the soluble protein fraction obtained as 

described for the truncated derivatives. For purification of Link1x-(GGGGS)12-PG, the 

soluble extract was loaded onto a 5 mL HiTrap Q anion exchanger column previously 

equilibrated with 25 mM Tris–HCl, pH 8.0, supplemented with 100 mM NaCl. The column 

was washed extensively with the same buffer. Under these conditions the Link1x-

(GGGGS)12-PG did not bind to the column and was found in the unbound fraction. The 

Link1x-(GGGGS)12-PG was concentrated using an Amicon Ultra-15 centrifugal filter (10 

kDa cut-off) followed by buffer exchange with PD-10 desalting column and 50 mM MES 

(2-(N-morpholino) ethanesulfonic acid) buffer pH 6.0. This fraction was applied to a 5 mL 

HiTrap SP cation exchanger column previously equilibrated with 50 mM MES buffer pH 
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6.0. The column was washed extensively with the same buffer and the Link1x-(GGGGS)12-

PG was eluted at 300 mM NaCl. Fractions containing the Link1x-(GGGGS)12-PG were 

identified by SDS-PAGE as described above. Fractions containing the purified Link1x-

(GGGGS)12-PG were pooled and concentrated using an Amicon Ultra-15 centrifugal filter. 

Samples were stored in 50 mM MES buffer pH 6.0 at -20ºC after sterile filtration through a 

0.22 µm filter. 

 

Silica binding assay 

The binding of purified recombinant Link1x-(GGGGS)12-PG to silica was determined as 

follows; 5 mg silica (BDH Ltd) was washed three times with washing buffer (10 mM Tris-

HCl, pH 7.5, 100 mM NaCl and 1% Triton-X100). Soluble protein in a final volume of 100 

µl was mixed with silica and incubated by rotation at room temperature for 1 h. The unbound 

fraction was removed after centrifugation at 14,000 x g for 20 s. The silica pellet was washed 

three times by vortexing with 100 µl of 100 mM Tris–HCl buffer, pH 8.0. Finally, the silica-

bound protein was eluted after addition of 100 µl of SDS PAGE-loading buffer and 

incubation at 99ºC for 10 min (with short mixing every 2 min). Fractions containing the 

Link1x-(GGGGS)12-PG protein were identified by SDS-PAGE as described above. 

The percentage of protein in the different fractions was semi-quantified by analyzing the 

intensity of bands of digital images from SDS-PAGE with ImageJ software 

(http://rsb.info.nih.gov/ij/index.html). 

 

Circular Dichroism (CD) spectroscopy 

CD spectra were collected at room temperature (approximately 25°C) on a JASCO J-1500 

spectrophotometer (JASCO Corporation, Japan). CD data was collected in water in order to 

avoid any interference or noise below 200 nm since PBS absorbs strongly at wavelengths 

below approximately 200 nm. All protein samples were buffer exchanged to Milli-Q water 

using Amicon Ultra-10K 0.5 mL centrifugal filters and then were further diluted in Milli-Q 

water to a final concentration of 0.1 mg/mL. Wavelength scans were performed between 

180 and 350 nm in a rectangular, 1 mm pathlength quartz cuvette (Starna Scientific Ltd., 

Ilford, UK). For each sample, 3 accumulations were recorded using a 2 nm bandwidth, a 

scan speed of 100 nm/min and digital integration time (D.I.T.) of 2 sec. The data is reported 

in terms of mean residue ellipticity [θM], expressed in deg.cm2.dmol-1. residue-1. 
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Fluorescence Spectroscopy 

Protein samples were dissolved to a final concentration of 2 µM in 1xPBS containing 

various concentrations (0–7 M) of guanidinium hydrochloride (GdnHCl). All measurements 

were recorded at room temperature (approximately 25°C) in a micro-volume fluorescence 

cuvette with 3 mm pathlength (Starna Scientific Ltd., Ilford, UK) using a JASCO FP-8500 

Spectrofluorometer (JASCO Corporation, Japan). Fluorescence emission spectra were 

collected between 300 and 550 nm using a 295 nm excitation wavelength, 2.5 nm excitation 

bandwidth, 5 nm emission bandwidth and scan speed of 100 nm/min. 

 

Quartz crystal microbalance with dissipation monitoring (QCM-D) 

The adsorption of the proteins onto silica surface was monitored on a Q-sense E4 system 

(Biolin Scientific AB, Sweden) using AT-cut SiO2 coated QCM-D quartz crystal sensors. 

The viscoelastic properties of the adsorbing layers were studied by simultaneously 

measuring the dissipation changes (33). The frequency and dissipation changes were 

measured at a fundamental frequency of 5 MHz and at 3rd overtone (n). All the samples 

were prepared in  

1xPBS buffer pH 7.4 at room temperature. The adsorbed mass is proportional to frequency 

change via the Sauerbrey equation only when the adsorbed layer is rigid, uniformly 

distributed on the sensor surface and the adsorbed mass is small compared to the mass of 

the crystal (35-36). However, in the case of most proteins these assumptions are not valid 

as the adsorbed layer is viscoelastic as there is a dissipation change greater than 1x106/10 

Hz requiring the use of the Voigt viscoelastic model to estimate adsorbed mass and 

thickness of the adsorbed protein layer from frequency and dissipation measurements at 

multiple harmonics and assuming an adsorbed layer density of 1000 g/m3. All QCM-D 

experiments were repeated three times under a constant flow rate of 150 µL/min at room 

temperature (22°C). 

 

Orientation and viscoelastic properties of bound 3xLPG truncated derivative  

The SiO2 coated crystals were placed in the respective chambers provided in the QSense E4 

analyzer and 1xPBS was injected at a flow rate of 150 µL/min until a stable baseline was 

reached. Samples of 3xLPG, prepared in 1xPBS, were then injected into the system at a 

concentration range of 3.27-654 nM and a flow rate of 150 µL/min. As soon as a stable 

baseline was achieved for each sample concentration, the unbound fractions were washed 

off by injecting 1xPBS. To eliminate the risk of non-specific binding, the free binding sites 
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on the crystal surface were blocked by injecting 1 mg/mL BSA (in 1xPBS). Humanized 

anti-HER2 monoclonal antibody, trastuzumab, was injected into the system at a final 

concentration of 1 µg/mL until a stable response was observed. The final step included the 

injection of HER2 antigen at a concentration of 1 µg/mL until equilibrium was reached. 

Each of the above steps included an additional crystal rinsing with 1xPBS. 

 

Results and Discussion 

Effect of linker multimerization on the secondary structure and chemical stability of PG 

The bioactivity of a biomolecule is dependent on its secondary structure. Circular dichroism 

(CD) spectroscopy was used to determine the effect of different truncations of the linker 

sequence on the overall secondary structure of protein G (PG). A concentration of 0.1 

mg/mL (the absorbance for the CD signals measured between 180 nm and 350 nm were 

normalized to account for the small variations in concentration) was used to measure the 

far-UV spectra of the truncated derivatives (1xLPG, 2xLP and 3xLPG). Figure 2 shows an 

overlay of CD spectra obtained for PG alone and the respective linkers. A significant α-

helical folded component can be seen in all the proteins which is evident by the presence of 

a positive peak at ~190 nm and negative peaks at ~208 nm and ~222 nm. Further, 

Dichroweb was used to perform the CD secondary structure fitting of this data using 

SELCON3 algorithm and reference Set 3 (which is optimized for a wavelength range of 

185-240 nm). Table 1 represents the various structural fitting parameters obtained for all 

the truncated derivatives.  

 

 

Figure 2. Far-UV spectra of PG (blue), 1xLPG (black), 2xLPG (pink), 3xLPG (green) and 4xLPG (red) in 

water at a concentration of 0.1 mg/ml. 
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Table 1: Structural composition of PG and various truncated derivatives as obtained from 

CD analysis 

 

Truncated 

Derivative 

% PG in truncated 

derivative 

α helix 

proportion 

β sheet 

proportion 

PG (34) 100 ~36 % ~17 % 

1xLPG ~90 ~31 % ~19 % 

2xLPG ~82 ~25 % ~23 % 

3xLPG (34) ~75 ~24 % ~24 % 

4xLPG ~67 ~22 % ~27 % 

 

 

A comparison of this data to the one previously obtained for PG and 4xLPG (34), indicates 

that the percentage proportion of α-helix decreases with an increasing multimerization of 

the linker region. Since the PG portion (185 amino acids) accounts for ~90% of the total 

1xLPG (206 amino acids), ~82% of 2xLPG (227 amino acids) and only 75% of 3xLPG (248 

amino acids), these results are consistent with maintenance of the native PG module 

structure, indicating that the PG is still folded and is not affected by its fusion to different 

truncations of the linker.  

 

Contrary to the decreased α-helix proportion with increasing linker length, the β-sheet 

component of the truncated derivatives was found to increase with an increased peptide 

(linker) multimerization. Using SELCON3 algorithm and reference Set3 (in addition to 

various other combinations of fitting algorithm and reference set available on Dichroweb) 

the β-sheet component was estimated to be ~17%, ~19%, ~23% and ~24% for PG, 1xLPG, 

2xLPG and 3xLPG respectively (Table 1). Looking at the percentage composition of α-

helix and β-sheet content in PG and 1xLPG, we can say that 1xLPG followed the 

progression of increasing β-sheet and decreasing α-helix in the overall structure with the 

addition of single peptide repeat. Also, similar to 4xLPG, the higher β-sheet components 

predicted for 2xLPG and 3xLPG might be a result of an artefact of the secondary structure 

fitting approach. This might have occurred due to the poor ability of the reference sets to 

efficiently distinguish between β-sheet (βII) structure and random coils, especially in case 

of proteins consisting of highly disordered regions. Hence, the CD spectra suggest that 
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multimerization of the linker peptide sequence only contributed an additional unstructured 

component (possibly with some additional β-sheet-like structure) without distorting or 

affecting the overall secondary structure of its fusion protein partner, PG. This result is 

significant for understanding the binding efficiency of the different linker lengths as the 

binding of SBPs to their solid substrates in some cases is not only determined by their amino 

acid sequences but may also be controlled on their secondary structure conformation (35). 

For example, the linear and constrained forms of a platinum-binding peptide (PtBP) 

displayed different platinum binding behaviour that were attributed to molecular their 

structural differences (35).  

 

The relative stability of all truncated derivatives was compared in the presence of the 

chemical denaturant GdnHCl using fluorescence spectroscopy. PG consists of eight tyrosine 

and three tryptophan residues. Accordingly, intrinsic tryptophan fluorescence (ITF) 

experiments were performed at an excitation of 295 nm so as to minimize the excitation 

between 280-290 nm which corresponds to tyrosine residues. In addition, the linker 

sequence does not contain any aromatic residues, so it does not contribute to the overall 

fluorescence which is solely due to tryptophan residues in PG. The unfolding of 1xLPG, 

2xLPG and 3xLPG was monitored by measuring the shift in the maximum tryptophan 

fluorescence emission with an increasing concentration of GdnHCl. Assuming the protein 

denaturation to be two-state process, the (330/360) fluorescence intensity ratio at 330 nm 

and 360 nm was plotted against increasing denaturant concentrations and finally the 

GraphPad Prism 7.0 software was used to non-linearly fit the data.  

 

Figure 3. Unfolding of PG (blue), 1xLPG (black), 2xLPG (pink), 3xLPG (green) and 4xLPG (red) in GdnHCl. 

All protein samples were diluted to a final concentration of 2 µM in 1xPBS, pH 7.4, containing various molar 

concentrations of GdnHCl. The ratio of relative fluorescence intensity at 330 nm and 360 nm (330/360) was 

monitored after excitation at 295 nm. 
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Figure 3 represents the GdnHCl denaturation curves for PG, 4xLPG and each truncated 

derivative. For all three derivatives (1xLPG, 2xLPG and 3xLPG), no change was observed 

in the tryptophan fluorescence until exposure to ~2 M GdnHCl. Also, the truncated 

derivatives showed maximum foldability at ~5 M GdnHCl. On the basis of the 2-state non-

linear fitting of the denaturation curves, the concentration of GdnHCl required for 50% 

unfolding was determined to be 3.4 ± 0.2 M (95% CI), 3.4 ± 0.1 (95% CI) and 3.4 ± 0.2 

(95% CI) for 1xLPG, 2xLPG and 3xLPG, respectively. These results are consistent with the 

ones obtained for the original polypeptide (four linker repeats) in 4xLPG (3.6 ± 0.1 M) and 

the model antibody-binding protein, PG (3.4 ± 0.2 M) (34). Based on the above results, the 

chemical stability of the PG portion of the 4xLPG fusion protein is unaffected by truncations 

of the linker sequence. Apart from adding an extra random coil component, the SBP 

multimerization has no remarkable effect on the overall structural stability of PG.  

 

 

Minimal number of repeats required for silica binding  

The binding affinity of the various truncated derivatives to silica surface was calculated 

using QCM-D at comparable protein molar concentrations (3.27 – 654 nM). The binding 

affinity of 1xLPG was not possible to calculate since only the highest concentration amongst 

the selected set of five concentrations showed some binding but the adsorbed peptide gets 

dissociated from the surface after subsequent washing with 1xPBS (Figure 4a). The other 

four concentrations, especially the lowest two concentrations did not show any change in 

frequency or dissipation response (Supplementary Figure S1a) and these responses 

remained stable all throughout the experiment.  

 
                 (a)                             (b) 
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  (c)                                                                         (d) 
 

           
Figure 4. Δf vs time (a) 1xLPG, (b) 2xLPG, and (c) 3xLPG, and ΔD vs time (d) 3xLPG for the 3rd overtone 

of the absorbed truncated derivatives on silica coated QCM-D crystals at various concentrations (3.27–654 

nM). The measurement was performed in three steps at a flow rates of 150 µL/mL: establishment of baseline 

(PBS buffer), adsorption of protein samples until saturation, and washing (PBS buffer) to remove unbound 

protein. Three independent measurements were performed for each concentration.  

 

The sensorgram for frequency shift vs time sensorgram for the binding interactions of 

2xLPG to silica surface is shown in Figure 4b. Only the three highest concentrations (654, 

65.4 and 13.1 nM) showed measurable binding response for silica binding. 2xLPG at the 

lowest two concentrations (6.54 and 3.27 nM) appeared to bind to the surface but with 

minimum adsorption and the resulting frequency response appeared as just noise because 

of the crystal oscillation (considering the maximum mass sensitivity of the system in liquid 

to be 0.5 ng/cm2). Since Langmuir isotherm fitting requires a minimum of five 

concentrations, it was not possible to calculate the binding affinity for 2xLPG. However, 

looking at the frequency shift for the highest 2xLPG concentration, it seems that the 

adsorption of the protein to the silica surface is almost half (~16.5 Hz) that observed for 

4xLPG (34). On this basis, it could be said that 2xLPG binds moderately to silica surface 

when compared to 4xLPG. The experiment performed on QCM-D for 3xLPG (Figure 4c) 

using the same concentration set as the other protein samples gave a binding affinity (KD) 

of 53.23 ± 4.5 nM, when fitted using Langmuir isotherm (Figure 5). This KD value is 1.5 

times higher than the one obtained for 4xLPG under similar experimental conditions (KD = 

34.77±11.8 nM) and indicated an overall lower binding affinity of the 3xLPG truncated 

derivative. Based on these data, a general trend of increased binding to the silica surface 

was observed with linker multimerization. 
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Figure 5. Langmuir adsorption isotherm for the adsorption of 3xLPG to silica surface. The data was fitted as 

per single-site specific binding model, giving a binding affinity/equilibrium dissociation constant (KD)= 

53.23±4.5 nM. 

 

Figure 6 represents the Df plot for the interaction of 3xL-PG to silica measured by QCM-

D. The binding interactions between different 3xLPG concentrations and silica resulted in 

a Df plot that fits within the viscoelastic region. This indicate that the interactions act as 

viscoelastic materials and is further supported by the fact that the dissipation is greater than 

2 units of magnitude which suggests that the protein layer formed is not rigid but viscous 

(Figure 4d). 

 
Figure 6. Df plot for the binding interactions between 3xL-PG and silica surface. The dotted lines indicate the 

pure elastic mass and viscosity-density responses. 

 

Because of the constraint that the adsorbed peptide layer is viscoelastic rather than rigid, the 

Voigt model over Sauerbrey protocol was preferred. Table 2 represents the various 

viscoelastic parameters for the binding interactions between 3xLPG and silica at the 

association and dissociation phases.  
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Table 2: Viscoelastic parameters for 3xLPG and silica binding interactions obtained by 

fitting the raw QCM-D data using Voigt model. 

 

Thickness 

(@Req)a 

(nm) 

 

Thickness 

(@kd)b 

(nm) 

 

Mass 

deposited 

(@Req) 

(kg/m2) 

Mass 

deposited 

(@kd) 

(kg/m2) 

Viscosity 

(@Req) x10-4 

(kg/ms) 

 

Viscosity 

(@Req) x10-4 

(kg/ms) 

 

3xLPG/SiO2 5.76 ± 0.15 4.36 ± 0.05 680.67 ± 34.63 589.13 ± 23.56 19.67 ± 0.36 17.56 ± 0.15 

a @Req, frequency shift at equilibrium;  b @kd, saturation achieved after dissociation      

 

 

The maximum thickness of the peptide layer calculated by Voigt model was 6 nm. The 

viscous nature of the peptide layers can also be explained by the system’s response observed 

upon the introduction of washing buffer (1xPBS). Figure 6a represents the plot of 

dissipation vs time for 3xLPG. The dissipation for the binding interactions was more than 

2 units, which indicates the formation of a viscoelastic and soft layer. This might be due to 

the entrapment of water between the peptide layers owing to the hydrophilic nature of the 

protein. Although the dissipation exceeds 2 units for both 1xLPG and 2xLPG 

(Supplementary Figure S1), the binding was not strong enough to keep the peptides intact 

on the surface. In case of 1xLPG, the sample was removed from the surface after the PBS 

wash step, while for 2xLPG only half of the initial bound protein remained on the surface 

after the washing step.  The formation of viscous layer is likely due to the entrapment of 

water. For an end-on orientation, a monolayer of 3xLPG (28.2 kDa) was approximated to 

be 324 ng/cm2 while it is just 88 ng/cm2 for a side-on orientation. This is assumed for 3xLPG 

being a globular protein and approximately 0.4 times the size of albumin (66 kDa), since its 

molecular weight is half to that of albumin. The ~6 nm thick layer of immobilized 3xLPG 

equates to ~700 ng/cm2 which is stabilized via hydrophobic interactions and is hydrated and 

viscous, being oriented in an end-on bilayer configuration. The maximum amount of 3xLPG 

bound to the surface of silica crystal was calculated to be 681 ng/cm2 (Table 2). Considering 

the molecular mass of 3xLPG (28.2 kDa) and the mass of one 3xLPG molecule to be 

5.05x10-11 ng, there are 0.79x1013 3xLPG molecules bound per cm2 on to the silica surface, 

which is almost 0.5-fold less than the one calculated for 4xLPG (1.7x1013 molecules/cm2) 

(34). Based on these results it appears that the three repeats of the linker (3xLPG) support 

to a similar extent the parent PG binding to silica surface as that of the 4 repeats (4xLPG) 

but with comparatively weaker binding affinity.  
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Initial work by Brown highlighted the possible dependence of a gold-binding peptide 

binding multimerization and the avidity towards its inorganic substrate (36). In this case the 

binding affinity of a gold-binding peptide and alkaline phosphatase fusion protein to gold 

was directly dependent on the numbers of repeating gold-binding polypeptides. Seker at al. 

(35) studied the effect of SBP multimerization on the binding affinity to their solid substrate.  

An increase in the binding affinity of a gold-binding peptide (GBP1) was observed with the 

increasing number of tandem repeats (3-repeats). Similarly, increased binding affinity to the 

surface of ZnO-coated nanoparticles was observed after the multimerization of a zinc-

binding peptide (ZBP). In this case, the trimeric (3xZBP) variant displayed a binding to the 

ZnO-coated nanoparticles nearly twice as strong as that observed with the monomeric 

(1xZBP) variant (30). Interestingly, the binding stoichiometry of each ZBP per ZnO-coated 

nanoparticle followed a reverse pattern where it was lower for 3xZBP (~2.3 molecules) as 

compared to 1xZBP (~3.9 molecules). This can be attributed to the fact that the small 

tethered length of 1xZBP supported a denser packing of the peptide molecules onto the ZnO 

surface due to the availability of comparatively more free binding sites. The silica-binding 

peptides QBP1 and QBP2 displayed equilibrium binding constants of 0.12 × 106 and 1.2 × 

106, respectively (26). However, only the tandem 3-repeats derivative of QBP1 (3l-QBP1) 

showed increased affinity to silica but not the QBP2 derivative (3l-QBP2).  

 

The complexity of the peptide-material interface makes it difficult to properly understand 

the mechanisms behind SBP recognition, selectivity, and binding affinity. The peptide 

exists in variety of conformations, structures, chemistries, polarities, electrostatic charges, 

or binding affinities. Similarly, the material surface can have a variety of facets, oxidation 

states, surface charges, crystallographic orientations, or defects. Further complexity arises 

from the dynamic nature of the assembled peptide–material surface interface in which 

peptides are in constant motion, tending to diffuse, reorient, and adapt themselves to the 

lowest-energy structures. Based on the current data available, there is no general trend for 

increased binding strength as a result of SBP multimerization. While in some cases 

multimerization increased binding affinity, in others the affinity was reduced, and this was 

attributed to the conformational changes between the single and the multiple peptide repeats 

(29,35).  
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Binding orientation of truncated derivative 3xLPG 

In order to assess whether 3xLPG also binds to silica surface in an oriented manner to 

present its antibody-binding region, we studied the binding interaction between silica-bound 

3xLPG and the trastuzumab antibody followed by the ability of the 3xLPG – trastuzumab 

complex to detect the HER2 antigen in complex biological fluids. Figure 7 represents the 

sensorgram for the binding interactions of trastuzumab with silica-bound 3xLPG and 

subsequently HER2 interaction with the 3xLPG immobilized trastuzumab. The sensorgram 

indicated that 3xLPG mediated a properly oriented immobilization of trastuzumab to the 

silica surface and mediated the binding and detection of the HER2 antigen spiked into 

human serum. The quantitative analysis for the various viscoelastic properties involved in 

the above binding interactions are summarized in Table 3. 

 

 

Table 3. Viscoelastic parameters for the interaction between silica-bound 3xLPG and 

trastuzumab followed by HER2 binding and detection 

Immobilized 

truncated 

derivative 

 

 

Thickness 

of bound 

protein 

(nm) 

 

Mass of 

protein 

deposited 

(ng/cm2) 

 

Thickness of 

bound 

trastuzumab 

(nm) 

 

Mass 

deposited for 

bound 

trastuzumab 

(ng/cm2) 

Thickness 

of bound 

HER2 

(nm) 

 

Mass 

deposited for 

bound HER2 

(ng/cm2) 

 

3xLPG 5.76 ± 0.22 680.67 15 ± 0.20 1000.14 20 ± 0.36 1250.65 

 

 

The thickness and mass deposited for antibody (trastuzumab) and antigen (HER2) with the 

truncated derivative 3xLPG are quantitatively lesser than that obtained for 4xLPG, for 

which the calculated thickness and mass for the bound trastuzumab were 20 nm and 1200 

ng/cm2, respectively (34). These results are in accordance with the stoichiometric data 

presented above where as many as twice 4xLPG molecules were bound on the silica surface 

per cm2 as compared to 3xLPG.  
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Figure 7.  QCM-D response for the binding interactions of trastuzumab to silica-immobilized 3xLPG and 

subsequent detection of HER2 antigen spiked in 25% human serum (HS). 

 

Although the results obtained from all these biophysical characterization techniques showed 

that multimerization of the linker peptide enhanced the silica-binding mechanism, it is also 

important to study the various interactions forces driving this binding process. Table 4 

summarizes the physiochemical properties (molecular weight, charge, hydropathicity and 

isoelectric point) of the 4xLPG derivatives and the different linker repeats. 

 

Table 4. Truncated derivatives of 4xLPG with different linker repeats and their 

Physicochemical Properties 

 
Mw 

(kDa)a 
pIb Chargec GRAVYd 

Derivative     

PG 21.363 4.58 -14.0 -0.56 

1xLPG 23.443 4.69 -13.8 -0.69 

2xLPG 25.797 4.94 -10.5 -0.78 

3xLPG 28.151 5.25 -7.3 -0.85 

4xLPG 30.504 5.80 -4.1 -0.91 

Linker repeat     

1xL 3.232 10.94 3.2 -1.27 

2xL 5.586 11.38 6.4 -1.43 

3xL 7.939 11.50 9.6 -1.50 

4xL 10.293 11.57 12.9 -1.54 
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a Theoretical molecular weight (Mw)* 

b Theoretical isoelectric point (pI)* 

c Theoretical charge at pH 7.0* 

d Theoretical grand average hydropathicity (GRAVY)† 

* Values calculated using Protein calculator v3.4 (http://protcalc.sourceforge.net/) 

† Values calculated using Protein GRAVY 

(https://www.bioinformatics.org/sms2/protein_gravy.html) 

 

An increase in linker multimerization resulted in an associated increase in isoelectric point 

(pI), overall charge at pH 7.0 and hydrophilicity of all fusion protein derivatives (Table 4). 

The surface of silica is negative and adsorption of proteins to its surface is influenced by 

the sum of attraction and repulsion electrostatic forces. Adsorption of proteins will be driven 

mainly by Coulomb’s electrostatic attractions at pH values below the pI (proteins will carry 

an overall positive charge). However, absorption will be driven by the sum of the Columbic 

repulsion and attractive forces (e.g., hydrophobic interactions) at pH’s above the pI since 

proteins and silica will be negatively charged. At pH 7.0 (above pI) PG, and all the 

derivatives (Table 4) carry an overall negative charge. Considering the charge contribution 

by the linker region alone, the positive charge increases with multimerization.  Accordingly, 

4xL is highly positively charged at pH 7.0 (charge of 12.9) when compared to PG (charge 

of -14). Silica has a negatively charged surface for the interaction of positively charged 

molecules and this may indicate the linker multimerization and the concomitant increase in 

positive charge is the main drive for a strong binding to silica through electrostatic attraction 

forces. Taniguchi et al (37) reported that the binding of a silica-binding tag (Si-Tag) was 

pH dependent. Due to the presence of 63 positively charged amino acid residues, the peptide 

displayed a pI of 10.9 and maximum binding to the silica surface was obtained at pH 8.0, 

when Si-tag carried a net positive charge. Sarikaya et al. (38) found that the high affinity of 

polypeptides to inorganic surfaces was the result of a net high charge and a large proportion 

of basic amino acid residues.  

 

Introduction of a (GGGGS)n linker  

Although the above results provide a plausible explanation for the increase of binding 

strength of 4xLPG, it remains unclear whether the linker sequence multimerization or the 

space it occupies (length) is the important factor for silica binding. Poly-glycine and 

glycine-rich flexible sequences (GGGGS)n (usually n≤6) have been by far the most 



74 

Chapter 3 
 

 

frequently used linkers that acts as bridges to join two or more individual peptide sequences 

because they enhance solubility, are thought to be resistant to proteolysis, and presumably 

confer conformational flexibility to the overall peptide sequence (39). A model fusion 

protein was designed in which a 12-repeat glycine rich spacer (GGGGS)12 was fused 

between the single linker sequence and PG to create a 4xLPG analogue fusion protein 

(Figure 8a). 

 

The analogue fusion protein Link1X-(GGGGS)12-PG was recombinantly-expressed in E. 

coli and purified. Link1X-(GGGGS)12-PG displayed identical pI (4.69), overall charge at 

pH 7.0 (-13.8) and similar grand average hydropathicity (-0.21) as the 1xLPG truncated 

derivative (Table 4). Silica binding assays (Figure 8b) indicated  that the space occupied by 

the repeat sequence is an important factor for solid binding. The introduction of the synthetic 

(GGGGS)12 sequence into Link1x-PG dramatically increases the binding affinity from <5% 

to >80%. These qualitative initial results seems to indicate an important role for the length 

of the peptide (distance from the repeats) in an efficient binding to silica.  
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Figure 8. (a) Architecture of the fusion protein with and without the glycine-rich spacer and their subsequent 

zeolite-binding assays. (b) SDS-PAGE of silica binding assays. Arrows indicate position of Link1X-

(GGGGS)12-PG, 1xLPG and 4xLPG on the gel. 1xLPG and 4xLPG SDS-PAGE were from (1). 

 

The introduction of (GGGGS)12 to Link1x-PG, results in Link1X-(GGGGS)12-PG which 

seems to function as an analogue of  4xLPG but carries only a single sequence of the silica-

binding peptide rather than four repeats. This (GGGGS)12 spacer addition was enough to 

convert 1xLPG, which display negligible binding to silica, into fusion protein displaying at 

least qualitatively comparable binding affinity to silica as 4xLPG. In terms of linker 

multimerization,  the additional three tandem repeats of the linker may just act as spacer 

regions that allow the single linker sequence to interact with the silica surface. Although, it 

is not always necessary that the addition of a long glycine-rich peptide sequence will 

enhance the binding. Care et al (40) have mentioned the effect of surrounding medium on 

the overall binding of the sequence. They found that a sequence ManA-(GGGGS)16 showed  

binding to zeolites at pH 5 (acidic media) but no significant binding was observed in case 

of pH 7 (neutral) or basic environment (pH 9). The pH of the binding experiments performed 

in this project was 7.4, at which (GGGGS)16 linker showed no binding according to Care et 

al (40). On other hand, Shan et al (41) found that out of three peptide constructs GS1, 

(GGGGS)1; GS2, (GGGGS)2 and GS3, (GGGGS)3, the short linker peptide of ~5 aa (GS1) 

is the best with a higher binding affinity to CD20. SBPs are usually present in an unfolded 

state and adsorption and conformational adaptation to the substrate binding interface are  

fast and simultaneous events (40). Over 76% of the amino acid residues of 4xLPG have the 

tendency to promote structural disorder (39) and confer low overall hydrophobicity and high 

net charge which has reported for other polypeptide sequences exhibiting affinity to 

inorganic materials (38). Thus, the sequence repeats may provide enhanced flexibility and 

plasticity to adopt an optimal conformation for binding substrates with differently shaped 

topologies or surfaces. Due to the time constraints of this PhD project, it was not possible 

to perform a detailed biophysical characterization of Link1X-(GGGGS)12-PG to determine 

its silica-binding mechanism in a more quantitative manner. 

 

Conclusion 

SBPs have been used increasingly as molecular building blocks in several 

nanobiotechnological applications and have become key molecules for the engineering of 

biomimetic and bioinspired materials. More biophysical and quantitate analysis of the 
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interaction between SBPs and their inorganic substrates are required to understand their 

fundamental binding mechanism and expand their range of practical applications. The 

bifunctional fusion protein 4xLPG contains a linker made of a 4 × 21-amino acid sequence 

repeat that display high binding affinity towards silica. CD and fluorescence spectroscopy 

studies indicated no apparent negative effect to the secondary structure and chemical 

stability of the partner PG upon truncation of the associated linker sequence repeats. 

However, QCM-D analysis suggest that a linker multimerization is an important parameter 

for a strong and stable binding to the silica. Removal of the linker sequence below three 

repeats drastically reduced (2xLPG) or completely abolished (1xLPG) the silica-binding 

property of the 4xLPG.  A 12-repeat glycine rich spacer (GGGGS)12 was fused between the 

single linker sequence and PG (1xLPG) to create a 4xLPG analogue fusion protein, Link1X-

(GGGGS)12-PG. The analogue fusion protein Link1X-(GGGGS)12-PG was able to restore 

the the silica binding property of the truncated derivative 1xLPG.  This preliminary 

qualitative data provides further motivation to investigate not only multimerization but also 

the length of the linker as potentially important parameters for strong silica binding. The 

results presented here also suggest SBPs multimerization or incorporation of flexible 

interdomain linkers like (GGGGS)n can be used to tailor the adsorption and affinity of a 

given sequence to a solid material. This provides an additional manipulation tool for future 

applications requiring surface specific SBPs that acting as molecular linkers and assemblers. 
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Supplementary Information 

  
          (a)                                                             (b) 

 

Figure S1: ΔD vs time for the 3rd overtone of the absorbed (a) 1xLPG and (b) 2xLPG on silica coated QCM-

D crystals at various concentrations (3.27–654 nM). The measurement was performed in three steps at a flow 

rate of 150 µL/mL: baseline formation (PBS buffer), adsorption of protein samples until saturation, and 

washing (PBS buffer) to remove of unbound protein. Three independent measurements were performed for 

each concentration. 
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Introduction 

 

The development of drug delivery systems that can selectively reach and accumulate at 

specific target cells or tissues is of widespread interest (1-3). Accordingly, the use of 

selective targeting molecules (e.g., antibodies, aptamers, peptides) as strategy to 

functionalize drug carrier systems has been used extensively. Nanoparticles are currently  

used as carrier systems for targeted drug delivery in cancer nanomedicine (4). These 

nanoparticles have the potential to improve the physicochemical properties of 

chemotherapeutics, improve  pharmacokinetic profile of the drug and bio-distribution and 

improve the clinical outcome of the treatment (5). Although several nanoparticle-based drug 

delivery systems have been reported, only less than 2% have advanced to clinical trials (6). 

More facile and controllable nanoparticle functionalization strategies may help overcome 

biological and physical barriers to target delivery that may have hampered the translation 

of nanoparticles into clinical applications. 

 

Another potential nanomedicine area of interest is the efficient detection of molecular 

recognition events which has played an important role in drug discovery and molecular 

biology (7). Recently, it has been applied to monitor and detect diseases, including various 

types of cancers. This has been achieved by detecting biomarkers in patient’s blood and as 

well as tissues. A biomarker is defined as “a characteristic objectively measured and 

evaluated as an indicator of normal biological processes, pathogenic processes or 

pharmacological responses to a therapeutic intervention” (8). For clinical diagnosis, it is 

important to accurately detect and monitor cancer by means of reliable, cost-effective and 

powerful strategies in order to start an appropriate treatment of the patient and also to 

monitor the progression, regression and recurrence of the disease. In the past few decades, 

there has been a promising and significant progress in the field of biomarker detection and 

various detection methods have been developed. Some of these includes surface plasmon 

resonance (SPR) (9), enzyme-linked immunosorbent assay (ELISA) (10), polymerase chain 

reaction (PCR) (11), electrophoresis (12), microcantilevers (13), electrochemical assay 

(14), surface enhanced Raman spectroscopy (SERS) (15), calorimetric assay (16), 

fluorescence-based methods (17) and quartz crystal microbalance (QCM) (18), to name a 

few. However, these techniques still lack accuracy, sensitivity and specificity for use in 
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clinical diagnostics. The detection is also limited by the presence of secondary proteins in 

serum or tissue samples.  

Human epidermal growth factor receptor 2 (HER2) is a transmembrane tyrosine kinase 

receptor  that is overexpressed in HER2-positive cancer cells (19). The overexpression of 

HER2 has been reported in at least 15-25% of cases of breast cancer. In these patients HER2  

reached 15-75 ng/mL (in serum) as opposed to 4-15 ng/mL observed in a normal person 

(13-17). This abnormality has been used as a molecular diagnosis and monitoring tool of 

breast cancer (20). Several techniques are currently available to detect HER2 in breast 

cancer cells including immunohistochemistry (IHC), Western blotting, ELISA and 

fluorescence in situ hybridization (FISH) (21). 

 

Nanoparticles-based biosensors have been modelled by chemical and physicochemical 

functionalization of biomolecules for effective detection of HER2. For example, 

Poturnayová et al (22) demonstrated the successful use of gold nanoparticles modified with 

aptamers specific to HER2 receptors for the amplification and detection of cancer cells. 

Direct detection of the cancer cells with the nanoparticles-based amplification improved the 

limit of detection (LOD) by 2.8-fold to 550 cells/mL compared to the same detection 

without amplification.  The streptavidin gold particles were functionalized using 

biotinylated aptamers. Adolphi et al (23) used carboxyl-functionalized nanoparticles to 

chemically conjugate anti-HER2/neu antibody using the carbodiimide method. The 

biofunctionalized nanoparticles were used to target HER2-expressing MCF7/Her2-18 

breast cancer cells. Magnetic relaxometry and magnetic resonance imaging (MRI) were 

used to detect and locate the nanoparticles in the target cancer cells. Similarly, Hathaway et 

al (24) showed that antibody-conjugated magnetic nanoparticles are promising reagents for 

in vivo cancer cell detection. They conjugated Anti-HER2 antibody to superparamagnetic 

iron oxide nanoparticles using the carbodiimide method. The biofunctionalized 

nanoparticles were incubated with breast cancer cell lines and visualized by several 

techniques including confocal microscopy, Prussian blue histochemistry, and magnetic 

relaxometry. Arkan et al. (25) deposited HER2 antibody biofunctionalized gold 

nanoparticles on a multiwall carbon nanotube (MWCNT)-ionic liquid electrode. The 

detection system achieved linear dynamic range and LOD of 10–110 ng mL−1 and 7.4 ng 

mL−1, respectively, using electrochemical impedance spectroscopy (EIS).  

 

Most of these functionalization methods use covalent attachment of proteins to the reactive 
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groups of nanoparticles via the protein's primary amines and carboxylic acids (26,27). 

However, one of the major drawbacks of this coupling method is the potential attachment 

of biomolecules in a random orientation, which might limit or cause complete loss of the 

protein’s biological function (28). 

 

In this chapter, we performed a preliminary investigation to assess the linker-protein G 

(LPG) as a suitable system for  potential use in nanomedicine applications. We take 

advantage of the ability of the LPG bifunctional fusion protein to bind in an end-on-end 

orientation on the silica surface. Thus, LPG mediates the facile oriented immobilization of 

antibodies faster and under milder conditions.   The sensitive, selective and efficient 

detection of the HER2 biomarker was also investigated in the presence of  biological fluids. 

 

Materials and methods 

Commercial silica-coated magnetic nanoparticles (1 µm) were purchased from Kisker 

Biotech (Steinfurt, Germany). Recombinant LPG was expressed in E. coli and purified 

using ion exchange chromatography as described previously by Sunna et al (29). 

Trastuzumab, a humanized anti-HER2 monoclonal antibody, was purchased from Jomar 

Life Research and a FITC-labeled human HER2/ErbB2 protein (His-Tag) was obtained 

from Acro Biosystems. All other materials unless specified otherwise were from Sigma-

Aldrich. Assays were performed at room temperature and with standard phosphate-buffered 

saline (1xPBS) buffer pH 7.4.  

 

Functionalization of silica-coated magnetic nanoparticles with LPG 

Figure 1 shows a schematic representation of the overall functionalization of silica-coated 

magnetic nanoparticles with LPG. 0.2 mg (200 µg) of the silica-coated magnetic 

nanoparticles were washed three times with a washing solution containing 1xPBS 

supplemented with 0.075% Triton X100. The washed particles were mixed with 3 µg LPG 

(0.81 mg/ml) to a final volume of 100 µL. The particle/LPG mixture was incubated at room 

temperature (RT) for 15 min on an Intelli-Mixer RM-2, with continuous rotation and 

shaking. This was followed by a short and quick centrifugation of the particles after which 

they were collected magnetically, and the unbound LPG removed. These particles were 

additionally washed magnetically three times with 1xPBS. The LPG functionalized silica-

coated nanoparticles were blocked with 1% bovine serum albumin (BSA) in 1xPBS buffer 

and incubated at RT for 15 min. The particles were washed three times, centrifuged and 
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collected magnetically. Then, the particles were incubated with 6 µg of trastuzumab 

antibody in a final volume of 100 µL 1xPBS buffer and incubated at RT for 15 min. After 

short centrifugation, the unbound antibody was removed by collecting the particles using 

magnetic separation. The resulting trastuzumab functionalized silica-coated nanoparticles 

were finally dispersed in 1xPBS.  

 

Detection of HER2 in biological fluids 

Trastuzumab functionalized silica-coated nanoparticles were incubated with 100 µl of either 

1xPBS buffer, human serum or human urine. Each sample was spiked  with  0.039-20 ng/µL 

of FITC-labeled human HER2/ErbB2 protein (FITC-HER2) and incubated for 15 min at 

RT in the dark. Any unbound FITC-HER2 was removed by washing the particles 3 times 

and after which the nanoparticles were collected magnetically and finally dispersed in 50 

µL 1xPBS. Samples were transferred to a Greiner CELLSTAR 96 well plate with micro-

clear flat bottom. The fluorescence measurements were performed on a PHERAstar FSX 

microplate reader (BMG Labtech) at an excitation wavelength of 495 nm and the emission 

was measured at 519 nm with an optical gain function of 1000 (Figure 1). The performance 

characteristics of the assay was validated by measuring limit of detection (LOD) and limit 

of quantification (LOQ). LOD, also called detection limit, is the smallest amount or 

concentration of analyte in the test sample that can be reliably distinguished from the blank 

sample, whereas LOQ is the lowest concentration of the analyte that can be determined with 

an acceptable repeatability and trueness. LOD and LOQ were calculated using the formulas: 

 

LOD = 3.3*(SD/m) and LOQ = 10*(SD/m)  

where, SD = standard deviation of the linear regression 

 m = slope of the regression line 

 

LOD  and LOQ values were verified by analyzing a number of samples within a range of 

FITC-HER2 concentrations. The factor 3.3 and 10 represents the signal to noise ratio (S/N) 

for LOD and LOQ, respectively.  All experiments were performed in triplicates. 
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Figure 1. The schematic represents the detection of FITC-labeled HER2, in various biological fluids, using 

silica-coated magnetic particles conjugated with LPG. The particles were conjugated with trastuzumab using 

LPG and used to detect FITC-labeled HER2.   

 

Results and Discussion 

Determining optimum concentration range of HER2 

The LGP-functionalized silica-coated nanoparticles were conjugated with trastuzumab and 

then incubated with FITC-HER2 in a concentration range of 0.039-20 ng/µL. After 

incubation and subsequent washing, the particles were dispersed into 50 µL of 1xPBS buffer 

for fluorescence measurements. Figure 2 shows the calibration curve for the fluorescence 

intensity (FI) measured for each FITC-HER2 concentration. 

 

 

Figure 2. Calibration curve for the fluorescence intensity (FI) vs concentration of FITC-HER2 spiked in 

1xPBS. The measurement was performed at RT. The emission was measured at 519 nm. 
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The data was fitted using the logarithmic fitting in Microsoft excel. The fluorescence signal 

increased with increasing FITC-HER2 concentration until it reached saturation at 

approximately 2.5 ng/µL. Accordingly, all further experiments were conducted at 

concentrations which falls in the area of linearity (0.039-1.25 ng/µL). 

 

Detection of HER2 in buffer and biological fluids 

Silica-coated nanoparticles conjugated with LPG and trastuzumab were incubated with 

different concentrations (0.039-1.25 ng/µL) of FITC-HER2 spiked into 1xPBS buffer, 

human serum and urine. The fluorescence reading for all three samples were measured 

separately and the representative fitting curves for fluorescence intensity (FI) versus FITC-

HER2 are shown in Figure 3. 

 

(a)                                                                      (b) 

    

                          

                         (c) 

 

 

Figure 3. Fluorescence intensity vs concentration of FITC-HER2 spiked into (a) 1xPBS; (b) human serum; 

and (c) urine. All the graphs were fitted using linear fitting algorithm. R2 for (a) and (b) is 0.99 while for (c) 

is 0.98. The emission was measured at 519 nm. 

 

The data showed a linear fluorescence signal during the concentration range (0.039-1.25 
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ng/µL). From each fitted graph, the slope and the standard deviation were calculated. The 

standard deviation was used to calculate LOD and LOQ and are summarized in Table1. 

 

Table 1. LOD and LOQ values for FITC-HER2 detection spiked in different biological 

samples. 

Sample 

Limit of Detection 

(LOD) 

(ng/µL) 

Limit of Quantification 

(LOQ) (ng/µL) 

1xPBS 0.29 0.89 

Human serum 0.19 0.59 

Human urine 0.28 0.85 

 

 

Considering the LOD and LOQ values, both 1xPBS and human urine have similar detection 

limits of  0.29 ng/µL and 0.89 ng/µL, respectively. However, the values for both LOD (0.19 

ng/µL) and LOQ (0.59 ng/µL) are comparatively lower for human serum . Silica-coated 

magnetic particles conjugated with LPG-trastuzumab were used as controls and 1xPBS was 

used as blank. There was no measurable fluorescence from these two samples. The lower 

value of detection for human serum can be attributed to the fact that human serum is known 

to have high background fluorescence. Although the samples with serum were washed three 

times before taking the reading, some serum molecules might have attached to the particles. 

Secondly, instead of taking human serum as control, 1xPBS was used, which could have 

undermined the background fluorescence. The system has a LOD and LOQ in the order of 

ng/µL. Although preliminary, these results are better than the one reported by others using 

other detection techniques. An electrochemical biosensor based on the screen printing of 

gold electrode (30), detected HER2 biomarker, spiked into human serum sample with a 

detection limit of as low as 1.6x10-6 ng/µL, with an LOQ of 5.6x10-6 ng/µL. An aptamer-

based detection system based on aptamer-peptide conjugated probe uses liquid 

chromatography and mass spectroscopy to detect HER2 with a detection limit 25 pmol/L 

(31). Similarly, HER2 spiked into serum was detected at 0.0013 ng/µL using an opto-fluidic 

ring resonator-based system (32). 
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Also, as compared to other HER2 detection systems which rely on longer and more complex 

chemical coupling to conjugate antibodies, the LPG mediated conjugation of antibody to 

nanoparticles was simple, quick (15-20 min) and performed in milder conditions without 

the need for harsh chemicals. 

 

 

Conclusion 

This preliminary work showed that LPG mediates the functionalization silica-coated 

nanoparticles with anti-HER2 antibody trastuzumab easily and under mild conditions. The 

system was able to detect the HER2 biomarker in the presence of  biological fluids 

demonstrating its potential suitability in nanomedicine applications e. g., nanoparticle-based 

drug delivery systems and efficient detection of disease biomarkers.  
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In this thesis, a comprehensive study of the binding mechanism of the bifunctional fusion 

protein linker-protein G (LPG) is presented for the first time. The study involved the use of 

several biophysical techniques to quantify the binding of LPG to a silica-based substrate.  

These techniques were also used to investigate the effect of the linker portion of the fusion 

protein (LPG) on the antibody-binding function and stability of the parent protein G (PG). 

The contribution of linker multimerization was studied using several truncated derivatives 

of LPG. Further investigation to determine the contribution of the linker length rather than 

its multimerization was conducted after partial replacement of the linker region with a 

synthetic glycine-rich sequence.  

 

The study mentioned in the thesis can only be applied to silica-based materials, since SBPs 

that bind to a similar class of materials usually display similar amino acid compositions. 

This is based on the fact that the chemical groups present in the amino acid sequence of an 

SBP mediates its binding to a particular material surface.  However, the exact amino acid 

sequence is more important  than the amino acid composition in defining the binding avidity 

of an entire peptide to a particular material. 

 

Chapter 1 sets the scene by providing an up-to-date review of existing experimental and 

theoretical tools as well as strategies for the in-depth analysis of solid-binding peptides 

(SBPs) and their binding interactions. The review first introduces the various non-covalent 

interactions and structural conformations responsible for the strong binding of SBPs onto 

the solid surfaces. It also highlights the ineffectiveness of screening methods towards giving 

information about binding interactions. A closer examination was provided of the different 

biophysical characterization techniques  (experimental approach) currently available to 

study and SBP-surface interactions. Also, the use of molecular modelling and computer 

simulation (theoretical approach) to predict SBPs binding interaction was discussed. The 

advantages and the challenges faced by both experimental and theoretical approaches were 

highlighted. Lastly, the review presents selected functional applications of SBPs in the field 

of biosensing devices for the detection of pathogens and dangerous chemical analytes like 

explosives. 

 

The orientation of a biomolecule is important in order to conserve its bioactivity. In 

Chapter 2, we studied the binding mechanism of the bifunctional fusion protein linker-

protein G (LPG). Several of the techniques introduced in Chapter 1 were applied to 
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characterize the binding mechanism of LPG to silica. The results obtained highlighted the 

advantage of LPG-mediated affinity conjugation over traditional chemical conjugation of 

antibodies onto solid surfaces. The results also confirmed an end-on orientation of LPG 

onto silica surface which provides an efficient antibody orientation as opposed to 

chemisorption where the antibodies attain random orientation to the surface of silica. One 

of the major drawbacks of chemisorption of  biomolecules, including antibodies, is the 

potential attachment of biomolecules in a random orientation, which might limit or cause 

complete loss of the protein’s biological function (1). The biophysical studies also 

confirmed that the linker region of LPG had no effect on the chemical and structural 

integrity of the protein G partner fusion protein. 

 

 In Chapter 3, we aimed to study the effect of two individual structural parameters on the 

binding affinity and binding strength of LPG to silica. In several SBPs multimerization has 

been reported the improved affinity and selectivity of the SBP to its substrate (2,3). 

Multimerization can be achieved by the sequential attachment of the original sequence (i.e. 

simple tandem repeat of the peptide sequence). Using a set of truncated derivatives of LPG, 

initial results from quartz crystal microbalance with dissipation monitoring (QCM-D) 

indicated that linker multimerization resulted in a strong silica binding and that the binding 

increased with increase in the number of peptide-repeats.  Although these results aligned 

well with some of the previous studies that showed improved binding upon SBP 

multimerization (2,3), it remained unclear whether the linker sequence multimerization or 

the space it occupies (length) was the important factor for silica binding. Accordingly, to 

answer this question, a derivative was designed in which three of the original linker repeats 

of LPG were substituted by a synthetic poly-glycine-rich spacer, (GGGGS)12, Data obtained 

with the Link1X-(GGGGS)12-PG derivative pointed towards the linker length rather that 

linker multimerization as the main structural factor affecting the binding strength of LPG to 

silica.  Thus, based on the current data available and the results obtained in this study, there 

is no general trend for increased binding strength as a result of SBP multimerization. While 

in some reports multimerization increased binding affinity, in others the affinity was 

reduced.  This effect was attributed to the conformational changes between the single and 

the multiple peptide repeats (2,4).  

 

In both, Chapter 2 and Chapter 3, SPR and QCM-D were the two most important 

techniques utilized to quantify the binding of LPG and its truncated derivatives to the silica-
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surface. These techniques were also used to determine the binding orientation and the 

effects of the linker region on the antibody-binding function of the partner protein G. 

Interestingly, SPR has been repeatedly utilized to study SBP-solid interactions (5-11). Also, 

the Langmuir 1:1 binding model is the primary fitting algorithm used to extract kinetic 

parameters of binding (12). QCM-D measurements can be difficult when performed at low 

peptide concentration, as was in our case, the lower three concentrations for 1xLPG and 

2xLPG did not give any measurable binding response.  

Molecular conformation also plays an important role in solid-binding. The effect of 

molecular conformations (e.g., cyclic and linear) on the adsorption behavior of gold-binding 

peptides has showed that different molecular structures, lead to differences in their gold-

binding affinities (13-15). Looking forward it would be interesting to assess whether cyclic 

and linear molecular conformation of 4- and linker repeats of LPG show similar effects.  

 

Future work will require the proper characterization of Link1X(GGGGS)12-PG using the 

various biophysical techniques used during the course of this project.  Unfortunately, this 

was not possible due to the time constraints of this 3-year PhD project. Qualitative data 

along with the structural analysis will provide a deeper insight into the relationship between 

silica-binding, linker multimerization and minimum linker length requirement. In this 

context, it would be also interesting to design and study a truncated derivative with a single 

original linker sequence positioned in the middle of two adjacent (GGGGS)6 synthetic 

linkers [(GGGGS)6-Link1X-(GGGGS)6-PG]. 

 

While hydroxyl-containing residues, like serine are commonly found in zeolite-binding and 

other silica-binding peptides, both glycine and serine adsorb to zeolites (16,17). Because of 

their small size, glycine and serine help maintaining the linker’s stability in aqueous solution 

by forming hydrogen bonds. Glycine has no side chain and thus, also contribute towards the 

increasing conformational flexibility of the main peptide chain (18). Based on these 

information, future experiments should aim at designing a derivative in which the complete 

4- linker repeats of LPG are fully substitute by a synthetic (GGGGS)n linker.  This full 

linker substitution by a (GGGGS)n  linker will rule out any potential binding contribution 

from the glycine and serine. If no considerable binding contribution would be attributed to 

the (GGGGS)n linker,  this will provide conclusive evidence that a minimum of one original  

linker sequence (in LPG)  is required for efficient binding to silica as long as the final length 

of the deleted 3-repeats  is covered by the (GGGGS)12 linker substitute. 
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Theoretical approaches which include molecular modelling and computer simulation have 

been used to predict SBPs binding interaction. Although, we initially envisaged the use of 

this theoretical approach with our collaborator Prof. Tiffany Walsh at Deakin University, 

Geelong, Australia, this was not further pursued due to the computational challenge to run 

simulations with a longer peptide like ours. Usually the maximum peptide sequence which 

can be effectively modelled  contains 12-14 amino acids.  

In Chapter 4, we provide a preliminary proof-application for the potential use of the LPG 

technology for in nanomedicine applications. The fact that LPG mediated the proper 

orientation of antibodies on silica surface was used for the detection of HER2 cancer 

biomarker in different biological fluids. The preliminary data suggest the effective detection 

of the biomarker with minimal interference or effect on the stability of the immobilized 

LPG-antibody complex in the presence of urine and serum. This initial but promising results 

open the door for future studies towards the incorporation of the LPG technology in 

biosensors for disease biomarker detection or in the development of improved targeted drug 

delivery system. 

 

Overall, this work shows the advantage of a solid-binding peptide approach for a fast, robust 

and facile immobilization of biomolecules onto solid surfaces without compromising their 

biological function and without the need for harsh chemicals and surface preparation 

technologies. In this work, we thoroughly investigated the binding mechanism LPG onto 

silica and compared its properties against the parent protein PG. Different biophysical 

techniques were used to quantitatively characterize the silica-binding mechanism and to 

show its advantages over the chemical-based protein conjugation. From our results, we 

concluded that: (a) the silica-specific linker region present in LPG is the sole factor 

responsible for a strong binding to silica; (b) the linker does not have any effect on the 

structural and chemical properties of PG, and thus preserves its antibody-binding function; 

(c) the linker region of LPG binds to silica in an oriented manner and thus effectively 

anchoring the antibody via the Fc region maximizing the available binding sites for the 

antigen;  (d) the overall length rather than multimerization appears to be the prominent 

factor responsible for a strong binding of LPG to silica. 

 

This work will provide further  insights for the molecular tailoring of SBPs for a wide range 

of applications in the ever-growing field of nanobiotechnology and biomedicine.     
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