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Abstract 

This thesis is focused on understanding the fundamental physical interaction 

occurring, when a material interacts with a biological fluid containing protein molecules and 

cells. The interaction of proteins with defined surface chemistry and nanotopography is of 

major interest in the field of biomaterials. Despite the degree of research undertaken to study 

this interface, there is still a lack of understanding of how the protein layer evolves with 

respect to surface parameters, and further how cells condition the surface. By understanding 

these processes, advanced biomaterial coatings may be developed that allow control over 

specific cell responses to direct healing processes. 

Colourimetric and fluorometric assays were carried out to assess protein-surface 

affinity and amount of protein adsorption. Infrared spectroscopy was used to quantify protein 

conformational changes incurred upon adsorption on defined nanoscale surfaces presenting a 

range of chemical functional groups. Model experiments were performed using bovine 

albumin and fibrinogen adsorbing onto surfaces presenting defined surface chemistry: OH, 

COOH, NH2, and CH3. Surface curvature on the nanoscale was used to model topography on 

the same length scale as protein molecules. Silica colloidal dispersions were prepared in 

batches,11-215 nm diameters allowing chemical modification whilst keeping nanotopography 

constant. 

3T3 fibroblasts were cultured over a library of surfaces presenting a spectrum of 

batches chemical functionality and nanostructure. Changes in cell attachment, morphology, 

migration and proliferation were examined. Media was removed at two different time points 

of 30 minutes and 24 hours, and examined to identify changes in fibroblast secreted proteins. 

Liquid chromatography was used to separate the cell culture media after incubation with cells 

over various chemically functionalised surfaces. Electrospray ionisation (ESI) and matrix 
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assisted laser desorption (MALDI) mass spectrometry were used to identify changes in media 

with respect to the varying surfaces used and over time.  

The studies presented in this thesis give a better understanding of the interaction 

between silica nanoparticles and protein molecules, including conformational changes that 

occur when protein adsorbs on the nanoparticle; the effect of surface nanotopography and 

defined chemistry on protein adsorption is examined with respect to both chemical 

functionality and nanotopography. Clear differences were observed in the amount of protein 

adsorbed and its structural presentation when bound. The strength of the interaction, 

described through isotherm fitting, gave insight into the mechanism of competitive protein 

binding. Surface curvature on the nanoscale was also found to act synergistically with surface 

chemistry to dictate the dynamic accumulation of protein at the surface interface. In the later 

chapter discussion is given in terms of cell-surface interaction. Experimental evidence is 

shown for different mass spectroscopic analysis of reduced complexity media following 

initial cell-surface interaction and that after 24 hours. From this it is postulated that cell 

secretions are effected through interaction with the surface, with these changes being 

significant even after 30 minutes of cell culture with the defined surfaces. These changes are 

specific to the presented surface as they do not alter with respect to longer culture periods, 

but media are clearly different collected from cells cultured on different surfaces.  

This research will help solve challenges facing materials science, understand 

biological responses to surroundings and help in the development and advance of medical 

devices, drug delivery, therapeutics and diagnostics.  
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1.1 Tissue Engineering 

 Tissue engineering is an emerging multidisciplinary field involving biology, medicine 

and engineering that aims to improve the quality of life of people by the development and 

manipulation of laboratory grown molecules, cells, tissues and organs to replace, maintain 

and support the function of defective or injured body parts.
1 

Tissue engineering focuses on 

understanding how tissue formation and regeneration function, with the aim to induce new 

functional tissues.  

 Varying approaches are being investigated to provide alternative therapies (i.e. for 

people with organ failure) that will reduce pain and be cost effective. For example, in 

orthopaedic field, there are several limitations in the use of autologous or allogenic graft for 

surgeries. Examples of the challenges are the time required to harvest autologous graft, lack 

of donor tissues in autologous and risk of disease in allogenic grafts, which can lead to 

morbidity. However, tissue engineering offers to overcome the challenge by replacing and 

restoring tissues and organs through the delivery of stem cells and bioactive molecules onto 

specific biomaterials and in three dimensional structures
2
 as shown in Figure 1.1.

 

Bone defect repair using tissue engineering approach is believed to be the best approach 

because the patient’s own tissue can be used by the time the regeneration is complete.
3,4    

 

 Tissue engineering have been used in drug therapy, wound repair and creating an 

artificial component of the system to repair or replace organ failure. According to the global 

market, the estimated value in tissue engineering is expected to be approximately $27 billion 

by 2018.
5 

 In USA, a  huge amount of money of approximately $80 billion is spent annually 

to restore, maintain and improve tissue function while more than $400 billion dollars is lost in 

repairing tissue or organ failure,
6 

Table 1.1 
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 Cells, biomaterial scaffolds and growth stimulating signals are the key factors to 

engineered tissues. The aim of tissue engineering is shown in Figure 1.1: (1) isolate specific 

cells through a biopsy from patients, (2)- (3) grow the cells on 3D scaffolds under controlled 

culture conditions, (4) deliver the construct to the desired site in the patient’s body and (5) 

direct new tissue formation into the scaffold that can be degraded over time.
 1
 

 Biomaterial scaffold is very important in tissue engineering due to its function, 

making sure the organisation, differentiation of cells in tissue engineered constructs and 

physical supports for the cells such as the chemical and biological cues needed in forming 

functional tissues.
7 

Tissue Engineering has been used to engineering 3D constructs to 

prescribing biochemical and physical cues to direct biological responses.
8 

 

Figure 1.1 Tissue engineering process and its components.
8 

 

 Tissue engineering is currently emerging as an important field globally based on the 

published reviews coupled with the success stories such as cartilage repair and skin 

replacement.
9, 10 

Successful regeneration of tissues or organs requires consideration of several 

critical elements including biomaterial scaffolds that serve as mechanical support for the cell 
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growth, the cells that can differentiate into specific cell types and growth factors that can 

modulate cellular activities. Despite extensive carried out in tissue engineering; there are 

several challenges that need to be resolved such as the lack of biomaterials with desired 

mechanical, chemical and biological properties.  

 Biomaterials have been researched upon and shown to consist of a potential cell 

carrier substance for cartilage repair. Cartilage is a very good example leading into 

nano-architecture of their environment. Cartilage injuries affect several millions of people 

and it is very difficult to repair. Alternative treatment of cartilage, make use of stem cells 

which have being shown to help  in repairing cartilage injuries.
11

 The choice of biomaterial is 

critical to the success of tissue engineering approaches in cartilage repair. A variety of 

biomaterials, naturally occurring, synthetic, biodegradable and non-biodegradable, have been 

introduced as potential cell-carrier substances for cartilage repair.
12 

Collagen based 

biomaterials
13,14 

in the form of gels
15

 and synthetic polymer
16

-based biomaterials have been 

studied for cartilage repair. 

 

Table 1.1 Economic cost of major illness in the USA in 2003
17

 

Conditions Total Cost (US/$ billions) 

Heart failure 404.4 

Diabetes, insulin dependent 55 

Stroke 33.7 

Parkinson’s disease 71 

Spinal cord Injury 40.3 
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1.2 Biomaterials 

 Biomaterials are predominantly used in medical applications for drug delivery, device 

based therapies and tissue engineering as shown in Figure 1.2. The application of 

biomaterials in tissue engineering has increased rapidly from merely interacting with 

biological systems to influencing biological processes. According to the European society of 

Biomaterials (ESB), the current definition of biomaterial is defined as “material intended to 

interface with biological systems to repair, replace or augment tissue or organ back to 

normal function”.
18  

It has being estimated that at least 20 million people in the United States 

have undergone implantation of an exogenous material or device.
19 

The medical and surgical 

cost of treating device failure or implant-associated infection is estimated at US$50,000 per 

patient,
20  

which is very expensive and a successful outcome is not guaranteed. The impact of 

advanced engineering of biomaterials intended for long term implantation is vast, with 

attention over the past decade turning more and more towards optimised design of 

biomaterial surfaces. 

 Over the past decades, synthetic and natural derived polymers have been studied for 

improvement. Biomaterials have played an essential role in the treatment of disease and the 

improvement of health care. An advance in biomaterials has led to the use of biological 

scaffolds (decellularised donor tissues) with an autologous stem cell to replace lung 

airway.
21

Recently, successful human embryonic stem cells trials have helped  reverse 

patients’ disease (blindness); retinal cells derived from embryonic stem cells were delivered 

into the eyes of two patients suffering from progressive blindness, and the results help the 

patients regain their sight  and vision after the treatment.
22 

Also, autologous stem cells have 

been used to replace the windpipe of a woman which was the world’s first recipient of 

reconstructed windpipe tissue, although it was successful, the success is likely due to the 

tissue being a natural construct, the ability to harvest  such materials (i.e. from cadaver)  is 
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very limited. Therefore there is a need to better engineer biomaterials.
23 

Despite the huge 

success of biomaterial applications, biomaterial scientists remain faced with several 

challenges, such as the design and engineering of materials that have optimal properties to 

integrate into biological tissues and perform their intended purpose. These requirements have 

altered over the past decades as our understanding has evolved. Understanding how current 

biomaterials can be optimised to be more compatible with an implant site has been a focus of 

interest over the past decade.  

 When biomaterials are implanted into the body, it comes in contact with the body or 

body fluids, interfacial phenomena occur such as protein adsorption, control essential 

parameters for biocompatibility of the material. The term ‘biocompatibility’ is widely used 

but has also evolved to fit several purposes related to the exact requirements. It reflects the 

nature and degree of interaction between a biomaterial and its host tissue, and is one of the 

critical concerns in biomaterials research.
24 

Biocompatibility can be defined as the ability of a 

material to perform with an appropriate host response in a specific application,
25  

being 

dependent upon the site of implantation, function and size of the implant, and the duration of 

implantation.
26,27 

 

Figure 1.2 Example of Biomaterials and its applications, edited and adapted 
28 
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1.2.1 Biomaterial Interface 

 On presentation of a material to a biological fluid a water shell immediately interacts 

with the surface, transporting ions which may accumulate adjacent to the surface. Materials 

possessing a distinct positive or negative surface charge at physiological pH would 

necessarily be surrounded by a layer of hydrated ions forming an electric double layer. Being 

present in lesser abundance compared to ionic salts protein molecules eventually reach the 

material’s surface via diffusion. These will then interact with the ions and eventually reach 

the surface of the material. 

 In a dynamic process being initiated milliseconds after initial contact between the 

material and the fluid, although possibly not reaching equilibrium for many minutes, the 

surface becomes conditioned by a protein layer. After implantation, synthetic materials 

undergo dynamic adsorption of proteins and other bio-molecules which induce inflammatory 

cell responses. 

 

 

 

 

 

 

 

 

Figure 1.3 (a) Time-scale required for material implanted in living tissues 
29

 (b) material-host 

tissue interactions.
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 The time-scale required for material-host tissue interactions to become established is 

shown in Figure 1.3. The initial response to a material surface being placed in a biological 

milieu is for water molecules to reach the surface and create a water shell around the material 

on a nanosecond timescale which is denoted with a red star shape (   ).At the second stage, 

the material becomes covered in an adsorbed layer of proteins initially present in the extra 

cellular matrix, from seconds to hours. The cell surface interaction occurs between cell and 

surface-bound protein, which starts from hours up to days. The last stage is the continuing 

development of the early implant stages which can take place from days up to decades (i.e. 

total hip replacement). The modification of an interface between the surface of biomaterials 

and the biological environment is significant for modern tissue and cell engineering methods. 

Surface engineering is used to present desired surface cues, such that the outmost edges of a 

material that first come into contact with biological fluids and attaching tissues govern initial 

interactions. These cues have largely been centred on surface chemistry, topography and 

stiffness, although electrical activity has also been shown to affect some cell types. 
30 

 Surface chemistry and topography are the two most important factors that influence 

biological reactions.
31

 There are an umbrella of terms that can be used to characterise 

differences in surface chemistry, example is the functional group normally given as the head-

group of molecules tethered in some way to the surface. The head group may be classified in 

terms of surface charge, surface wettability or surface energy. This group may be attributed 

as a method of characterisation, which accounts for the polarity of the presented chemistry. 

For example, Webb et al; observed significantly higher fibroblast cell attachment and 

spreading on hydrophilic model silane surface compare to hydrophobic surface.
32

 Surface 

chemical composition such as wettability, charge and energy have been shown to affect 

protein adsorption.
33-35 
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 Topographic cues can also be categorised in numerous ways, and as such there are 

many discrepancy. Feature heights and widths are commonly referenced in terms of their 

ability to guide cell responses, although aspect ratio (height /width) has also been shown to be 

a useful measure.
36 

Micro-sized grooves are well known to be large enough for cells to 

perceive them, with ‘contact guidance,’ a term coined by Dunn et al; in 1982 to describe how 

cells interact with surface feature edges, found to guide cells when feature height is above 

~0.5 microns.
37,38 

Nano-curvature, being on the same length scale as protein molecules, is 

now widely accepted to be crucial in determining how protein molecules accumulate on 

surfaces.
39  

Protein-surface interactions are governed by their ability to adsorb and rearrange 

once attached to a surface, with feature shape and size, as well as protein molecule shape and 

size being shown to determine binding strength and conformation.
40

 Most studies conducted 

examining protein-surface interaction have been carried out on single protein systems, or 

with very few proteins adsorbing in competition. This has largely been due to the technical 

difficulties in obtaining useful information when dealing with more ‘real-life’ complex 

solutions of multiple proteins competing for adsorption sites.  

 We are now at a stage where we understand that the composition of this adsorbed 

protein layer is key in terms of subsequent cell responses and understand that nanoscale 

features and their chemistry can dictate the final composition of the adsorbed layer, although 

we are now beginning to understand the intricacies of what protein molecules may be 

presented in the locality of the surface, obviously impacting greatly on adsorbed composition. 

Cells perceive and strive to moderate their environment to support their own requirements. 

Secretary molecules act as communication signals between cells and aid the build-up of the 

extracellular matrix (ECM) necessary for cell attachment to surfaces and the development of 

bulk tissues. The nature of these secretary molecules is becoming of interest due to our better 

understanding of this interface and the technical ability to measure such a dynamic and 
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complex system. Through investigation of this mechanism we may be able to design 

advanced materials, having the ability to fine tune the development and function of 

regenerated tissues. 

 

1.3 Surface Chemistry  

  A large number of review articles have been published to demonstrate the importance 

of surface chemistry with respect to biocompatibility.
41,42  

Material surfaces can be modified 

by using different methods such as the application of surface chemical gradients, self-

assembled films, polymer brushes, molecular grafting, addition of surface active bulk 

additives and surface chemical reactions.
43

 Chemical surface modification of biomaterials has 

been achieved using different techniques and methods. The most common method is self-

assembled monolayers (SAMs) Figure 3, which involve the process of coating the surface to 

form highly ordered structures on specific substrates. The application of SAMs has increased 

rapidly since its introduction by Whitesides et al.
44 

Several self-assembly systems have been 

researched upon, such as thiols on gold 
45-49

 and alkylsilanes 
50-54

 on silicon. SAMs provide a 

well-defined surface chemistry and have been applied to model biomaterial surfaces.
55-57 

Self 

assembly of silane molecules have been widely studied due to the ability to form chemically 

and physically stable covalently attached monolayers on surfaces such as glass.
58 

 SAMs are easy to construct and manipulate. For example; changing one atom of the 

terminal group can alter the properties of the surface such as wettability and cellular 

adhesion/proliferation. Studies have shown that initial cell adhesion to SAMs was greatly 

affected by their surface functional groups and displacement of adsorbed serum proteins with 

cell adhesive proteins playing an important role in cell adhesion.
59 

The functionalization of 

surfaces provides the opportunity to tailor the surface properties such as wettability, 

topography, as the terminal groups allows the tuning of these properties.
60 

SAMs consist of 
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three parts as shown in Figure 1.4, the head group, the alkyl chain and the terminal end 

group. The head group is responsible for the anchoring of the molecule onto the substrate, i. e 

triethoxysilane, while the alkyl chain provides the stability of the monolayer, due to van der 

Waals and hydrophobic interactions which influence the ordering of the SAMs; finally the 

terminal end group introduces chemical functionality into the monolayer systems.
61, 62

 

 SAMs have gained much attention since they allow the investigation of fundamental 

physical properties of interfacial chemistry, solvent molecule interaction and self 

organization.
63, 64   

Numerous studies have been performed using SAM to present a range of 

functional groups such as alkyl, thiols, carboxylic acids and with each, a much more clear 

understanding is laid over molecular surface interaction and the role of different molecules in 

surface chemistry. For example, researchers have investigated the interaction of protein 

molecules with SAMs, examining how specific surface characteristics are important and how 

they affect adsorption kinetics, adsorbed concentrations and biological activity of the protein 

layer.
65,66 
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Figure 1.4 Schematic of Self assembled monolayers 
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1.4 Protein Adsorption Control 

 Protein adsorption on surfaces is the first step in biological processes and plays a vital 

role in the integration of implants in the living tissue. Protein adsorption is important in 

pharmaceutical science, biotechnology, material science and biomedical applications which 

has led to an increase in the number of published articles/review.
67-69  

For example, protein 

adsorption can lead to fouling processes and degrading the analytical performance of medical 

devices.
70

 The interaction between surface properties and cell response is not well 

understood. Protein produced by the cell, pre-adsorbed proteins and surface properties have 

been linked in determining the strength and type of adhesion. 
 

 Initial protein adsorption occurs within milliseconds, although is a highly dynamic 

processes wherein protein molecules may bind, rearrange and detach, thus affording a protein 

conditioned surface which may later mediate further interaction.
71-75 

As a protein molecule 

diffuses near to a surface, interaction is governed by the surface chemical groups of the 

material and of the outer shell of the protein molecule. Pockets of localised charge (and/or 

polarisable groups) presented on the protein molecule, along with the strength of inner 

bonding holding the secondary structure in place, will dictate initial adsorption orientation 

and conformation. Depending on the size of the protein molecule there may be many areas on 

the surface having similar characteristics, and therefore adsorption is more likely to result in 

many randomly oriented molecules 

 Generally the plethora of proteins present in a mixed biological fluid, such as serum, 

will comprise 30-40 thousand proteins each having specific affinity towards a surface, 

dependent upon the interaction of their outer shell and the surface. As protein adsorption is 

largely a dynamic process, with adsorption-desorption occurring until an equilibrium surface 

concentration is reached, the composition of a protein layer from a mixed protein solution 

(i.e. serum) evolves dramatically over time. Those proteins with higher affinity for the 
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surface will reside for longer, eventually being replaced by molecules with even higher 

surface affinity. Leo Vroman was the first to highlight this effect whilst examining the 

surface concentration of fibrinogen.
76 

 

1.4.1 The Vroman Effect  

 There is competition between different proteins on surfaces when proteins adsorbed 

on nano-surfaces and this phenomena is known as the Vroman effect.
77 

 Leo Vroman 

described adsorption of fibrinogen preferentially to tantalum and silicon surface from blood 

plasma samples.
77 

“In a given solution of protein sample, proteins with low molecular weight 

arrives at surface first and are displaced by relatively higher molecular weight proteins which 

arrive later,” which is known as the Vroman effect.
78  

The surface concentration of fibrinogen 

was found to reach a  maximum at an intermediate contact time, indicating that fibrinogen is 

replaced over time by one or more families of different proteins.
79 

The phenomenon is 

applicable to many other proteins and is not specific to fibrinogen only,
80,81 

highlighting  that  

plasma  proteins compete for the occupation of  a surface  resulting in competitive adsorption. 

 The Vroman effect is influenced by different factors such as the temperature, the 

surface charge, wettability of the surface, plasma dilution and surface chemistry.
82  

Research 

reveals that fibrinogen adsorbs relatively rapidly to hydrophilic glass surfaces, displacing 

earlier bound more mobile proteins from the surface.
83

 Species arriving at the surface are 

largely limited by diffusion, with smaller molecules diffusing more rapidly. After some time 

fibrinogen itself is then displaced by larger, usually less abundant but more adhesive proteins 

such as high molecular weight fibrinogen.
84,85

 Due to the dynamics of this process, and 

dependent upon the complexity of the protein mixture and concentration, the protein layer 

may evolve to mediate or hinder cell attachment.
86 

Clearly the ability to define the adsorbed 
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protein layer composition allows the surface engineer to design specific requirements of 

materials through the careful consideration of material surface properties. 

 Different theories have been applied to understand the kinetics of protein adsorption 

on a biomaterial surface. One of the most important models to understanding the kinetics of 

protein adsorption is the random sequential adsorption (RSA) model. In this theory, proteins 

are assumed to be rigid particles that interact only through excluded volume interactions and 

particles do not overlap on each other.
87

 The particles are assumed to irreversibly adsorb on 

the surface and thus they do not have translational degrees of freedom.
88,89 

Further 

contributions to this model came from Van Tassel et al, who extended the model to include 

conformational changes, desorption and adsorption kinetics for mixtures of protein 

sample.
90,91 

.Different models have been proposed by different research groups; however 

none of the models explains how a single molecular approach can be applied for a variety of 

protein experimental systems. 

 

1.4.2 Protein adsorption on Nanoparticles 

 Nanoparticles are known to bind with protein layer and thus forming a coating known 

as protein corona which plays a vital role in determining the fate of nano-materials inside the 

body.
92,93 

Lundqvist et al;  demonstrated that 15 nm diameter silica nanoparticles cause 

approximately 6 fold higher change in secondary structure than 6 nm particles.
94  

Vertegel et 

al;  illustrate that 4 nm diameter silica adsorbed more lysozyme compared to 20 nm and 100 

nm silica.
95

 The wettability of the surface has also been shown to promote protein adsorption, 

Belfort et al;  reveals that  non–polar surfaces destabilize protein adsorption causing 

conformational changes and strong protein surface interaction.
96 
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Albumin and fibrinogen have being shown to undergo greater conformational 

disordering, by adsorbing onto hydrophobic rather than hydrophilic surfaces using silica 

particles according to Roach et al.
97 

 Gessner et al, 
98

 used polymethyl-methacrylate (PMMA) 

to illustrate that decreasing surface hydrophobicity leads quantitatively to decreasing amounts 

of adsorbed proteins and qualitatively to changes in the obtained protein adsorption patterns. 

However, the study also clearly demonstrated that not only surface hydrophobicity, but also 

the functional groups present affect the protein adsorption. Bovine serum albumin (BSA) 

undergoes conformational changes and denaturation, especially at a hydrophobic interface, 

eventually leading to irreversible adsorption.
99  

Protein corona binding induces a new local properties onto nano-materials when 

inserted, to produce a new nano-materials properties that attracts cells as they see the adsorb 

protein layer.
100

 Biological activity determines physiological responses of cell to nano-

materials which includes agglomeration, cellular uptake of nano-materials by cell, circulation 

lifetime, transport and toxicity.
100

 

 

1.4.3 Protein Corona  
 The major classes of molecules taking part in protein corona are blood plasma 

proteins and minor traces of lipids. The adsorption of these molecule is governed by protein-

protein interaction, protein-nanoparticle interaction and binding affinity of proteins to 

nanoparticles. Protein molecules bind to nano-materials based on their affinity. The affinity 

towards nano-materials can be either hard or soft. Hard corona proteins are tightly bound to 

surface and they do not readily de-adsorb from the surface. On the other hand proteins having 

lower affinity towards surface will bind loosely the surface and thus the protein shows “soft” 

corona.  The soft corona can detach from the surface easily. Protein corona can be expressed 

in terms of time whereby hard corona binds to nano-materials for much longer time while 

soft corona binds for a lesser time as shown in Figure 1.5 
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Figure 1.5 Schematic representation of soft and hard protein corona. Red colour represents 

“hard” corona and blue represent “soft” corona binding proteins.
101

 

 

 Chatelier et al, proposed a hypothesis of interaction between proteins with 

nanoparticles where hard corona proteins interact directly with nano-materials while soft 

corona proteins interact with hard corona proteins via protein-protein interactions.
102

 Studies 

performed on human adult haemoglobin report minor changes in conformational activity with 

bare  cadmium sulfide (CdS)  nanoparticles, where the sulphur atom of cystine residues is the 

main driver for attachment of haemoglobin and through this interaction 10% reduction in 

alpha-helix structure is observed.
103  

 A valuable tool used for detecting protein surface coating is mass spectrometry 

(MS).MS is used in industrial and academic purpose for measuring the molecular mass of a 

sample. The use of MS and bioinformatics techniques reveals a comprehensive detail of cell-

surface interactions and interaction of proteins with nanoparticle coating. Kim et al, use mass 

spectrometry in understanding the isolation of cell–surface proteins using silica beads 

coating.
104 

 Protein-surface interaction is complex and more research is required to understand 

complicated features such as protein attachment on different synthetic materials. Different 
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synthetic materials can be surface tailored with different properties to promote cell 

development and hence it is important to understand the properties of materials at molecular 

levels. This thesis will explain the general mechanistic rules of protein adsorption phenomena 

and how the adsorption influence protein’s biological function. Protein adsorption 

mechanism have been studied and reviewed extensively, but the mechanism still remains 

unclear. Examples of topics that need further investigation under protein-surface interaction 

are competitive adsorption of single and multiple proteins, protein adsorption on surface and 

specific kinetic behaviour of adsorption processes. 

 

1.5 Infrared Spectroscopy 

1.5.1 Fourier Transform Infrared (FTIR) for Protein Surface 

Analysis 

 FTIR spectroscopy is a measurement of wavelength and intensity of absorption of 

radiation by a sample. The technique for measuring protein adsorption to surfaces is the use 

of radiolabelled proteins,
 105

 which are sensitive but cannot provide quantitative information 

about protein adsorbed to surfaces. FTIR is used in obtaining information regarding protein 

adsorption to surfaces.
106 

FTIR provide infrared spectra of proteins either in solutions or on 

surfaces. Infrared spectra can be obtained from small amount of protein samples. Infrared 

spectroscopy is also used for protein secondary structure analysis. Structural information such 

as the shape and position of the bands can be used in determining protein conformational 

changes. 
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1.6 Stem Cells 

 Stem cells are undifferentiated cells capable of self-regeneration/ renewal and can 

differentiate into various cell types.
107 

The ability of stem cells to differentiate into 

specialized cell types make them unique. Stem cells are able to differentiate into all of the 

210 tissues types in the body
108

 and can be categorized based on their differentiated cell 

types; totipotent cells are produced by the fusion of egg and sperms; oligopotent cells can 

differentiate into only a few cells such as lymphoid or myeloid stem cells; unipotent cells can 

make only one cell type; multipotent cells can differentiate into a number of closely related 

family of cells like mesenchymal stem cells; pluripotent cells that can differentiate into 

numerous cells types.
109 

 Embryonic stem cells (ESCs) are pluripotent cells. They are derived in the inner cell 

mass of blastocyst.
110  

ESCs can differentiate into the three germ layers; mesoderm, endoderm 

and ectoderm. Embryonic stem cell are unique because they can be maintained and expanded 

as pure populations of undifferentiated cells for a long period of time, and secondly their 

pluripotent potential gives them the capacity to generate every cell type in the body.
111 

 Adult stem cells (ASCs) are also known as somatic stem cells, meaning ‘cells of the 

body’. Somatic cells are undifferentiated cells found in tissues or organs that can renew by 

themselves. Research on adult stem cells shows that bone marrow consists of two types of 

stem cells namely hematopoietic stem cells (HSCs,) which form all blood cells in the body, 

can also generate non-hematopoietic cells;
112 

and bone marrow stromal stem cells 

(mesenchymal stem cells (MSC). Bone marrow stromal stem cells (BMSCs) make up a small 

proportion of the stromal cell population in the bone marrow and can generate bone, 

cartilage, fat, cells that support the formation of blood, and fibrous connective tissue.
113

 Bone 

marrow derived mesenchymal stem cells can differentiate into osteoblasts, adipocytes and 
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chondrocytes. Stem cells isolated from ASCs are more ethically acceptable while ESCs are 

severely limited by unresolved ethical issues.  

 Fibroblast synthesizes ECM, secreting elastin and collagen amongst other proteins. 

Collagen which is a structure framework for animal tissues and has an important role in 

wound healing processes.
114 

The suffix "blast" is used in cellular biology to denote a stem 

cell or a cell in an activated state of metabolism. Fibroblast belongs to the connective tissue 

family. Fibroblast cell culture systems are optimised to synthesise the ECM and collagen, the 

structural framework for animal tissues that play a critical role in healing. Fibroblasts also 

convert to bone cells and into fibroblast cells as shown in Figure 1.6.
115

 

 

Figure 1.6 Classification of fibroblast cell
115 

 

 

 Fibroblasts are important in the wound healing process; when a wound occurs in the 

body, fibroblasts migrate towards the wound site and deposit large amounts of collagen and 

ECM thus leading to repair of wounds.
115 

This makes fibroblast first choice in studying 

wound healing models. Bucala et al, led to discovery of fibrocytes which have beings shown 

to be similar to fibroblast cells.
116

 

Fibroblasts main function is maintaining structural integrity of the connective tissues 

by continuous secretion of ECM. The composition of ECM determines the fate of connective 

tissues and hence differentiation of fibroblast is dependent on ECM.
116 

Fibroblasts from 
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different body sites show  different characteristics, shown by Castor et al, who studied 

different metabolic differences of mesothelial fibroblast, fibroblast of skin, articular tissues 

and periosteum.
117 

 Fibroblasts have been demonstrated to be sensitive to a pitted topography 

with regards to the diameter of the pits which influences the motility and proliferation.
118 

 

1.7 Cell Adhesion  

 Cell-material interaction is a vital topic which has being investigated since the early 

1990’s where different methods are applied to understand how cells interact with surfaces at 

different scales (micro or nano). A large number of articles have being published on cell-

surface interaction over the past two decades but there is still lack of understanding of the 

mechanism involved in cell response to the surface. It is widely understood that cells interact 

with surfaces via pre-adhered protein molecules, although many groups have only 

investigated the relationship between surface parameters and cell responses. Cell adhesion to 

biomaterials is affected by their surface properties such as wettability, surface charge, 

topography (roughness) and chemical functionalities. The choice of cell type on surface 

properties is important since different cell types may respond in differing ways to surface 

properties. 

 Cells bind to the ECM and continue their biological activity such as formation of 

tissue, migration, signalling, proliferation, etc. The process of cell adhesion is a complex 

process and different factors are associated with binding cells to surfaces. Factors such as 

surface energy, binding receptors, availability of cell adhesion molecules are simultaneously 

required for cell adhesion. Cell adhesion is governed by a specific process involving the 

recognition of specific membrane binding sites. These binding sites are recognized by 

adhesive matrix proteins, present on the cell surface, which mediate the binding of cells when 

adsorbed to the surface.
119 
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 Studies related to cell adhesion are fundamentally important to tissue engineers, to 

understand the molecular mechanisms that govern the process of cell adhesion and the 

binding of normal cells to substrates. Carnegie et al, proposed cell adhesion is governed by a 

family of specific adhesion proteins (laminin, fibronectin, vitrogen and some collagen) which 

have a specific binding site containing RGD (arginine-glycine-aspartic) amino acid 

sequence.
120   

RGD binds to integrin receptors and the essential motif for cell adhesion and 

was first identified in fibronectin (FN) receptors.
121

 The RGD motif plays a crucial role in 

cell adhesion, cell recognition, delivering drugs at target specific sites in tumor therapy and  

tissue engineering by recombinant methods.
122 

RGD recognition is widely exploited by 

pathogen such as viruses and bacteria for gaining entry into host cells by binding to a specific 

integrin which leads to endocytosis.
123,124 

 Curtis et al; proposed that cell adhesion to topography can be defined by a change in 

cytoskeleton network on 60 nm silica nanoparticles. These changes are stretching of 

cytoskeleton activity and activation of cell receptors present on the surface.
125

 Cell responses 

can differ with a change in surface landscape. It is well documented by various research 

groups that cellular response to nanoscale topographies is more delicate and not strong.
126 

On 

a nano-topographic surface, cells response depend on protein for its signalling, functions and 

growth. This process takes more time which can be observed and hence it is easy to 

understand cell responses to nano-topographic surfaces. Studies on nano-topographic surfaces 

can offer insight on cell surface binding because changes in the order of sizes of surface and 

cell and cell-surface interactions can be controlled by controlling various degree of 

roughness.
127 

This thesis will investigate the effect of cell response on different 

nanotopography and surface chemistry at different time points to give a better understanding 

of protein surface interaction. 
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1.8 Secreted Proteins 

The latest novel methodologies in understanding the molecular mechanisms related to 

the functions of cells can be approached using proteomic and secretome analysis.
128 

 

Proteomics is defined as the study and function of protein while ‘proteome’ (proteins 

expressed by a genome) derived by Wilkins et al;  is defined as the total set of proteins 

expressed in a cell, tissue or organism.
129 

 Proteomic analysis is used to understand how cells proliferate or differentiate into 

specific lineages. The selection of culture additives conditions is an important factor when 

culturing cells. Cells require numerous factors in order to sustain their development and 

growth. In vivo these factors are available in the biological fluids surrounding cells, whilst in 

culture conditions they are commonly added in the form of foetal calf serum. Within serum 

there are roughly 30-40k of signalling molecules, many of which have characteristics that are 

little understood. For this reason the common stance for cell culture is to use serum 

supplemented media  (diluted to 5-10%) although some cell types have been shown to be 

better sustained in media which has been pre-conditioned by cells previously grown it in. 

During culture cells secrete many factors in order to communicate and mediate their 

surroundings, and so it is not unexpected that such conditioned media presents a better 

environment compared to that of standard culture media. For example, a study was carried 

out on self renewal and differentiation of human embryonic stem cells (hESC) on conditioned 

and unconditioned matrigel
TM

 using mass spectrometry. Matrigel™ is a gelatinous mixture 

that is secreted by Engelbreth-Holm-Swarm mouse sarcoma cells. Results reveal 80 

extracellular proteins in matrix conditioned by hESC.
130

 

  In an attempt to better understand which factors are important for specific cell types, 

researchers are turning towards proteome and secretome analysis 
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 Figure 1.7 Cell secretome in response to local environmental cues 

 

 Secreted proteins comprise vital molecules which are encoded by approximately 10% 

of the human genome
131

, Figure 1.7. The secreted molecules mediate intercellular interactions 

and help in maintenance of homeostasis at the level of organs and systems in the body.
132 

There have been an increasing number of articles published that contains the word 

“secretome” in their title or abstract according to the Pubmed database since 2000 when 

Tjalsam et al coined this term
133   

Figure 1.8. 

 

 
 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 1.8 An increasing number of publications including the term “Secretome” 

  

Recent advances in secretome studies utilises various cancer cells to discover new 

biomarkers that be used in cancer diagnostics.
134-136 

For example, the glioblastoma cell line 
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from brain tumours in adults has been investigated and the results identify 148 non-redundant 

proteins using liquid chromatography tandem mass spectrometry (LC-MS/MS).
137

 Stem cells 

have been used in secretome research to understand cell response, discover potential drug and 

find therapeutic targets. Few authors (~8) have investigated the secretome of mesenchymal 

stem cells using different proteomic technologies and techniques to analyse their data.
138-140  

The main reason to investigate stem cell secreted proteins is because the cell culture will 

closely resemble and mimic the in vivo conditions which are more suitable to study and 

understand how secreted factors affects cell proliferation and differentiation.
141 

The 

challenges facing “secretome analysis” are the following: cell culture media, concentration, 

protein analysis and identification, data interpretations and verification of results. There have 

been an increasing number of studies over the last decade focusing on secretome 

characterization from a wide range of biological samples from microorganisms to human 

embryos and cell lines.
138, 141 

 While investigating secreted molecules from cells the media has to be comparatively 

less complex in order to observe less abundant species. Cells can be incubated in serum free 

media for 18 - 48 hrs in order to detect low abundance proteins,
 138 

although it is important to 

investigate the effect of this serum starvation on cell growth before conducting secretome 

experiments. Wu et al,
142 

demonstrated that it is possible to adapt the cells by slowly 

decreasing serum concentration in the culture media. The duration of culture intervals is 

another important factor that needs to be optimised, and depends on the cell types. The 

leakage of intracellular proteins from dead cells or cells undergoing apoptosis should be 

avoided.
143 

 Zyonic et al, compared the secretome obtained from four primary adipose derived 

stem cell cultures, in  uninduced or adipogenic –induced  conditioned media, using 2D gel 

electrophoresis and MS/MS.
144 

 Other studies by Lim et al
145

 and Prowse et al
146  

examined 



25 
 

conditioned media from mouse embryonic fibroblast feeder layers and human neonatal 

foreskin cell line. Both reported the identification of several proteins involved in cell growth, 

differentiation, extracellular matrix formation, and many intracellular proteins were also 

identified. Chen et al demonstrated that growth medium conditioned by murine bone 

marrow-derived MSC (mesenchymal stem cells) contained high levels of cytokines and was 

enough to stimulate macrophages.
147

 Kim et al, reported growth medium conditioned by 

adipose-derived MSCs contained several collagens, fibronectin and growth factors
. 148

 All 

these results demonstrate how secretome studies will be beneficial in identification of 

biomarkers involved in cell proliferation, differentiation, growth and death. Of particular 

interest is the control of cells through the use of specific molecules, e.g. directed 

differentiation. 

 Many researchers have used different techniques for culturing (and washing) cells 

from standard cell culture media containing serum, to serum–free media, in order to remove 

highly abundant serum proteins. The majority of articles published to date have used serum 

free media or phosphate buffered saline (PBS) to wash their cells, but the incubation times 

reported differ from one to the next. Higa et al washed cells with PBS twice before 

incubation for 16 hrs with serum-free media (DMEM),
 149

 whilst Srisomasp et al washed cells 

twice with serum-free media before incubation in serum-free medium for 24 hrs.
150                

Lack of standardised procedures may give rise to variations in results due to prolonged cell 

starvation. Although there are risks involved in washing cells too harshly this process is 

required in order to remove any contaminants from the previous media. The incubation time 

should also be considered because it could affect the profile of the secreted proteins. The 

process of secretome analysis is illustrated in Figure 1.9. 
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1.9 Analysis of Biological-Surface Interactions 

1.9.1 Biological Mass Spectrometry  

 Mass spectrometry (MS) is used for measuring the compositional molecular mass of a 

sample.
151 

Biologists, geologists, physicists and astronomers make use of mass spectrometry 

to provided information on various sample types/ uses: food contaminations, drug testing and 

establishing the elemental composition of materials.
152 

 
A mass spectrometer is a molecular mass-sensitive analytical device which is used to 

detect charged analytes based on their mass-to-charge (m/z) ratio. The analyte is first ionized 

from the solid or liquid phase into the gas phase and imparts a positive or negative charge, 

allowing them to be manipulated using electric or electromagnetic fields. The ions are 

separated based on their m/z ratio using a mass filter. Common mass filters include ion traps, 

quadrupoles and time-of-flight. These filters operate on the common principle that an ion will 

travel through an electromagnetic field following a path dependent upon its m/z ratio; 

manipulation of that field enables the filtering of particular ions, such that only ions of a 

specific m/z will pass to the detector.
153 

The biological applications of  mass spectrometry 

Reduce media complexity 

by using protein 
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Figure 1.9 Illustration of Secretome analysis 
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include screening of newborns for metabolic disorders,
154

 comparing protein expression 

levels between cells grown in different media
155

 and studying how pharmaceutical drugs are 

metabolized in- vivo and in-vitro.
156 

 All mass spectrometers contain at least three major components: an ion source, a mass 

analyzer, and an ion collection/detection system. The instrument must also be connected to a 

computer system to process and record the data and a vacuum pump to control the pressure 

within the mass spectrometer (see Figure 1.10) 

 

 

Figure 1.10 Schematic of the basic components of a mass spectrometer 

 

 

1.9.1.1 Electrospray Ionisation  

 The first stage of mass spectrometric analysis is ionization. One of the most popular 

and powerful ionization methods for analysis of biomolecules is electrospray ionization 

(ESI).The ability to ionize larger molecules using ESI was established by Fenn and Co 

workers in 1988.
157 

The process involves the application of a high voltage to a liquid sample 

flowing through a stainless steel needle.
158

 The sample is ionized when the inlet stream 

(liquid phase) is emitted from a capillary that has a voltage applied to it. The voltage 
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produces charged molecules in the sample, which form droplets as they exit the needle in a 

cone formation. The advantages of ESI are that it is easily interfaced and compatible with 

liquid chromatography; ionization often results in multiply charged ions and because mass 

spectrometers measure the mass-to-charge ratio (m/z), having multiple charges increases the 

range of masses that can be analyzed,
158  

Figure 1.11.  

 Nanospray ionisation is the latest development of ESI, which is used on low amounts 

and dilute concentration. Peaks generated from nanoscale liquid chromatography typically 

have higher analyte concentrations compared to microscale liquid chromatography, resulting 

in greater sensitivity when coupled with nanospray-ESI mass spectrometry.
158 

Nanospray 

uses a small diameter needle to which the high voltage is applied. The major disadvantage of 

nanospray-ESI is poorer robustness due to the small needle size, which can easily become 

clogged with particulates, destabilizing the spray. 

 

 

Figure 1.11 Schematic representation of electrospray ionization
158 

 

1.9.1.2 Matrix Assisted Laser Desorption Ionization (MALDI) 

 MALDI is an ionization technique which is suitable for protein and peptide analysis. 

MALDI uses pulsed light from a laser source to transfer analytes from a solid surface to the 

gas phase. Ions generated during this process are transferred from the source into the mass 

spectrometer under high vacuum. Samples are first mixed with an acidic matrix solution, and 
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deposited in small droplets onto a metal surface where the spot dries; forming a crystalline 

structure on the surface of the plate 
159 

A pulsed nitrogen laser is directed at various regions 

of the sample spots on the plate. The energy from the laser excites the matrix molecules, 

causing a transfer of charge to the analyte and desorption from the plate surface, Figure 1.12. 

 MALDI typically generates singly charged ions for proteins and peptides, simplifying 

spectral interpretation compared to ESI. Advantages of MALDI are high sensitivity, high 

tolerance of salts and impurities, and the ability to analyze an entire plate (up to 384 samples 

on one plate) in a high-throughput manner using newer instruments with automated data 

acquisition software.  

 

 

 

 

 

 

 

 

Figure 1.12 Schematic of the matrix assisted laser desorption ionization technique 

 

 The introduction of tandem MS instrumentation is the MALDI TOF/TOF,
 160

 Two 

TOF analyzers are separated by a pressurized collision cell, which fragments the precursor 

ion and then reaccelerates the product ions before they enter the second TOF analyzer. This 

instrument benefits from both the high mass accuracy associated with TOF mass analyzers 

and the ability to do collision-induced dissociation. 
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1.9.2 Multivariate Analysis 

Experimental data can only be meaningful by revealing the important information in 

the data. The introduction of chemometric has provided a useful resource for data analysis. 

Chemometrics is the application of statistical and mathematical methods to reveal the 

important information within complex datasets. Chemometric analysis provides vital 

information from experimental data and the use of multivariate data analysis.  

 Multivariate analysis (MVA) is the statistical study of the dependence between 

different variables. MVA reduces the complexity of MS spectra data sets and can be used to 

interpret slight variance between datasets.. MVA can be used discriminate between samples 

with respect to single or many multiple differences. In terms of MS data thousands of peaks 

across the mass range may vary, either singularly if one component changes in quantity from 

one sample to another, or multiply if this component fragments and interacts to give rise to 

other spectral components. For example, a cellular signal may give rise to a cascade of events 

wherein multiple markers are excreted by cells. The advantages of multivariate analysis for 

these types of data mining are as follows: the extraction of important features is fast and 

efficient; uses all the information available and is statistically valid. The disadvantages are 

that the process can be difficult to understand and the method does not aid in data 

interpretation.
161 

 

 

1.9.3 Statistical Analysis  

There are different techniques which have been used to analyse and interpret mass 

spectrometric data such as principal component analysis (PCA), multivariate curve resolution 

(MCR), partial least squares (PLS) and mixture models. PCA is a technique used to reduce 

the dimensionality of dataset consisting of a large number of interrelated variables while 

retaining as much as possible of the variation present in the dataset.
162 
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Figure 1.13 Principal component analysis showing scores and loadings.
164

 

  

 The data shown in Figure 1.13 is placed in an n x m matrix containing n samples 

(i.e. spectra) and m variables (peak intensities). The inputs for each cell in the data matrix are 

the peak areas (or intensities) for a given peak from a given spectrum. The matrix may be 

pre-processed before the PCA is carried out, which may consist of normalizing the peak 

intensities. PCA consists of the singular value decomposition of the variance-covariance 

matrix, yielding the characteristic vectors (eigenvectors) and characteristic roots 

(eigenvalues) of the variance-covariance matrix.
163,164  

From the example given in Figure 

1.13, It can be seen that variables 1 and 7 are positively correlated with samples b as seen by 

their location on the loading plots and score plots. More detailed information on PCA can be 

found in a review written by Wold 
165

 and Jackson 
166,167

. The advantages of PCA is  to 

reduce the size of a dataset by making use of all the information available and simplifies 

chemical interpretation by identifying peaks which likely arise from the same chemical 

species.  
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1.10 Aims and Objectives 

 The aim of this study was to gain an in-depth understanding of cell-material 

interactions at the protein level, using adsorption assays, conformational assessment and 

proteomics to interrogate secreted proteins and understand how both the material surface and 

the cell mediate protein layer composition. Protein adsorption onto model hydrophobic          

(CH3) and hydrophilic (OH) surfaces was performed to understand the differing interactions 

between the two proteins, bovine serum albumin (BSA) and fibrinogen (Fg), and the surface 

chemistries. Comparison of BSA and Fg, having different size, shapes and dimensions has 

allowed insight into the importance of surface chemistry with regard to protein size and 

shape. 

 Structural differences between proteins adsorbed onto differing surface chemistries 

have been investigated to understand the impact of surface chemistry on surface-bound 

protein conformation. Infrared spectroscopy was used for the investigation of the secondary 

structure of surface-bound proteins. Furthermore topographical effects have been 

investigated, with and without the effects of surface chemistry. Nano-sized substrates were 

used to present varying degrees of surface curvature as a model for surface topography. Silica 

spheres were produced and chemically modified to again compare hydrophilic and 

hydrophobic surface chemistry effects on protein adsorption. A fluorometric assay was also 

used to quantitatively assess the amount of protein adsorbed onto surfaces of differing 

chemistry. UV-Vis spectrometry and fluorometry were used to assess protein surface affinity 

and the amount of protein adsorbed at surface saturation levels. A comparison of protein 

adsorption characteristics onto super-hydrophobic and super-hydrophilic surfaces were also 

examined using this fluorometric assay. 

 The overall aim of this study was to deepen our understanding of protein and cell 

biological responses to surface cues at the nano-level, specifically focusing on the impact of 
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surface chemistry and nanotopography at different nanoscale diameter to understand surface 

protein interaction at nano-level. The following objectives were studied;  

1) Chapter 3 Investigate protein adsorption from single protein solutions (albumin and 

Fibrinogen) on functionalised silica nanoparticle of 11-215 nm diameters to assess the 

effect of surface chemistry,  nano-curvature  at different protein concentrations and 

conformational changes   

2) Chapter 4  Investigate competitive binding of proteins (albumin and fibrinogen) on 

functionalised silica nanoparticles of 11-215 nm diameters to assess conformational 

changes based on protein ratio, surface chemistries and size of nanoparticle.  

3) Chapters 3 and 4 Identify the conformational changes that take place in single and 

competitive protein solution.  

4) Chapter 5 Establish a methodology for the analysis of cell secretome with respect to 

surface interaction. 

5) Chapter 5 Investigate secretome of fibroblast cell in response to surface physicochemical 

cues using mass spectrometry. 
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2.1 Self-Assembled Monolayer Formation using Silanes 

 Self assembled monlayers (SAMs) can be defined as ordered molecular assemblies 

formed spontaneously by the adsorption of a molecule with a specific affinity to a substrate.
1 

SAMs have been widely used in a multitude of applications such as nanotechnology, 

analytical chemistry and biotechnology
2,3

 due to their unique properties such as low cost, 

speed and ease of preparation, and high quality of order that can be obtained in terms of 

functionalities and structural properties. SAMs have being used to fabricate biologically 

functional materials for the fundamental study of the biointerfaces and interfacial phenomena. 

SAMs have been used to tailor surface chemistry.
4-7

 The most frequent studied SAMs are 

thiols on gold and silane-based monolayers.
8 

 Silanization of surfaces was first established by Malmqvist et al.
9
 Silane terminated 

monolayers show a higher physical and chemical stability with highly ordered and well-

packed monolayers being obtained. Silanes are used for SAMs due to covalent siloxane 

bonds between the molecules and hydroxyl-terminated substrates compared to pseudo –

covalent surface – Au bonds of thiols. Silane can hydrolyze to form covalent bonds Si-O 

substrate on OH groups or in the presence of water.
10 

Materials: 3-Aminopropyltriethoxysilane (APTES) and tetraethoxysilane (TEOS) were 

obtained from Struktol, methyltriethoxysilane (MTEOS) from Acros Organics, succinic 

anhydride from Aldrich chemical Co., toluene 99.5% (500 ml) from Fisher Scientific and 

circular coverslips (12 mm diameter) were obtained from Thermo scientific. All chemicals 

were used as received.  

Circular coverslips and bottles were rinsed in toluene solution and air dried before 

use. Coverslips were handled with forceps to prevent contaminants on the surface. 

Chemically defined surfaces were prepared using silane-based monolayers: tetraethoxysilane 

(TEOS) to give hydroxyl (OH), chlorotrimethylsilane (MTEOS) to give methyl (CH3) and         
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3-aminopropyltriethoxysilane (APTES) to give terminal (NH2) at the surface. Circular 

coverslips were incubated in 5 mL toluene solution with 50 µL of silane: APTES, MTEOS 

and TEOS. Bottles were sealed with parafilm and left for 24 hours at room temperature. After 

24 hours, the coverslips were removed and rinsed with toluene, air dried and placed in a clean 

container. For OH surfaces, coverslips were further acid washed in 0.1 M HCl in distilled 

water (dH2O) for 1 min. The substrates were stored for less than 3 days before analysis and 

before use. Surfaces were characterised using contact angle measurement and infrared 

spectroscopy which are in good agreement with those reported by other researchers.
11-13

 

Table 2.1 and 2.2 shows the functional monolayer used. 

 

 TESPSA coated surfaces were prepared as shown in Figure 2.1. Firstly, 50 µL of 

APTES was pipetted into a clean glass bottle, coverslips were added, and the bottle was 

sealed with parafilm and left for 24 hours at room temperature. Coverslips were removed 

rinsed in toluene and air dried. This gave rise to the amine functional monolayer which is 

further reacted with succinic anhydride to form a COOH terminal group. The coverslips were 

then placed in 0.1 M succinic anhydride (Aldrich chemical Co.)  in toluene (~5 mL). The 

bottle was sealed with paraflim and left for further 24 hours. Coverslips were removed, rinsed 

with toluene, air dried and placed in a clean container for further analysis. The method for 

Table 2.1 Self assembled monolayers (SAMs) Chemistries and Formula 

Labels Name Formula Functional 

groups 

APTES 3-Aminopropyltriethoxysilane H2N(CH2)3Si(OC2H5)3 NH2 

TEOS Tetraethoxyorthosilane Si(OC2H5)4 OH 

MTEOS Methyltriethoxysilane CH3Si(OCH3)3 CH3 

TESPSA 3-Triethoxysilylpropyl succinic 

anhydride 

(C2H5O)Si(CH2)3C4H4O3 COOH 
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preparing carboxylic acid functionalized SAMs is summarized in Figure 2.1 The silanization 

process was performed at room temperature. 

 

Figure 2.1: Process of preparing the carboxylic acid functionalized SAMs 
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Table 2.2 Chemical Structure of Chemistries  

Name/ Functional group  Chemical 

Structure 

Models 3D space-filing 

representation 

 

 

 

3-Aminopropyl - silane 

 

 

 
 

 

 

Hydroxyl - silane 

 

 

 
 

 
 

 

 

Methyl - silane 

 

 

 

 

 

 

 

 

 

 

 

1,4-carboxy-4-aminobutyl-

N-3-aminopropyl - silane 
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2.2 Preparation of Silica Spheres 

 The Stöber process
14 

was used to prepare mono-disperse silica spheres of varying 

sizes. The preparation of mono-disperse silica particles was carried out by the hydrolysis and 

condensation of TEOS in a mixture of water and ammonia which is used as a catalyst. The 

Stöber process is the most effective and simplest way to prepare a mono-disperse spherical 

particles of controlled size. Monodisperse colloidal silica particles with uniform size, shape 

and composition have wide applications in industries such as catalyst, ceramic and pharmacy. 

  

Materials: Tetraethyl orthosilicate (TEOS) purchased from (Sigma Aldrich), Ethanol 

(Fisher), water bath, distilled water, thermometer and hot plates. All chemicals used as 

received without further purification. 

 

 Batches of silica spheres were prepared by the addition of ammonia to ethanol 

solutions of tetraethoxysilane (Aldrich) to make a total volume of 100 mL, specific sphere 

sizes and preparation conditions are given in Table 2.3. The following procedure was 

followed: (Solution A), 21.6 cm
3
 of diluted ammonia and water with 80.0 cm

3
 of ethanol 

(Solution B) 22.3 cm
3
 of TEOS diluted with 76.6 cm

3
 of ethanol.  Solution A was slowly 

mixed with solution B over 2-3 minutes as shown in Figure 2.2.  Each solution was heated to 

50
o
C and mixed with stirring for 80 minutes on hot plates, then allowed to mature for 1 day at 

room temperature and isolated by centrifugation and washing with ethanol thrice, sonicated 

and centrifuge several times. Dynamic light scattering (DLS) was used to measure particle 

size distribution of each sample prepared. After DLS, the remaining samples were 

centrifuged (Beckman model J2-21) overnight at 15,000 rpm, the liquid supernatants was 

removed while precipitates were speed dried for 12-18 hours. 
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Figure 2.2 Preparation of monodispersed silica nanoparticles (a) ammonia was diluted with 

water (b) TEOS diluted with ethanol. Both (a) and (b) were heated to 50
o
C in a water bath. 

 

Table 2.3 Reaction conditions for Silica sphere preparation 

Sphere radius/nm TE0S/M Vol. 35% ammonia 

solution/cm
3 

Vol. diluted with 

water/cm
3 

11 ± 0.13
 

0.20 2.0 100 

64 ± 1.76 0.60 6.0 100 

105 ± 1.36 1.00 10.0 100 

215 ± 2.88 3.00 30.0 100 

Error shown are standard deviation, where n =3 

 

 

2.2.1 Preparation of Functionalised Silica Spheres 

 Chemically defined silica particles were prepared using silane (SAMs) as described in 

section 2.1.1; Dried silica spheres, 3 g were sonicated in toluene (20 mL) for 10 mins to 

disperse. Silane chemistries, shown in table 2.2 were added dropwise on the silica spheres 

and left at room temperature for 24 hours. The liquid supernatant was emptied into a clean 

bottle, toluene (20 mL) was added, centrifuged for 4 hours at 15,000 rpm and again the liquid 

(Solution A) 
(Solution B) 

 

Stirrer 
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supernatant removed. The cycle was repeated thrice. Silica spheres were freeze dried using a 

50 mL bottle (Nalgene).  

 Methyl terminated spheres were produced by silylating hydroxyl-terminated particles 

with a vast excess of chlorotrimethylsilane (98% Aldrich) in toluene (Fisher), stirring 

overnight and washing in toluene. Amine terminated spheres were produced by silylating 

hydroxyl-terminated particles with a vast excess of 3-aminopropyltriethoxysilane 

(Thermofisher) in tolune (Fisher) stirring overnight and washing in toluene.  

Carboxylic acid terminated spheres were produced by silylating hydroxyl-terminated 

particles with a vast of excess of 3-aminopropyltriethoxysilane (Thermo Fisher) in toluene 

(Fisher) stirring overnight and washing in toluene; then freeze dried. Further, 0.1 M succinic 

anhydride (Aldrich chemical Co.) in toluene was added to the particles and left overnight to 

be washed in toluene. The surface chemistry of the silica particles as prepared was analysed 

by infrared spectroscopy using a NicoletThermo iS50 FTIR spectrometer fitted with a 

GoldenGate attenuated total reflection (ATR) accessory (Thermo Nicolet). Spectra were 

recorded at   4 cm
-1 

resolution, averaging 265 scans. Surface wettability was characterised by 

measuring equilibrium water contact angles using a home built instrument. 

 

Close Packed Assembly of Silica Nanoparticles  

2.2.2 Piranha Etching  

 Close packed assemblies of silica nanoparticles were achieved on 18 x 18 coverslip 

(Fisher). Coverslips were first cleaned with piranha solution for cleaning glass surface. 

Piranha etching is a solution of conc. sulphuric acid (H2SO4) and 30% w/v hydrogen 

Peroxide (H2O2, Fischer). Three parts of acid was taken in a cleaned beaker and one part of 

peroxide was added to the acid from the side of the beaker and mixed gently using a glass 

rod. Cover slips were added one by one to the piranha solution and a gentle swirl was given. 
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The solution was left for 30 min and coverslips were transferred to a clean beaker via forceps 

for washing. Cover slips were washed 4 times with distilled water; after washing, cover slips 

were stored submerged in distilled water in a new beaker and dried under nitrogen before use.  

 Close packed silica nanoparticle arrays as shown in Figure 2.3, were prepared by the 

air-water interface packing method. Silica nanoparticles (powder form) were sonicated in 

toluene t(99% Sigma Aldrich) at a concentration of 0.5 g silica to 5 mL toluene. The silica 

dispersion was sonicated for 2 hours and centrifuged at 800 rpm for 5 min to allow any 

particle clusters/aggregates to settle. A volume of 50 µL of supernatant liquid were pipetted 

onto a clean coverslip and viewed using light microscopy to check for any remaining 

aggregates. Repeated sonication and centrifuging was carried out until no aggregate was 

observed. A large glass Petri plate filled with distilled water was taken and a cover slip (18 x 

18 mm (Fisher)) was suspended on the edge in  such a way that it interfaced with air and 

water. A volume of 60 μL of silica dispersion was pipetted onto the coverslip which served as 

a connection medium at the air-water interface. A thin layer of silica nanoparticles was 

formed on top of the distilled water. Samples were collected on 18 x 18 mm coverslips, by 

scooping with the help of forceps. Samples were allowed to dry at 25°C overnight. Closed-

packed silica nanoparticles were analysed using scanning electron microscopy (SEM), at an 

acceleration voltage of 15 kv, using a benchtop Hitachi 3000 SEM 

 

 

 

 

 

Figure 2.3 SEM image of closed 

packed amine -modified silica 

nanoparticle. Scale bar of 5µm 
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Surface/ Materials Characterisation 

2.3 Contact Angle Measurements 

 Contact angle measurements reveals microscopic characteristics of a material such as 

surface roughness, surface energies of the material and surface coating. Static water contact 

angle measurement is the most preferable method used to measure a material’s degree of 

wettability because it is quick, economical and a relatively simple technique.
15 

Wettability is 

a property of surfaces that controls many phenomena such as the biological response to 

materials.
16

 Wetting is described as the contact angle between a liquid and a solid is zero or 

so close to zero that the liquid spreads easily over the solid surface. On the other hand, non-

wetting can be described when the liquid tends to ball-up and run off the surface easily. The 

size of the water contact angle is attributed to either a hydrophilic surfaces (surfaces with 

polar groups such as alcohol (OH) or hydrophobic surfaces non-surfaces such as methyl 

(CH3).
17

As shown in Figure 2.4, drop of liquid on a flat surface will modify its shape under 

the pressure of the different surface and interfacial tensions until it reaches an equilibrium as 

described by the Young equation (equation 2.1). 

 

  T

LV

SLSV 
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  Equation (2.1) 

 

 

 
 

 

 

 

Figure 2.4 Young equations showing the relationship between three interfacial tensions. 
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‘ ’ is the surface energy and the three interfaces are ‘SV’ the solid vapour interface, ‘SL’  

the solid liquid interface, ‘θ’ the contact angle and ‘LV’  the liquid vapour interface. 

Depending on the three interfaces, the liquid may spread or remain spherical when in contact 

with a flat surface. A high water contact angle of > 90
o
 means the surface is hydrophobic 

while a small water contact angle of <90
o
where water will spread on the surface indicates a 

hydrophilic surface. Wenzel established a theoretical model describing the effect of surface 

roughness on liquid contact angle.
18 

The surface roughness is defined as ‘r’ which is defined 

as the ratio between the actual surface area and geometric projected surface area. The young 

equation is then modified to form equation 2.2;  

 





cos



LV
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Contact angle data can be obtained with low price instruments and with simple techniques. 

Water contact angle measurements on SAMs were conducted at room temperature using the 

sessile drop method. The angle between the baseline of the drop and the tangent at the drop 

boundary is measured, Figure 2.4. The experimental setup for contact angle is shown in 

Figure 2.6 

 

 

 

 

 

 

 

 

 

Figure 2.5 Schematic of contact angle measurement 

 

Equation (2.2) 
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 The wettability of surfaces prepared in this study was characterised by taking images 

of 5μL distilled water droplet equilibrium contact angles. A home built system was used 

consisting of a sample holder, long working distance microscope and image analysis system.  

The wettability of the silica spheres were measured using dried functionalised silica spheres. 

The dried samples (0.05 g) were placed on a flat cover slip. Droplets were applied to the 

surface by a microsyringe with a hydrophobised needle and images were taken immediately 

to eliminate drying effects. The angles were measured using the ImageJ plugin, and any given 

contact angle reported in this thesis is an average of at least 3 drops. The mean value of the 

measurements was calculated.  

 

2.4 Fourier Transform Infrared Spectroscopy (FTIR) 

 Infrared spectroscopy can be used to investigate molecular vibrations and to identify 

compounds. IR is used to obtain information on the presence of functional groups in a 

molecule by identifying characteristics peaks corresponding to the stretching of chemical 

bonds or bending /deformation. The advantage of FTIR is that the signal level at the detector 

is higher and automatically improves the signal-to-noise ratio at any point in the spectrum. 

The single reflection attenuated total reflectance (ATR) technique is a widely used FTIR 

sampling tool to identify chemical compounds because it gives rapid analysis of samples, 

improves sample-to-sample reproducibility, and is also non-destructive.
19

 FTIR-ATR has 

become a standard technique in polymer research for investigation of the chemical 

composition and structure of surfaces because it produces excellent data quality coupled with 

high reproducibility. 

 Attenuated total reflectance (ATR) has been widely used to study protein adsorptions 

to biomaterial surfaces. The Thermo Nicolet iS50-FTIR spectrometer (Thermo Scientific) 

was used for obtaining all the infrared spectra of samples, fitted with a broad range DTGS 
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(deuterated triglycinesulfate) detector which provides high signal to noise infrared 

spectroscopy from 4000 cm
-1

 to 100 cm
-1

 controlled via Thermo Scientific OMNIC software.  

 Silica spheres were incubated in protein solutions (BSA and Fg) to allow proteins to 

adsorb on the substrate surface. The spheres were removed by centrifugation, sample allowed 

to dry and analysed immediately. Protein bound to the surface of silica spheres was analysed 

using a Single bounce diamond ATR accessory equipped with a DLaTGS-detector. 

Background spectra of protein-free buffer were recorded averaging 265 scans immediately 

before sample spectra were taken. Spectra were recorded between 4000 and 400 cm
–1 

at an 

optical resolution 4 cm
-1

. 

 ATR crystal is also known as internal reflection element (IRE).The most common 

ATR crystals used is Zinc Selenide (ZnSe), Diamond and Germanium. Zinc selenide is 

relatively low cost and can be used for analysing liquids, gels and non-abrasive pastes but it 

scratches easily. Diamond is used for ATR crystals due to its properties of durability. 

 

 

 

 

 

 

Figure 2.6 Schematic of an attenuated total reflectance crystal. 

  

 ATR works by directing the IR beam into a crystal of relatively higher refractive 

index. The infrared beam reflects from the internal surface of the crystal and creates an 

evanescent wave; Figure 2.6. The depth of penetration (dp) is defined as the distance at which 

the evanescent waves drop. The depth of penetration can be calculated using equation 2.3; 

ATR Crystals  

Infrared Beam  To Detector 

Sample in contact with 

evanescent waves 
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where ‘λ’, is the wavelength of the light, θ is the angle of incidence of the IR beam relative to 

a perpendicular from the surface of the crystal. n1 is the refractive index of the ATR crystals 

(IRE) and n2 refractive index of external medium. 

2

2

22

12 nSinn
d p







 

 

2.4.1 Diffuse Reflectance Infrared Fourier Transform 

Spectroscopy (DRIFTs) 

 Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTs) is a technique 

used for measurement of powders and rough surfaces, by collecting and analysing scattered 

infrared energy as seen in Figure 2.7. The advantage of DRIFT is the ability to analyse 

samples with minimum preparation. DRIFTs analysis of powders or foam is carried out by 

focusing infrared light onto the sample and the scattered light is collected and is transmitted 

to the infrared detector. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.7 Principle of Diffuse Reflectance Infrared Fourier Transform Spectroscopy 
 

 

The theory of diffuse reflective from powdered samples has been developed by Kubelka and 

Munk, equation 2.4.  

 

Equation (2.3) 

Diffuse Reflectance  

Sample 

Incident Radiation  
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)(    Equation (2.4) 

 

The theory provides a relationship between reflectance and concentration where R is the 

absolute reflectance of the layers, s is the scattering coefficient, k is the molar absorption 

coefficient.
20

  The measurement of DRIFTS was performed with Alpha’s FT- IR 

spectrometer (Bruker Optic, Germany), equipped with a KBr beamsplitter and  DLaTGS 

detector. The diffuse reflectance sampling accessory including of a macro sample cup         

(10 mm diameter, 2.3 mm deep).The system was operated using OPUS® version 6.5 

software. All the reflection spectra were recorded at 100 scans in 4000–600 cm
−1

 range with a 

resolution of 4 cm
−1

 at a room temperature (25
o
C). 

 

2.4.2 x-ray Photoelectron Spectroscopy  (XPS) 

 XPS is one of the techniques used for surface analysis and it is widely used in 

industrial applications for polymer surface modification. It is not complicated and rather easy 

to use. The sample is irradiated with mono-energetic x-rays causing photoelectrons to be 

emitted from the sample surface.  An electron energy analyzer is used to establish the binding 

energy of the photoelectrons, which can be used to determine chemical state of an element in 

a sample as shown in Figure 2.8. 

 The XPS analysis was performed using the Theta Probe instrument equipped with a 

monochromated AlKa source (Thermo Scientific) in NEXUS. A pass energy of 200 eV and a 

step size of 1.0 eV was employed for all survey spectra while a pass energy of 40 eV and a 

step size of 0.1 eV was used for high resolution spectra of the elements of interest. A flood 

gun was used for charge compensation. This was carried out using the UK National XPS 
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facility at Newcastle University; NEXUS Samples were under the guidance of Prof P 

Cumpson. 

 

 

 

 

 

 

   Figure 2.8 Component of XPS system 
21 

 

2.5 Scanning Electron Microscopy (SEM) 

 A scanning electron microscope uses a focused beam of high-energy electrons to 

generate a variety of signals at the surface of solid specimens. When a sample is bombarded 

with electrons, it emits secondary electrons and x-rays. The intensity of the secondary 

electrons is detected to generate a high resolution surface image. SEM is one of the more 

widely available tools in surface analysis and it is often used to measure surface 

topography.
22 

 
High resolution (1.5 nm) field emission is controlled by the electron beam diameter, 

the Hitachi S4500, offering  incredibly  high magnification, high resolution imaging as well 

as more standard low magnification, high depth-of-field imaging. SEM can produce very 

high-resolution images of a sample surface, revealing details at less than 1 to 5 nm in size, 

due to its narrow electron beam. SEM micrographs have a large depth of field yielding a 

characteristic three-dimensional appearance useful for understanding the surface structure of 
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a sample. Therefore, resolution, magnification and depth of field are important elements of 

SEM. A beam of electrons is passed on the sample at the top of the microscope by an electron 

gun; as shown in Figure 2.9. The electron beam follows a vertical path through the 

microscope. The beam passes through electromagnetic fields and lenses, which focus the 

beam down towards the sample. Electrons (Auger, secondary and primary) and x-rays are 

ejected from the sample when the beam hits the sample. Data were collected over a selected 

area of the surface of the sample, and images are generated in two monitor that displays 

spatial variations. Areas ranging from approximately 1 nm to 5 nm in width can be imaged in 

a scanning mode using conventional SEM techniques (magnification ranging from 20X to 

approximately 30,000X, spatial resolution of 50 to 100 nm).
 

 

 

 

 

 

 

 

 

 

Figure 2.9 Structure of Scanning Electron Microscope 
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2.6 Dynamic Light Scattering (DLS) 

 DLS is also known as photon correlation spectroscopy (PCS). It is a powerful light 

scattering technique for studying the properties of suspensions and solutions of colloids and 

biological solutions that is non-invasive and non–destructive. DLS has been designed for the 

rapid measurement of particle size and size distribution. It can be used to determine the radius 

of small particles in Brownian motion in a solution whereby small particles move faster than 

large particles; the intensity of the scattered light gives greater variation in small particle 

compare to large particles. Silica nanoparticle size distribution was determined using Malvern 

Zetasizer Nano- ZS. The instrument is reliable and accurate in measuring particles size. It can 

measure the particles of size in the range 0.6 nm-6μm.The principle that governs the 

measurement of particle size is described by Gregory (2006).
23

  

 Water molecules are in continuous thermal motion due to the kinetic energy, which 

results in constant collisions with particle suspended in water. The kinetic energy is passed 

onto the particles and it results in Brownian motion. 

At a given time, t, the particle will move a certain distance, x, from its starting point which is 

expressed in equation 2.5 

 Dtx   Equation (2.5) 

Where D is the diffusion coefficient of the particle, t is the time 

The Diffusion coefficient of a particle is described by the Stokes-Einstein equation shown 

below;  

     Equation (2.6) 

 

Where ‘kB’ is the Boltzmann constant, ‘T’ is the absolute temperature, ‘η’ is dynamic 

viscosity, ‘dt’ is the translational diffusion coefficient and ‘Dh’ is the diameter. 
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B
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 Silica Particles were analysed using a Malvern Instruments, Zetasizer Nano-ZS. The 

instrument can measure the particles size of ranging from 0.3 nm to 10 µm. The instrument 

was used in the automeasure mode at 90°, the pinhole size being varied within limits 

conducive to an acceptable scattering intensity. A volume of 50 µL of silica particle in 

buffer-free solution sonicated for 30 mins and was measured at room temperature. 

 

2.7 Proteins Studied  

2.7.1 Bovine Serum Albumin  

 Bovine serum albumin is used for conjugation in antibody production and has an 

important role in storage and transport of energy.
24,25

 Having a molecular weight of 66 kDa 

with a plasma concentration of approximately 50 mg mL
-1

, an isoelectric point of 4.8. BSA is 

the most abundant protein in blood plasma and plays a vital role in the disposition and 

transportation of various molecules. BSA is single polypeptide chain which is made up of 

583 amino acids, shown in Figure 2.10.The estimated structure of alpha helices is 54-68% 

while beta sheet constitute of 16-18%. BSA was as a model protein due to its solubility, 

stability and similarity to human serum albumin (HSA).
26 

BSA and HSA display 

approximately 76% sequence homology; with 3D structure which is similar to HSA.
27, 28

 

 Materials: BSA was purchased from Sigma Aldrich and used without further 

purification. BSA solution was prepared by dissolving BSA (0.005 g) in phosphate buffer 

solution (5 mL) at a concentration of 1 mg/mL, and then stored in the refrigerator at 4
o
C .  
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   Figure 2.10 Three-dimensional structure of BSA

27 

 

 

2.7.2 Fibrinogen  

 Fibrinogen is a protein produced by the liver; which is present in the human blood 

plasma at a concentration of 2.5 mg/mL. Fibrinogen is vital for wound healing, inflammation 

and other biological functions. Fibrinogen triggers foreign body reactions following an 

implantation of prosthesis.
29 

Fibrinogen is an elongated molecule with approximate molecular 

dimensions of 9 × 47.5 × 6 nm and molecular weight of 350 kDa.
30

 Fibrinogen was diluted 

with phosphate buffer solution at different concentration Fibrinogen is a large, complex, 

fibrous glycoprotein with three pairs of peptide chains, Aα, Bβ, and γ, as shown in Figure 

2.11. 

 

 

 

 

 

 

 

 

 

Figure 2.11 Structure of Fibrinogen molecule with colour scheme (bottom) and schematic 

(Top). Aα – chain green, Bβ-chain in blue, γ-chain in red, fragment D and E.
31

  

Crystal structure 
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2.8   Protein Assays   

2.8.1 Bicinhoninic acid Assay (BCA) Protein Quantification  

 BCA (also known as sodium salt) reacts with protein to reduce copper ion Cu
2+

 to 

cuprous ion Cu
+  

under alkaline condition
 
to produce a purple end product with maximum 

absorbance at 562 nm. The BCA assay has advantages over other protein quantification kits 

because it is a more sensitive, faster assay with less variation between different proteins. 

Studies have shown the effectiveness of the assay based on temperature
32

, elimination of 

foreign substances
33

 and high sensitivity
34

. The staining method requires calibration which 

involves preparation of a standard curve using a serial dilution series (0.1-1.0 mg/mL) of a 

known protein sample concentration, i.e. see BSA and Fg standard curves in Figure 2.12. 

 Chemically modified silica particles were measured into an eppendorf tube, 1 mL 

buffer was added to each eppendorf tube, sonicated for 2-3 hours until it turns to milky a 

solution. A volume of 50 µL of silica solution were pipetted into 96 well plates containing 

BSA and Fg solutions in the range of 8-900 µg mL
-1

 were placed in an eppendorf tube;       

250 µL of working reagents (BCA assay) was added to the sample in 96 well plate, the well 

plate was mixed on a plate shaker for 30 seconds and incubated for 30 min at 37
o
C. After 

incubation, the plate was cooled to room temperature and the absorbance was measured at 

562 nm using a UV-VIS spectrophotometer. 

 

Figure 2.12 Standard curves of (a) bovine serum albumin and (b) fibrinogen at 562 nm 

(a) 
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 The standard curve shows an increase in absorbance as shown in Figure 2.12 (a) and 

(b). As the protein concentration increases for both proteins (BSA and Fg), the absorbance 

increases. The correlation coefficient, R
2
 value for BSA is approximately 0.998 while Fg is 

0.999. Both values show the line fits the data very well. 

2.8.2 Fluorescence Assay for Competitive Protein 

Quantification  

Solutions of HSA and Fg were prepared at concentrations of 15 µg/mL and 

0.8 µg/mL respectively in PBS. 8.87µL of Fg and 249.6 µL of HSA were diluted each into 

separate vials of 415 µL of PBS, before combining these together. 500 µL of the 

functionalised silica particles (made at a calculated concentration to present 1 m
2
mL

-1
) were 

added to 160 µL of the mixed protein solution and vortexed stirred. After each time point 

samples were centrifuged and 50 uL supernatant was pipetted into a fluorescence microplate, 

being read on a Biotek Synergy 2 Multimode Reader at an excitation of 485 nm/emission 

540 nm (HSA)  and  excitation  of 528 nm/emission 590 nm (Fg). Amplification of the signal 

was optimised via the electrical gain function on the plate reader. This was carried out for 

each batch sample set, with calibration curves being taken to assess sensitivity levels and 

linearity. Samples were freeze dried and stored at -20
o
C). 

Protein Analysis 

2.9 Ultraviolet-Visible (UV-Vis) Spectroscopy 

 UV-Vis spectroscopy is the measurement of light absorption at different wavelengths 

when it passes through a sample. The ability of a molecule to absorb ultraviolet and visible 

light is associated with the transitions between electronic energy levels. The absorption of 

ultraviolet light corresponds to the excitation of outer electrons in the molecules.  

Most absorption spectroscopy of organic compounds is based on transitions of n or π 

electrons to the π
*
 orbitals. The absorption peaks for transitions fall in the region of the 
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spectrum (200-700 nm). Transitions occurring above 200 nm involve the excitation of 

electrons from n and π orbitals. 

 The Beer-Lambert Law is used to determine the concentration of sample by 

measuring the absorbance at various wavelengths. The Beer-Lambert law state that the 

proportion of light absorbed is independent of the incident intensity, being proportional to the 

number of absorbing molecules, given by; 











I

I
A o

10log  

Beer – Lambert Law is the relationship between absorbance and concentration.  

 

Since A= c l 

Therefore,                                                      








I

IO
10log c l  Equation (2.8) 

 

where ‘I’ and ‘Io’ are the intensities of the transmitted and incident beams respectively, 

‘ε’ is the molar extinction coefficient or molar absorptivity constant, ‘c’ is the concentration 

of adsorbing species and ‘l’ is the length of solution the light passes through and ‘A’ is the 

absorbance.
35,36 

 Protein (BSA and Fg) serial dilutions were performed as follows; the experiments 

were conducted at room temperature and ambient pressure. Silica spheres were sonicated in 

PBS to form homogenous dispersions prior to the addition of proteins for a certain period of 

time. With continuous stirring, the silica suspension was added to each protein solution to 

give a substrate surface area per solutions of 1 m
2
/ml. Solutions were stirred for one hour and 

left for a further 2 hours to minimise shearing effects that might occur due to stirring. 

Solutions were centrifuged after two hours to induce sedimentation of the silica. Blank 

experiments with protein only were carried out to rule out the possibility of protein 

sedimentation.  

Equation (2.7) 



69 
 

The residual protein concentration in solution was determined using Synergy 2 Multi-mode 

microplate reader (Biotek) UV Vis spectrometer using 96 well plates, measuring absorbance 

at 562 nm. Calibration was carried out using a series of protein solutions of known 

concentration .The experiment was performed in triplicated and results were analysed using 

Microsoft Excel. 

 

2.10 Protein Adsorption  

 Protein Adsorption on solid surface is a complex phenomenon and is a process that is 

required in several applications such as food industries, nanotechnology and biomaterial. The 

Langmuir isotherm model
37, 38

 describes the dependence of the surface coverage of an 

adsorbent and is given by the equation’s 2.9- 2.11 
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  Equation (2.9) 

 

The Langmuir model describes the relationship between the adsorbate surface concentration 

‘Q’ and the concentration in the phase adjacent to the surface ‘C’, ‘Qm’ is the maximum 

adsorbate binding capacity and ‘Kd’ is a binding affinity constant. Some of the assumptions 

of this model are not necessarily true for protein adsorption. According to the Langmuir 

isotherm, the adsorption of molecule ‘A’ onto the surface sites ‘S’, an equilibrium constant 

‘k’ governs  the chemical reaction for  adsorption, which  is  represented as A + S         AS;  

The   equilibrium constant for this reaction  is given by  

]][[

][

SA

AS
k                                     Equation (2.10) 
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[A] is the concentration of A while [S] and [AS] are the two dimensional concentrations, 

expressed in units as mol/cm
2
. [AS] is also proportional to the surface coverage, , surface 

with unattached site (not adsorbed) is represented as (1-).Therefore from equation 2.10, 

  
)1]([ 






A
k    Equation (2.11)

 

[A] expressed as C, while
mQ

Q
 ; which gives the equation 2.9  

 The main assumptions for this model are that, the surface has a specific number of 

sites where solute molecules can be adsorbed and the surface is completely homogeneous. 

There are other models such as Freundlich isotherms.
39   

The Langmuir isotherm is preferable 

used due to its simplicity and correlates well with experimental data as shown in 

experimental sections in chapter three and four.  

 

 
2.10.1 Secondary Protein Structure 

 Understanding the biological function of an adsorbed protein molecule requires some 

control of the direction of the protein at the interface. Several experimental studies on protein 

adsorption found some conformational changes in protein molecules that occur upon 

adsorption,
 53, 54

 Structural changes in protein are vital for many biological functions. FT-IR 

was used to analyze the secondary protein structure (Amide I or II) as shown in              

Figure 2.13. The secondary structure of BSA and Fg varies such as the secondary structure is 

composed  of  10% turn, 67% helix and 23% extended chain.
55-57

 The percentage of 

secondary protein structure result in chapter 3 were calculated. The β-sheet structure were 

further split into two, regular and distorted. Fraction of α-helix, β sheet, β pleated and random 
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coil were generated using Thermofisher software (macrobasics) and homebuilt programming 

language shown in Figure 2.14 (a) to (f). 

 

 
 
 

 

 

 

 

 

 

 

Figure 2.13 (a) Comparison of the infrared spectrum, identifying the peaks for Amide I band 

(1700 -1600 cm
-1

) which is due to C=O stretch vibration & Amide II band (1500-1600 cm
-1

). 

Amide I is the most sensitive spectral region (b) Spectra obtained from ATR-FTIR with a 

focus on the amide band I using Origin software to determine the secondary structure either α 

helix, β  sheet, β turn or random.
 

 

(a) (b) 
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Curve fitting was performed in the region of 1600-1700 cm
-1

. The data were smoothed to 

cancel the absorption of residual vaporized water. Computer simulation was used to 

determine protein secondary structure percentage from sample protein spectra which is 

illustrated below; Figure 2.14 (a) to (f). The values obtained are represented as percentages of 

the amide I band adsorption.
  

 

 
 

 
 

 

 
 

 

 

 

 

 

Figure 2.14 OMNIC Macros-Basic intuitive graphical interface used for IR Spectra dataset. 
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Figure 2.15 A schematic process of Macros-Basic used to determine the structure of 

secondary protein structure using IR spectra dataset  
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2.10.2 Smoothing of Infrared and Mass Spectrometry Dataset 
 The secondary structure of protein were analysed via the FTIR (ATR) .The baseline 

of amide I region was adjusted from 1600 to 1700 cm
-1

 and smoothed using Omnic software 

smooth function at 9 point which will not distort the peak location or height and to remove 

the noise. The amide I band was fitted with multiple component bands having a linear 

baseline 1720 – 1580 cm
-1

.Data were first smoothed using 9 points Gaussian peak analysis of 

the amide I band was performed using PCA analysis. A small script was prepared in Omnic 

macro basic following the protocol outlined in Figure 2.16 for amide I fitting. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.16 Scheme for smoothing IR and MS Dataset 
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2.11 Cell Culture 

All work using cell cultures was performed in a class 2 laminar flow cabinet using 

aseptic technique. The cabinet was sterilized by UV light prior to use and all equipment was 

cleaned using 70% ethanol prior to use. 3T3 mouse embryonic fibroblasts were used for this 

study, preserved in liquid nitrogen until required.3T3was first discovered and cultured by 

George Todaro and Howard Green in 1962.
40

 3T3 refers to 3 day transfer and innoculum at 3 

× 10
5
cells as shown in Figure 2.17.The cells can be stored in liquid nitrogen. Freezing media 

is made up of 95% Fetal calf serum (FCS) and 5% dimethyl sulfoxide (DMSO).The cells 

were removed from liquid nitrogen and maintained in complete medium; Dulbecco’s 

modified eagles medium, DMEM (Biosera), supplemented with 10% Fetal calf serum, 

(FCS),2% L-glutamine and 1% penicillin/streptomycin were warmed in the 37
0
C water bath 

before being passaged. 

 

 

Figure 2.17 Phase contrast of 3T3 fibroblast cells were cultured in complete medium 

consisting of Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal 

calf serum, 2% L-glutamine, and 1% penicillin/streptomycin, x20 magnification. 
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2.11.1 Thawing of 3T3 Fibroblast cells 

Fibroblast cell used was less than three passaged. The frozen vial was thawed by 

immersing the bottom half of the cryovial in a 37°C water bath and swirling the tube around. 

A volume of 10 ml of pre-warmed culture media was transferred to a 30 mL centrifuge tube. 

Less than one ml of the medium from the centrifuge tube was transferred to the half thawed 

cryotube to thaw the remainder quickly and then the cell suspension was transferred into the 

30 mL centrifuge tube. The suspensions were centrifuged at 1200 rpm for 3 minutes and the 

supernatant was discarded. The cell pellets were re-suspended in 10 mL of fresh warm media 

and gently mixed and plated in 0.1% gelatin-coated T25 flask and incubated at 37⁰C and 5% 

CO2 until confluent. 

 

 

2.11.2 Cell Passaging  

 3T3 Fibroblast cells were passaged when they became ~80% confluent. Culture media 

(Fibroblast growth medium (FGM) was prepared by adding Dulbecco’s Modified Eagle 

medium (DMEM), 1% Penicillin, Streptomycin extract and Fetal calf serum (FCS) were 

warmed at 37
o
C in water bath before starting to passage. The confluent culture flask was 

taken out of the incubator and examined under a phase contrast microscope. The medium was 

aspirated and cells were washed 2 times with 10 mL of PBS.A volume of 1 mL of trypsin in 

PBS was added and incubated for 5 minute to detach cells from tissue culture flask. During 

this step the tissue culture flask with trypsin was incubated under standard tissue culture 

conditions. Following incubation for detachment of cells from the surface, the solution was 

transferred to a centrifuge tube and centrifuged at 12 rpm for 10 mins. Cells being heavier 

settled at the bottom and the supernatant was discarded and replaced by 10 mL of FGM 

medium for washing. Cells re-suspension was done in 1mL of fresh FGM medium and gently 

mixed for cell viability. Cell viability and cell count was determined using trypan blue assay. 
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Cell suspension was loaded into a haemocytometer (5 μL of cell suspension and 45 μL of 

Trypan blue) and the cell count was done using a haemocytometer and the total numbers of 

cells in the flask were calculated. A sample of 1x10
6
 cells were seeded in a T25 culture flask 

with 10 mL fibroblast growth media (FGM) which was incubated at 37⁰C and 5% CO2. 

 

2.11.3 Cell visibility 

 Trypan blue 0.5% solution (LM-T1708- Biosera) is used in cell culture and for cell 

counting. Trypan blue is an azo dye, derived from toluidine. It is used to distinguish between 

viable cells and non-viable cells. Non-viable cells are blue in colour while viable cells are not 

coloured because trypan blue is not absorbed into viable cells due to intact cell membranes. 

Trypan blue is a 0.5% solution of trypan blue in dulbecco’s phosphate buffered saline.
52

 

 

2.11.4 Cell Staining  

Cell staining was done for actin, cytoskeleton and focal adhesion using Millipore 

staining kit (FAK 100). Cells when reached ~50-60% of confluent stage were used for 

staining actin, cytoskeleton structure.  

 

2.11.4.1. Cell Fixing  

Cells were fixed by using methanol as a fixative agent where methanol arrests the cell 

growth and helps in fixing the cell. Nutrient media from the samples was discarded by using 

a glass dropper/ pipette and dropped in a beaker containing methanol (care should be taken 

that media is discarded properly). Samples were given a wash with 1ml of 0.2 M PBS pH 7.4 

for each well followed by 0.5 mL of methanol for 5 mins. A white colour turbid solution was 

observed as a resulting of protein precipitation in the well, this solution was discarded and 

1ml of PBS was added to each well and left for overnight incubation in fridge at 4
o
C with 

PBS buffer.  
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2.11.4.2 Primary Anti Body Staining  

 Samples were over night with primary antibody.  

 Cells were permeabilized with 0.1% Triton X-100 in PBS for 1 hour and incubated in 

fridge 4
o
C, following washing once in PBS.  

 Primary antibody (anti- vinculin was mixed with 5% goat serum (Sigma Aldrich). 1mL of 

goat serum was diluted with PBS and anti-vinculin was diluted to a working conc. of 

1:200.The antibody was incubated with the sample overnight. 

 

2.11.4.3 Secondary Anti Body Fixing  

 Samples were removed from fridge following overnight incubation and washed with PBS.  

 Secondary anti body (1% goat serum mixed with FITC) was added to samples and 

incubate for 2 hours at room temperature in dark conditions. For double labelling TRITC- 

conjugated Phalloidin (1:500) can be incubated simultaneously with the secondary 

antibody for 30-60 minutes at room temperature. The wells were washed with PBS.  

 Samples were incubated with DAPI stain (in dark room) for 15 min in dark room and 

followed by washing 1 time with PBS. The samples were mounted inverted onto clean 

glass microscopic slides and visualized using fluorescence microscope.  

 

2.11.4.4 Image Capture for Fluorescence  
 

Image capture for fluorescence was performed Nikon Fluorescence microscope with 

20X objective. Samples were observed under 3 different channels DAPI, FITC and TRITC 

and image acquisition was done 

2.11.4.5 Statistical analysis 

 The statistical analysis used in cell culture are as follows; Images were obtained using 

light microscopy Olympus software (Olympus, Germany), and analysis was performed using 

ImageJ 1.45 software. Other analysis was performed using Microsoft Excel and Origin 9.0. 
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All reported values of standard deviation are carried out using the Microsoft Excel function 

STDEV, which uses the n-1 function to report standard deviation. 

2.12 Secreted Protein (Secretome) 

2.12.1 Acetonitrile Precipitation- Secretome Experiment 

  Acetonitrile (ACN) precipitation is a method used to reduce high, large  abundant 

proteins and is widely used in bioanalytical laboratories for small molecule analysis.
40

 All 

samples contained  large amounts of BSA in comparison to the cell secreted proteins, so an 

ACN crash was used to remove the large protein. ACN is used to remove serum, denature 

large proteins and allow the small, low abundance proteins to bind because they have more 

chance to interact with ACN. A volume of 400 µL acetonitrile was added into each of the 

sample volumes as shown in Figure 2.17.After Speed Vac concentrating the solution, a white 

solid remained at the bottom of the 0.5 mL eppendorf tube. A volume of 50 µL of 0.1% 

trifluoroacetic acid (TFA) in distilled water was added and Ziptip technique was carried out. 

 

2.12.2 Ziptip -Secretome Experiment 

Ziptips are a commercial product used for purifying and concentrating femtomoles to 

picomoles of proteins or peptide samples for analysis. Each Ziptip is a 10 µL pipette tip with 

a 0.6 or 0.2 µL chromatography media fixed at its end. The sample is aspirated through the 

tip, with the species of interest binding to the packing. This allows washing, de-salting and 

prior to the sample being dispensed, giving rise also to a more concentrated sample.
41 

 Ziptip C4 (Millipore) was attached to a 20 µL Gilson pipette and set to dispense 10 µL 

aliquots. The following procedure was carried out for sample analysis. 

1. Equilibrate 
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 The tip was wetted with 2 cycles of 50% acetonitrile/ water, ensuring that air bubbles 

were not introduced into the Ziptip. The tip was then equilibrated ready for sample 

binding with 5 cycles of 0.1% TFA in H2O. 

2. Bind & Wash  

 Peptides were then bound to the tip (acidifies to 0.1% TFA) with 10 cycles of sample 

solution. The sample volume should be less than 100 µL. The salts that bound to the 

tops were washed off with 2 cycles of 0.1% TFA in water and dispense to waste. 

3. Elute 

 4 µL of 80% acetonitrile/water + 0.1% TFA were dispensed into a 500 µL eppendorf 

tube using a Gilson pipette tip. The cycle solvents were done at least 3 times without 

introducing air into the sample. The sample is sent for MS analysis 

(acknowledgement to Dr Sarah Hart, Keele University). 

 
 
2.13. Mass Spectrometry  

2.13.1 Liquid chromatography mass spectrometry (LC-MS) 

 Secreted protein samples were analysed by using liquid chromatography and 

electrospray ionisation mass spectroscopy (LC-ESI-MS). The instrument is an LTQ Velos 

(Thermo Fisher Scientific, Hemel Hempstead, Herts), coupled to a Dionex Ultimate3000 split 

flow system with Famous autosampler (Dionex Corporation, Crawley, Surrey). The gradient 

was a 35min linear ramp from 2%-60% B (MeCN: 0.1% formic acid), with solvent A being 

2% MeCN: 0.1% FA. the column was a 75 µm i.d. 15cm PepMap with 5µm beads, 200 Ǻ 

pore size (Dionex), and the trap column was the same packing material in a 2 mm guard. All 

solvents were from Fisher, and LC-MS grade formic acid was from Sigma. Samples (5 µL 

loading vol.) were loaded from zero dead-volume vials (Waters, Elstree, Herts) in buffer A. 

Columns were washed in 90% B for 5 min and re-equilibrated in 2% B for 15 min prior to the 
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next injection. The MS program ran from 300 or 400 m/z up to 2000 m/z in survey (MS) 

mode only.    Figure 2.18 shows the method used for secretome experiment. 

 

 

 

Figure 2.18 Schematic of method used for secreted fibroblast 

 

 

2.13.2 Matrix Assisted Laser Desorption Ionization (MALDI-
MS) 

Secreted protein samples was subject to the acetonitrile precipitation process while C4 

ziptip (C4) was used to clean up proteins was mixed in a 1:1 ratio (v/v) with α-cyano-4-

hydroxycinnamic acid (CHCA, 10 mg/mL in 0.1% TFA, 80% acetonitrile) on a stainless steel 

MALDI target plate, and analysed by a MALDI time-of-flight (TOF/TOF) instrument 

(MALDI 4800, AB Sciex, Warrington, Cheshire). MS data were acquired in a positive 

reflector mode in the mass range of 700-3,600 m/z, 800-1,000 laser shots were accumulated 

during survey scan acquisition. Close external calibration was performed using Calmix 5, a 

mixture of 5 protein standards (Bradykinin, Angiotensin, P14R, and ACTH fragment 18-39, 

Glufibrinopeptide). All spectra were externally calibrated using calibration spots. All 

chemicals were obtained from Sigma-Aldrich (Poole, Dorset). 
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2.14 Statistical Analysis  

Multivariate data analysis is used to reduce a large number of variables to a smaller 

number of factors by multivariate statistical methods. Multivariate analysis comprises a 

collection of methods that can be used to analysis datasets with more than one variable. 

Multivariate analysis is used by researchers to obtain to process information in a meaningful 

way.
47 

Multivariate statistical techniques have been applied to quantitative evaluation of 

biological and environmental sample such as the identification of source of chemical 

pollutants
48

, quality of some food products
49

 and evaluation of methods.
50

 Examples of 

multivariate statistical methods are principal component analysis, factor analysis and linear 

analysis.  

 

2.14.1 Principal Component Analysis 

 Principal component analysis (PCA) is a clustering method for identifying and 

expressing patterns in high dimension data. PCA creates “new” dimension of the data and 

evaluates a reduced number of independent factors or principal components.
51

 PCA is an 

efficient tools used to estimate effectiveness of different samples; i.e. mass spectrometry 

datasets. Data in the form of mass spectra were acquired using a software called Xcalibur and 

processed by a statistical software programme (Matlab, Eigenvector). The aim of PCA is to 

find a few components of factors that explain the major variations within the data matrix. 

Mean centering was carried out so that each variable is centred by the subtraction of its mean 

value across all the samples, in MS, it is the same as subtracting the mean spectrum of the 

data set from each sample.
51

 All spectra analyses were performed in Matlab 7.2 environment 

(The Mathworks Inc.) employing the Eigenvector toolbox 5.0.3 (Eigenvector Research, 

Wenatchee, WA). 
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2.15 Summary of Secretome Experiment 

The experimental setup of secretome experiment is shown in Figure 2.19 

 

Figure 2.19 The different stages of secretome analysis using Mass spectrometry 
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3.1 Introduction  

 Protein adsorptions have been widely studied due to its great importance in industrial 

applications especially in biotechnology and nanotechnology. The interaction of proteins on 

surfaces is vital in biochip developments
1
, biosensors

2
, medical device coatings,

 3
 fabrication 

of hybrid materials
4
 and clinical applications.

5
 Protein adsorption is a key role in 

biocompatibility since the majority of materials used in medical implants depends on the 

interaction of proteins with surfaces. However, research have been carried out in 

understanding protein adsorption on surface but many questions are unanswered in 

understanding the adsorption mechanism such as the adsorption process and protein 

conformational changes. 

 Proteins adsorb in differing quantities, densities, conformations and orientations, 

depending on the chemical and physical characteristics of the surface.
6,7 

Studies have shown 

that protein adsorption to solid surface induce structural changes that may affect the entire 

molecule. For example, structural changes may be induced in the protein by the 

physicochemical nature of the surface or the properties of the protein. Physicochemical cues 

such as surface chemistry; charge and topography of the material surface have been shown to 

affect protein adsorption and influence the biological performance of materials.
8
 Surface 

chemistry and topography are the two most studied and important factors that influence 

biological reactions.
9
 

 Surface chemistry and topography plays a vital role in protein adsorption and has 

been shown to affect amount of protein adsorbed.
10-12 

Due to the high volume of research on 

surface chemistry and topography in understanding protein adsorption on flat surfaces, the 

research focus has now moved to nano-materials. Engineered nano-materials have been 

shown to have high potential for improving the treatment and diagnosis of disease.
13-17 

 

According to Cederevall et al, when a nanomaterial enters a physiological environment, 
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proteins rapidly adsorb to its surface and form either hard or soft protein corona.
18

 Other 

research on protein adsorption on nano-materials reveals the that protein corona alter the size 

and interfacial composition of nano-materials, giving it a biological identity which is 

different from its synthetic identity.
19

 The biological identity is shown to be responsible for 

the kinetics, transport and reactivity of  nano-materials in a physiological system
20

 and  plays 

a vital role in cellular interaction.
21

 However, there is less evidence in understanding the 

relationship of nano-materials to protein adsorption, linking the size, surface chemistry and 

topography of the nano-materials. 

 Surface Chemistry and topography has been shown to affect the conformation of 

bound proteins using colloidal substrates but little is understood of the process.
22-24

 Therefore, 

it is vital to investigate and quantify the mechanisms responsible for protein adsorption from 

single protein solutions on surface chemistry and topography. Protein adsorption is also 

strongly influenced by the surface density of the functional group and their influence on the 

substrate surface.
20 

Therefore, a clear understanding of surface functionalization on protein 

adsorption needs to be reviewed which could be a potential application in biological systems. 

 In this chapter, protein adsorption from single protein solutions on functionalised 

silica nanoparticle is investigated. The protein used for the experiments were bovine serum 

albumin (BSA),a small globular protein and the most abundant plasma protein which 

transports fatty acids along with other small molecules throughout the circulatory system and 

fibrinogen (Fg), a rod-like protein involved in the coagulation cascade. 

 A large number of spectroscopic techniques are used to study protein structural 

conformational changes in solution such as circular dichroism,
25

 total internal reflectance 

fluorescence,
26 

nuclear magnetic resonance,
27 

FTIR
28

 and UV-Vis absorption.
29

 Infrared 

spectroscopy (IR) is used for this study as it is best suited to compare secondary structures for 
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proteins in solution.
30

 IR allows more thorough examination of the secondary structure of the  

bound protein.
28,30 

 Protein adsorptions on colloid particles are important for biomedical uses such as in 

drug delivery. High numbers of studies have shown that nanoparticle can pass through the 

cell membranes in organism for drug delivery,
31-33

 but nanoparticle interactions with complex 

biological systems are still not fully understood.
34-36

 Silica nanoparticles having diameters in 

the range 11-215 nm have been synthesised and chemically modified to give four different 

functional groups (-OH, -NH2, -COOH and -CH3) which can be used to understand the 

driving forces of protein-surface interaction and the effect of particle surface charge and 

wettability . Infrared spectroscopy was used to assess the conformational and orientational 

aspects of proteins bound to a range of surfaces presenting contrasting surface chemistry and 

curvature. The bicinhoninic acid assay (BCA) was used for this study due to its stability 

under alkali conditions and its sensitivity for protein quantification. 

Despite the high number of literature on protein adsorption onto nano-material 

surfaces, there are questions that need to be address such as how proteim interacts with 

surface and design of nanoscale surface and proteins to achieve its functionality. This chapter 

will investigate protein adsorption on functionalised silica nanoparticles which will provide 

information about protein interaction with nanoparticles, effect of surface chemistry and 

curvature on protein adsorbed, protein conformational changes that occurs on each 

functionalised silica nanoparticle. 
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3.2 Materials and Methods  

3.2.1 Preparation of Silica Spheres 

 The Stöber process
37 

was used to prepare mono-disperse silica spheres of varying 

sizes. The preparation of mono-disperse silica particles was carried out by the hydrolysis and 

condensation of TEOS in a mixture of water and ammonia which is used as a catalyst. The 

preparation and characterisation of silica sphere is discussed in chapter Two. 

 

3.2.2 Preparation of Functionalised Silica Spheres 

 Chemically defined silica particles were prepared using silane (SAMs). The 

preparation and characterisations are explained in material and methods chapter, as described 

in Chapter Two. 

 

3.2.3 Protein Adsorption from Single Protein Solution 

The behaviour of proteins at the phase boundaries has become a major area of 

research due to its importance for the biocompatibility of medical implants. The adsorption of 

proteins on silica particles of modified surfaces was investigated. Albumin from bovine 

serum (Sigma, A2153) and Fibrinogen (Enzyme research Swansea, 3580AL) were dissolved 

in phosphate buffered saline (PBS, pH=7.0) at a concentration of 1 mg/mL and a serial 

dilution of 9-900 µg/mL respectively. The serial dilution calculation is in section 3.3.5. Fg 

and BSA were used because of their broad range in size. 

 Protein solutions were successfully diluted in 10 mL vials, 900 µL of each diluted 

proteins (BSA and Fg) was dispensed into a clean eppendorf tube. A volume of 100 µL of 

functionalised silica particles was added into the eppendorf containing the protein samples 

while 100 µL of PBS was added to a separate eppendorf as a control. Microstirrer bars were 
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placed inside the eppendorf tubes (particles + protein, PBS + Protein); stirred for 1 hour. The 

stirrer bars were removed and left for one hour. The eppendorf tubes were centrifuged using a 

micro centrifuge, 15k rpm for a few minutes. Proteins absorbed by the particles were 

measured using FTIR while 50 µL of the samples were pipetted into 96 well plates with 150 

µL of assay to measure the protein adsorbed. 

3.2.4 Bicinhoninic Acid Assay (BCA) Protein Quantification 

 BCA assay was used to calculate the protein concentration of the sample. BCA 

Protein assay reagent kit was obtained from Pierce (#23227) and contains the following 

reagent. BCA reagent A, 500 mL of reagent containing sodium carbonate, sodium 

bicarbonate, bicinchoninic acid and sodium tartrate in 0.1 M sodium hydroxide while 

Reagent B, 25 mL, contains  4% cupric sulphate. 50 parts of  BCA reagents A was mixed 

with 1 part of BCA reagent B to form BCA solution.(ratio 50:1) Proteins standard was 

prepared by diluting 1 mg/mL of BSA stock standard with a phosphate buffer saline (PBS) 

and 50 µL were pipetted into 96 well-plates. A volume of 200 µL of the working reagents 

were added to the protein solution, the solution was mixed with a plate shaked for 30 

seconds. The well-plate was incubated at 37
o
C for 30 minutes. After incubation, the plate was 

allowed to cool at room temperature and the absorbance measured at 562 nm on a plate 

reader (BioRad, Herts, UK). The concentration of the sample was calculated by plotting a 

standard curve, Section 2.7 

 

3.2.5 Adsorption Isotherms 

 The experiment was conducted at room temperature. BSA (1 mg/mL) and Fg              

(1 mg/ml) were prepared using phosphate buffered saline (PBS). Dried silica spheres were 

sonicated in PBS to form homogenous dispersions prior to the addition of proteins for a 

certain period of time. With continuous stirring, the silica suspension was added to each 
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protein solution to give a substrate surface area per solutions of 1 m
2
/mL. Solutions were 

stirred for one hour and left for a further 2 hours to minimise shearing effects that might 

occur due to stirring. Solutions were centrifuged after two hours to induce sedimentation of 

the silica. A blank with protein only was carried out to rule out the possibility of protein 

sedimentation. The residual protein concentration in solution was determined using a Synergy 

2 Multimode-microplate reader (Biotek) UV-Vis spectrometer using 96 well plates, 

measuring absorbance at 562 nm. Calibration was carried out using a series of protein 

solutions of known concentration. The experiments were performed in triplicate. The amount 

of protein adsorbed was calculated using the equation;  

/)/)(( bcyx

cbxy




 

Where x is the amount of protein adsorbed per m
2
, c is the intercept; y is the protein 

concentration in µg/mL while the area is the available surface area in 1 m
2
. 

 

 Kinetic adsorption of proteins was calculated using the Langmuir adsorption  

isotherm. Data is fitted to the isotherm where the binding constant ‘K’ and saturation value 

for the amount adsorbed can be estimated ‘K’ relates to the affinity of the adsorbent using 

OriginPro 9.0 software. Each exposure concentration and substrate combination was repeated 

three times and the data are presented as the mean ± standard deviation. 

 

3.2.6 Statistical Analysis  

 Results were represented as mean ± SD using Microsoft Excel 2007 software and 

Origin Pro 9.0. The standard deviations are given as error bars. 

 

Available surface area 
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3.2.7 Summary  

 A brief summary of the experiments carried out in understanding protein adsorption 

from single protein solutions is shown below in Figure 3.1 

 

 

Figure 3.1 A detailed description of protein adsorption from single protein solution 

 

 

 

 
 

Protein Adsorption of  BSA and Fg  

Protein conformation via IR   Protein adsorbed via BCA  Assay 

Functionalised Silica Nanoparticles via Silanization 

Water contact angle, XPS and Infrared spectroscopy (IR) 

Silica Nanoparticles 

Dynamics  Light Scattering (DLS), WCA and SEM  
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3.3 Results  

3.3.1 Surface Characterisation  

 The Stöber process is prepared through the hydrolysis and condensation of alkyl 

silicates under alkaline conditions in alcoholic solutions. Many researchers have conducted 

their experiments using the Stöber process such as Wang et al, produced silica particles 

ranging from 20 nm to 880 nm with TEOS of 0.05-0.67M
40

 and Chen et al. prepared 73–

300 nm sized particles with TEOS of 0.068-0.22M.
41

 

 Each sample batch was analysed by dynamic light scattering (DLS) to assess the 

average particle size. DLS measurements were performed after silica formation. Particles 

having diameters in the range 11-215 nm were used. Samples were freeze dried to minimise 

aggregation and phosphate buffer was added to the curvette for measurement. Dynamic light 

scattering was used to measure the diameter of the silica particles as described in Section 2.5. 

Readings were taken thrice for each particle at a temperature of 25
o
C as shown in Figure 3.2. 

Data obtained from dynamic light scattering (DLS) surface area measurements are 

summarised in Figure 3.2. 

 

 

 

 

 

 

 

Figure 3.2 (a) DLS size distribution of Silica sphere nanoparticles taken at 25
o
C, (i) 215 nm 

(ii) 64 nm (b) Silica Spheres diameters. Data shown are the mean ± SD of three replicate 

samples 

(a) 

(b) (i) 215 nm 

(ii) 64 nm 



97 
 

3.3.2 Functionalised Silica Particles Characterisation  

 The functionalization of silica particle was used to activate the surface properties of 

particles to fit its application. Properties of silica include chemical inertness, ease of 

production, adjustable surface chemistry and unique porous architecture.
43   

Functionalised 

silica particle used in this experiment were prepared using self-assembled monolayer 

formation of silane with different functional group as described in Section 2.1.3; Surface 

wettability was investigated to assess hydrophobicity as explained in Section 2.2. Water 

contact angle measurements were carried out for terminated surfaces respectively, Figure 3.3. 

The result correlates with results from other researchers.
43-45

 

 

 

 

Figure 3.3 Water contact angles on (a) hydrophobic (-CH3) and (b) hydrophilic (-OH) silica 

nanoparticle. 

 

 Contact angle measurements reveal the variation of solid-surface chemical 

composition. The ability of a water droplet to spread over a surface was used to assess the 

wettability of the nanoparticles.
46 

The contact angle between the solid-liquid and the liquid-

air interface depends on the relative interfacial energies of the surface and the liquid. Water 

contact angles shown in Figure 3.3 inserts demonstrate the difference in wettability observed 

for the treated substrates. The water droplet rested on the silica spheres showing that they 

were hydrophobic, in contrast to the hydrophilic samples onto which the water droplet rapidly 

spread over the surface and entered the space between the spheres.  

 

(a) 
(b) 

Water droplet on surface Drop imbibed into particle bulk  
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3.3.3 Infrared Absorption Features and Chemical Function 

 The surface chemistry of functionalised silica particles was investigated by ATR-IR. 

Analysis by IR showed that after silanization, terminal ethoxy groups were still present on the 

silica spheres, Figure 3.4. ATR-IR spectra of modified silica terminal groups shows the 

wavenumber range from  950 to 1250 cm
-1

, as it includes Si-O-Si vibrational modes which is 

in agreement with other researcher.
47-49 

 

 

 

 

 

 

 

(a) 
(b) 
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(iv) 
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R 

OH 

Si Si 
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Figure 3.4(a) Functionalised Silica on a coverslip (b) ATR-IR spectrum of functionalised 

silica nanoparticle focusing on the wavenumber 2700-3200 cm
-1

. Peaks on carboxylic, amine, 

methyl and hydroxyl surfaces were focused upon as shown in (i)-(iv) 

 

The main characteristic peaks observed are  shown in Figure 3.4 from 3200-2700 cm
-1 

   

(A) The band appeared at 3000 -2850 cm
−1 

correspond s to the stretching of C-H from dative 

linking chain (CH2, CH3) while (B) carboxylic acid, O-H stretch correspond to 2890-

3000cm
1
, (C) amine N-H stretch appeared at 3500 -3300 cm

-1
 (medium) (D) hydroxyl O-H 

stretch band correspond to 3300-2500 cm
-1

. 
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3.3.4 X-ray Photoelectron Spectroscopy (XPS) 
 XPS was used to investigate the chemistries of functionalised silica spheres. The 

results are shown in Figure 3.5. The result shows the presence of carbon, nitrogen and oxygen 

atoms with XPS of C1s (285 eV), N1s (400 eV) and O1s (532 eV). 

 

 

Figure 3.5 XPS spectra of functionalised silica spheres (-OH, -NH2, -CH3 and -COOH) of (a) 

C1s spectra (b) N1s and (c) O1s scan. The peaks at C1s are at ~284.8 eV (b) N1s binding 

energy is at ~400 eV while there are some contamination on N1s in CH3 and OH [largely 

NO3
-
 rather than NH]  (c) O1s binding energy is at ~532.9 eV while NH2 binding  energy is at 

536 eV. 

(a) (b) (c) 
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3.3.5 Protein Serial Dilution 

 The working concentration of BSA (1 mg/mL) and Fg (1 mg/mL) stock were 

prepared as shown in Table 3.1. The serial dilutions were carried out to reduce error as shown 

in Figure 3.6 by preparation of stock and taking aliquots from each stock.. Sample 1 contains 

PBS only (control) while stock 1 has the highest protein concentration. 

Table 3.1 Working Protein Concentration of BSA and Fg 
  

  Sample 

Volume of 

sol. used/ mL 

Volume PBS/ 

mL 

Working Protein 

Conc. mg/mL 

Final Protein 

Conc. µg/mL 

  

  1 0 2.50 0 0 Protein Stock =1mg/mL 

 Stock 
1 2 7.5 0 1000.00 900.00 

  
  3 4.5 3 600.00 540.00 

  
  4 2.25 5.25 300.00 270.00 

  Stock 
2 5 1.6 14.5 99.38 89.44 

 
 

 
  6 4.5 3 59.63 53.67 

  
  7 2.25 5.25 29.81 26.83 

  Stock 
3 8 1.6 14.5 9.88 8.89 

   

 

 

 

Figure 3.6 Serial dilutions of BSA and Fg concentration with less error  

 

 

 

   Stock 
2 

  Stock 
1 

 Stock 
3 
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3.3.6 Bicinhoninic Acid Assay (BCA) 

 Bicinhoninic Acid assay protein quantification kit (Sigma Aldrich, BCA) is one of the 

most accurate measurements of protein concentration in the range 200-1,000 µg/mL 

Bicinhoninic Acid Assay has less variation between different proteins than the Bradford 

assay. BCA assay builds a complex with peptide bonds and the reduction of Cu
2+

 ions to Cu
+
 

by protein. The amount of reduced copper is proportional to the number of peptide bonds and 

thus to the number of protein molecules in the sample. The occurring complex has a strong 

optical absorption at 562 nm and the absorbance correlates directly with the number of 

protein molecules in the sample.
50

 BCA assay is sensitive compared to other assays and 

display less interference. The results of BCA assay on BSA and Fg are shown in Chapter two. 

 

 

3.3.7 Adsorption Isotherms 
According to Lundstrom et al,

 51
 adsorption isotherms often shows a step at low 

protein concentration, followed  by an increase in adsorption as the concentration increases. 

Fibrinogen and albumin were used as model proteins due to their high abundance in plasma, 

different size, shape and variation which make the investigation applicable to biomaterial 

evaluation. The protein adsorption method is explained in Section 2.10. The adsorption 

isotherms of BSA on functionalised silica spheres is shown in Figures 3.7-3.8 showing the 

data presented in terms of particle chemistry and size respectively, Figure 3.9-3.10 shows 

similarly the adsorption profiles for  Fibrinogen. 

 

BSA 
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3.3.7.1 Bovine Serum Albumin -Surface Chemistry  

 BSA is used in protein-nanoparticle experiments due to its high abundance. 

Adsorption profile of BSA at different concentration on functionalised silica nanoparticle 

based on physicochemical cues (chemistry and topography) is shown in Figure 3.7. 

 

 

Figure 3.7 Adsorption isotherms of BSA on functionalised silica nanoparticle (a) methyl 

terminal group (CH3) with different diameters of 11-215 nm (b) hydroxyl terminal group 

(OH) (c) amine terminal group (NH2) and (d) carboxyl terminal group (COOH). Data shown 

are the mean ± SD of three replicate samples 
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 Figure 3.7 (a) to (d), reveals that BSA adsorption increase as concentration increases 

for all surface chemistry and most do not display saturation. There is variation in the amount 

of protein adsorbed for all particle sizes of tested reflecting difference in surface chemistry.  

The adsorption of BSA on methyl surface (a) shows that 64 nm particles have the 

highest level of protein adsorbed as the protein concentration increases while 215 nm shows 

the lowest across all sizes. The spread of the variance of protein adsorbed increases as the 

protein concentration as illustrated;   64> 105 >11 > 215 nm. 

The hydroxyl terminated surface (b) shows that 64 nm particle have the highest 

amount of protein adsorbed compared to other sizes while the lowest amount of BSA 

adsorbed is for 105 nm particle. Less spread of variance was observed at lower protein 

concentration while an increase in spread variance is observed from 540 µg/mL to 900 

µg/mL. BSA adsorption on hydroxyl surface is illustrated from the highest to the lowest; 

64>11 >215 >105 nm. 

The amine terminated surface (c) shows 215 nm particles have the highest protein 

adsorbed while 64nm particles have the lowest level of adsorption. There is less spread 

variance observed on amine surface compared to other surfaces from lower protein 

concentration to the highest protein concentration which is illustrate; 215 >105 >64.0>11 nm. 

The carboxylic terminated surface (d) shows wide spread variation compared to other 

surfaces. The massive variation makes the results inconsistent. A saturation level can be 

observed and two outliers (circled in red) can be seen which fit the trends on 11 nm particles. 

The outlier may be caused by the high tendency for aggregation due to the particle size. The 

highest level of adsorption is 64 nm while the lowest adsorption is 11 nm from the highest 

protein concentration.  

(C) 
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Comparison of each surface chemistry shows the highest BSA adsorbed on OH is 

9450 µg/m
2
, NH2 is 9500 µg/m

2
, CH3 is approximately 8600µg/m

2
 and the lowest amount 

adsorbed is COOH at 6033 µg/m
2
. 

3.3.7.2 Bovine Serum Albumin-Particle Size  

The data used in section 3.3.7.1 is replotted to show relative variation of adsorption with 

respect to particle size differences. 

 

Figure 3.8 Adsorption isotherm of BSA on surface curvature (a) silane diameter size of       

(a) 11 (b) 64 (c) 105 and (d) 215 nm. Data shown are the mean ± SD of three replicate 

samples. Error bars correspond to parameters standard deviations 
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The effect of particle size on BSA adsorption is shown in Figure 3.8.NH2 has the 

highest amount of adsorption except at 64 nm particle where OH has the highest protein 

adsorbed. COOH have the least BSA adsorption from 11-214 nm. 

 Figure 3.8 (a) shows BSA adsorption on 11 nm nanoparticle. Saturation level is 

observed on COOH from 540 to 900 µg/mL. Despite the experiment being repeated three 

times, the same result is still obtained. Two outliers (circled in red) were observed which 

correlate to the result on COOH Figure 3.7 (d) where a separation variance between NH2 and 

COOH at 11 nm was observed. Aside the two outlier on COOH, as the protein concentration 

increases, the amount of protein adsorbed on CH3, NH2 and OH increases steadily from lower 

to higher protein concentration. NH2 surface have the highest protein adsorbed of 7824 µg/m
2 

at 900 µg/mL 

 Figure 3.8 (b) shows BSA adsorption on 64 nm particle. OH has the highest BSA 

adsorption of 8587 µg/m
2 

at highest protein concentration of 900 µg/mL while COOH have 

the lowest level of adsorption as the protein concentration increases. There is less spread of 

variance as the concentration increases while high spread is seen at the highest protein 

concentration, with no saturation level observed on surface chemistry.  

 Figure 3.8 (c) shows on 105 nm particle, there is less spread variance as the 

concentration increases. NH2 has the highest BSA adsorption of 8185 µg/m
2  

at 
 
900 µg/mL. 

Saturation level is not observed as compared to Figure 3.8 (a).  

A consistent spread separation is observed on 215 nm particle at 540-900 µg/mL, as 

shown in Figure 3.8 (d). NH2 still maintain the highest level of adsorption while COOH and 

CH3 have the lowest BSA adsorption as the protein concentration increases 

 Comparison of particle size shows 215 nm have the highest protein adsorbed of 9479 µg/m
2
 

while 11 nm have the lowest protein adsorbed of 7824 µg/m
2
 at 900 µg/mL. 
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3.3.7.3 Fibrinogen (Fg) -Surface Chemistry  

Adsorption profiles  for  Fg on functionalised silica nanoparticles are shown in Figure 3.10 

 

Figure 3.9 Adsorption isotherm of Fg on surface chemistry (a) OH (b) CH3 (c) NH2 (d) 

COOH. Data shown are the mean ± SD of three replicate samples. Error bars correspond to 

parameters standard deviation 
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Fg adsorption increases as the concentration of Fg increases for all surface chemistry 

and there is no saturation observed on any surface. There is variation in amount of protein 

adsorbed for all particle size tested due to differences in surface chemistry.  

Fg adsorption on hydroxyl surface, Figure 3.9 (a) shows that 64 nm particles have the 

highest amount of protein adsorbed compared to other sizes while the lowest amount of 

protein adsorbed is for 11 nm particles. Less spread variance was observed at lower protein 

concentration while an increase in spread variance is observed as the protein concentration 

increases,  900 µg/mL. Fg adsorption on hydroxyl surface is illustrated from the highest to 

the lowest; 64>105 >215 >11 nm. 

Methyl surface in Figure 3.9 (b) shows that the 11 nm particles have the highest level 

of protein adsorbed as the protein concentration increases while the 64 nm particles shows the 

lowest adsorption level. The 11 nm particles show a consistent increase as the protein 

concentration increases from the lowest to the highest. The spread of the variance of protein 

adsorbed increases as the protein concentration as illustrated; 11 > 105 >215 > 64 nm. 

The amine terminated surface in Figure 3.9 (c) shows the 11 nm particles have the 

highest protein adsorbed while 215 nm particles have the lowest level of adsorption. There is 

less spread variance observed  initially, as the protein concentration increases, there is spread 

variance at 270 and 540 µg/mL but as the concentration reaches the highest, 900 µg/mL,  

there is less spread variance compared to on amine surface compared to other surfaces. The 

protein adsorption is shown below; 11 >105 >64 >215 nm. 

The carboxylic surface as shown in Figure 3.8 (d) shows massive variation compared 

to other surfaces as the protein concentration increases. A few outliers (circled in red) can be 

observed on 11, 64 and 105 nm which may be due to aggregate and makes the results 

inconsistent. The highest level of adsorption is 11 nm while the lowest adsorption is 105 nm 

from the highest protein concentration. Comparison of each surface chemistry shows the 
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highest amount adsorbed on OH is 15340 µg/m
2
, COOH at 12040 µg/m

2
, CH3 is 

approximately 11400 µg/m
2
, and the lowest amount adsorbed is NH2  is 7940 µg/m

2
. 

Hydrophilic surface (OH) has the highest Fg adsorption while positively charge (NH2) have 

the lowest Fg adsorption. 

3.3.7.4 Fibrinogen-Influence of Particle Size 

 The data used in fibrinogen-surface chemistry is replotted to show the relative 

variation of adsorption with respect to particle size differences as shown in Figure 3.10 

Figure 3.10 Fg adsorption isotherm on surface curvature (a) 11 nm (b) 64.0nm (c) 105 nm 

(d) 215 nm. Data shown are the mean ± SD of three replicate samples. Error bars correspond 

to parameters standard deviations 
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 Fg adsorption on particle size increases as the protein concentration increases for 

particle sizes. The smaller the size of the silica particles, the higher the amount of protein 

adsorbed. i.e. 215 nm particle adsorbed at 9753 µg/m
2
 while 64 nm particles adsorbed at 

15,338 µg/m
2
. This may be due to the molecular size of the protein although as the protein 

concentration increases, protein adsorbed increases.  

The adsorption of Fg on 11 nm particle, Figure 3.10 (a) reveals COOH display the 

highest level of adsorption with less spread variation observed. The highest protein adsorbed 

at highest protein concentration of 900 µg/mL is at 11,427 µg/m
2
 while NH2 is the lowest 

protein adsorbed is 8102 µg/m
2 

at highest protein concentration.   

 Spread variation is observed on 64 nm particle, Figure 3.10 (b) with two outliers 

(circled in red) which fits outside the trends. An increase from lower protein concentration to 

highest protein concentration is observed on 11-215 nm particles. Hydroxyl surface (-OH) 

have the  highest  Fg adsorption at 900 µg/mL while NH2 have the lowest Fg adsorption. 

 The Fg adsorption on 105 nm as display in Figure 3.10 (c) shows as the protein 

concentration increases, protein adsorbed increases. Few outliers are observed (circled in red) 

on COOH surface. The highest protein adsorbed at 900 µg/mL is at 11, 604 µg/m
2 

on OH 

surface while COOH surface have the lowest protein adsorption. 

 Figure 3.10 (d) shows Fg adsorption on 215 nm, as the concentration increases, the 

amount of protein adsorbed increases. OH have highest Fg adsorption on concentration of  

900 µg/mL at  9753 µg/m
2
  while NH2 have the lowest protein adsorbed at highest protein 

concentration of 900 µg/mL. The 64 nm have the highest Fg adsorption at 15 000 µg/m
2
 

while 215 nm have the lowest Fg adsorption on silica functionalised surface. 
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3.3.8 Affinity Constant and Saturation Amount  

 The Langmuir adsorption Isotherm describes the adsorption equilibrium between 

solutes and solid surfaces having n binding sites.
52

 The Langmuir Isotherm is an equilibrium 

binding model which has been applied to several experimental studies of protein adsorption 

onto silica nanoparticles and polymer brushes.
53-55 

The Langmuir isotherm relates the 

adsorption sites on silica functionalised nanoparticle containing bound proteins, θ, to the 

binding constant, Kd  which is given by this Equation 3.1 and Figure 3.11 
 

 

 
CK

CK

Q

Q

d

d

m 


1
  Equation 3.1 

 

The Langmuir model describes the relationship between the adsorbate surface concentration 

‘Q’ and the concentration in the phase adjacent to the surface ‘C’, ‘Qm’ is the maximum 

adsorbate binding capacity and ‘Kd’ is a binding affinity constant.  

 

Figure 3.11: Curve fitting of BSA on particle size 64 nm of methyl (CH3) functional group. 

Solid line represents the fit of Langmuir model. R
2
= 0.9987; n=1; Kd = 1.74 μgm

2
; Qm = 2.3 

μgm
2
. 
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Hill equation,
56-58 

was used to calculate the binding affinity of protein on each surface 

chemistry and curvature using the equation in Equation 3.2. OriginPro 9.0 was used to 

calculate the saturation amount (Qm) and affinity constant (Kd) of protein adsorbed on each 

surface chemistry and curvature. The Hill coefficient, was fixed, n=1. The affinity constant 

(kd) and saturation value (Qm) was calculated for each of the data sets shown in 

Figures 3.7-3.10 to give the following data presented in Figure 3.12. 

nn

d

n

m
xk

x
Qy


                  Equation 3.2  

The affinity constant of BSA and Fg is shown in Figure 3.11 to understand the effect of 

surface chemistry and curvature on nanoparticles. 

 

 

Figure 3.12 Summary of measured affinity constant, Kd, for BSA and Fg presented in terms 

of surface chemistry comparison (a) BSA (b) Fg and surface curvature comparison (c) BSA 

and (d) Fg 

(C) 
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 The affinity constant (kd) describes the strength of the interaction between protein and 

the nanoparticle surface as shown in Figure 3.12 (a) and (b) shows the plot of surface 

chemistry vs affinity constant of varying sizes while (c) and (d) shows the affinity constant vs 

particle diameter using BSA and Fg on varying surface chemistries.  

 The affinity constant value of BSA and Fg in Figure 3.12 (a) and (b) shows that the 

binding constant value varies from the smallest to the largest sphere. The affinity constant of 

BSA on different surface chemistry shows a steady decrease as reported on the particle 

diameter effect in Figure 3.12 (a). The hydroxyl surface (OH) has the highest affinity 

constant on 11 nm particles while amine surface (NH2) have the highest affinity constant 

value in Figure 3.12 (b). Although, as the particle size decreases, the binding affinity should 

increase, but BSA and Fg results is different and does not correspond to the general rule 

based on the effect of surface chemistry. 

 The affinity constant of BSA and Fg in terms of particle diameter is replotted using 

the data plot in Figure 3.12 (a) and (b). The 11 nm displays the highest affinity on CH3 

surface while 11nm and 215 nm particles have the highest affinity constant on OH surface 

and 64 nm particles have the highest affinity on NH2 and COOH surface. The result of Fg in 

Figure 3.12 (d) shows lower affinity constant, i.e. majority of the surface site were saturated 

quickly. 64 nm on NH2 surface have the highest affinity constant.  
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Figure 3.13 Summary of measured saturation amount (Qmax) for BSA and Fg on surface 

chemistry and particle diameter of saturation amount on (a) BSA- particle diameter, (b) Fg-

particle diameter, (c) BSA-surface chemistry and (d) Fg-surface chemistry 
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 The saturation amount shows the maximum capacity the protein had occupied on each 

functional groups and particle size. Figure 3.13 (a) shows the saturation amount of BSA on 

particle size. The highest saturation amount of BSA can be seen in 11 nm of (NH2) while 

smallest saturation amount on OH surface is 105 nm particles. There is a steady increase in 

saturation amount of CH3 surface on BSA as the particle size increases. 

 The saturation amount of BSA and Fg differs as seen on Figure 3.13 (a) and (b). BSA 

saturation amount in terms of surface chemistry shows NH2 and COOH have the highest 

saturation amount per unit area while 11 nm and 64 nm have the highest saturation amount in 

terms of surface curvature. The saturation amount of BSA on NH2 reduced from the lowest 

particle diameter of 11 nm to 215 nm. Fg increases from 11 nm to 105 nm on hydrophilic 

surface (-OH) while a steady decrease from 11 nm to 215 nm on hydrophobic surface CH3 is 

observed. 

 Saturation amount of BSA and Fg in Figure 3.13 (c) and (d) shows BSA on NH2 

surface have the highest saturation amount at 11 nm particles and decrease as the particle size 

increases. Fg on OH surface have the highest saturation amount compared to other surface 

chemistry for the particle size of 11-215 nm. This may be due to feature of OH surface i.e. 

hydrophilic in nature while CH3 and COOH shows a rapid decrease in saturation amount 

from the lowest particle diameter to the highest particle diameter, this is due to the wettability 

and the size of the surfaces. Different variations were observed on saturation amount of BSA 

and Fg on nanoparticle physicochemical cues (surface chemistry and curvature) which is 

similar to reports published by other researcher.
68                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
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3.3.9 Analysis of Amide I band position for investigation of 
secondary structure  

The conformation changes of proteins adsorbed on surfaces modified with hydrophilic 

(OH) groups were assessed using software known as GRAMS/A1. The amide I region of 

approximately (1600-1750 cm
-1

) were focused upon which is due to it's C=O stretching 

vibration. The amide I region shows a varying secondary structure of alpha helices, beta sheet 

, beta turn and random coil which gives to different vibrational frequencies as shown below 

in Figure 3.14 ;  

 

Figure 3.14 Results of FTIR analysis on the Amide I band for bovine serum albumin (BSA) on 

hydroxyl surface (OH) of particle size of 215 nm at protein concentration of 900 μg/mL. 

The dataset were obtained from dataset which was used to analyse the secondary 

protein structure in terms of alpha, beta sheet, beta turn or random coil. The secondary 

structure of protein on different surface chemistries using BSA is shown in Figure 3.15, CH3 

and OH surface were only displayed while COOH and NH2 are in Appendix A. Secondary 

structure equals 100, i.e at 900 mg/mL on 11nm, α-helix is 22.2%, β sheet is 30.8%, β turn is 

33.3% while random coil is 13.7% all add up to 100%. 

β-Sheet  

Random coil 

β-turn  

α-helix 
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(I)  Bovine Serum Albumin (CH3)  

 

Figure 3.15 Conformation assessment of BSA on methyl surface (-CH3) of curvature  11-215 

nm  (a) α- helix, (b) β-sheet (c) β- turn and (d) random coil .A blank chart illustrate a weak 

FTIR signal therefore a noisy spectra with low confidence in the fitting. Data shown are the 

mean ± SD of three replicate samples.  

 

 The result in Figure 3.15 shows the effect of protein conformation on surface 

chemistry and curvature. The percentage of α-helix, β sheet, β turn and random coil on 

surface chemistry is represented on the bar chart.  

 Figure 3.15 (a) shows the percentage of secondary structure of  α-helix  vs protein 

concentration of BSA on methyl surface (CH3) on particle size of 11-215 nm. Decrease in 

α-helix as protein concentration decreases from 900 and 270 mg/mL at 11 nm particle size  
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while an increase can be observed from 270 to 54 mg/mL. At 105 nm is observed to have the 

highest   α-helix at 540 mg/L although there is high presence of alpha helix on 64 nm. 

 Figure 3.15 (b) shows the result for the percentage of β sheet result on methyl 

surfaces (CH3) on different protein structure and particle diameter. Higher percentage of β 

sheet from higher protein concentration to lower concentration is observed. The 11 nm 

particle shows a lower presence of β sheet at 270 mg/mL while 64 nm have the highest 

percentage of  β sheet on 11-215 nm. 

  At higher protein concentration of 900 mg/mL, 11 nm particle display an increase  of  

beta turn until 270 mg/mL when decrease was observed from 27 mg/mL. The overall highest 

percentage structure of beta turn of 60 % is observed on 54 mg/mL at 215 nm particle in 

Figure 3.15 (c) 

 Figure 3.15 (d) display 11 nm particle have the highest percentage of random coil at 

270 mg/mL. The percentage of secondary structure of BSA on hydrophobic surface (CH3) 

shows a lower percentage of α-helix and random coil is observed while β sheet and β turn 

have the highest percentage structure, this result is not surprising since albumin is known to 

have a lower helical content when on hydrophobic surface.
65 
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(II) Bovine Albumin Serum (OH) 

The percentage secondary structure change of BSA on  hydroxyl surface (OH) at different 

nanocurvature  is shown in Figure 3.16 

 
 

Figure 3.16 Conformation assessment of BSA on hydroxyl surface (OH) of curvature   11-

215 nm (a) α- helix, (b) β-sheet (c) β- turn and (d) random coil. Data shown are the mean ± 

SD of three replicate samples, n=3. 

 

 

 The conformation change on hydroxyl surface (OH) has a well organized structure 

from the β turn to the random coil as shown in Figure 3.16. There is less presence of   α-helix 

structure on OH surface as shown in Figure 3.16 (a).  The percentage of α-helix  on 11 nm 

particle shows a decrease from the lowest protein concentration to highest protein 

concentration, i.e. 54 to 900 mg/mL. No major change was observed on the largest particles 
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from high BSA concentration to low BSA concentrations. The 105 nm particles have the 

highest BSA adsorption at 540 mg/mL. 

 High presence of β-sheet is observed on curvature of 11-215 nm on OH. The 

percentage of secondary structure is high in β-sheet results across all particle diameters. 

There is a major decrease observed on 64 and 105 nm from lower protein concentration to 

highest protein concentration as seen in Figure 3.16 (b). The 105 nm particles displays the 

highest BSA adsorption at 540 mg/mL. 

 There is no consistent result observed on Figure 3.16 (c) from the lower protein 

concentration to higher protein concentration on β-turn on hydroxyl surface. At 11 nm on 54 

mg/mL, 32% of β-turn is achieved while the larger spheres of 105 nm have 28% of β-Turn. 

The highest protein concentration shows an opposite result of higher percentage of β-Turn on 

215 nm compared to 11 nm particles. The trend observed on CH3 (hydrophobic) and OH 

(hydrophilic) surface is different. BSA adsorbed more on the hydrophilic surface compared to 

the hydrophobic surface with an increase rate observed in beta sheet on all particle sizes. 

 BSA adsorbed more on larger spheres of 105 nm particles with a high percentage 

secondary structure of β-turn and random coil across the protein concentration while the 

smallest sphere of 11 nm particles displays the lowest percentage structure of approximately 

30 %  on  β-Turn and random coil. As the concentration increases, there is an increase of 

random coil on 64 nm particles as shown in Figure 3.16 (d). 

  

 

 

 



121 
 

Conformation assessment of Fg on functionalized silica nanoparticle is shown in Figure 3.17. 

The result of CH3 and OH surface is discussed in this chapter while COOH and NH2 surface 

results can be found in Appendix 2. 

(III) Fibrinogen (CH3)  

 

 

Figure 3.17 Conformation assessment of Fg on methyl surface (CH3) of 11-215 nm            

(a) α- helix, (b) β-sheet (c) β- turn and (d) random coil. Data shown are the mean ± SD of 

three replicate samples, n=3. 

 

 

 The presence of α-helix structure is lower compared to other secondary structures as 

shown in Figure 3.17 (a). The percentage of secondary structure of α-helix on 64 nm is 

approximately 30% on Fg concentration of 270 mg/mL; 215 nm display the highest 
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percentage (35%) of alpha helix at 540 mg/ml while 11 nm display the lowest presence of α-

helix on majority of the Fg concentration. 

 There are more presence of β-sheet data on Figure 3.17 (b) from 11 -215 nm particles. 

The percentage of β-sheet is high on 64 and 105 nm particles compared to 11 nm particles at 

protein concentration of 900 mg/mL. At lower Fg concentration (54 mg/mL), the percentage 

of β sheet is lower on all particle sizes while at higher Fg concentration, there is high 

presence of β sheet on particle sizes. 

 There are variations in β-turn results as Fg concentration increases. 215 nm particles 

have the highest percentage of β- turn at 89 mg/mL, 11 nm have the highest percentage of β-

turn at 540-900 mg/mL. 105 nm particle on methyl surface (CH3) decreases steadily on Fg 

concentration of 89 to 270 mg/mL. Rapid decrease of β-turn on 215 nm is observed from 89-

900 mg/mL as shown in Figure 3.17 (c). 

 Less presence of random coil is observed at higher protein concentration of                

270 to 900 mg/mL as seen in Figure 3.17 (d). As the Fg concentration increases, the 

percentage of random coil decreases rapidly from 89-900 mg/mL. The 64 nm have the 

highest presence of random coil at Fg concentration of 270 mg/mL. 
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The conformation assessment of Fg on hydroxyl (OH) is shown below in Figure 3.18, the 

percentage of alpha helix, beta sheet, turn and random coil on each curvature. 

(IV) Fibrinogen (OH) 

 

 
Figure 3.18 Conformation assessment of Fg on hydroxyl surface (OH) of 11-215 nm  (a) α- 

helix, (b) β-sheet (c) β- turn and (d) random coil. Data shown are the mean ± SD of three 

replicate samples, n=3 

 

 Secondary protein structure of Fg on OH surface is shown in Figure 3.18. The 

conformation change on hydroxyl (OH) surface is more disordered compared to the methyl 

(CH3) surface.  
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 The percentage of alpha helix on Figure 3.18 (a) shows high percentage  on 64 nm 

and 215 nm only at lower protein concentration. The 64 nm particles at lower Fg 

concentration of 54 mg/mL have the highest percentage of α-helix at 43.8 % compared to 215 

nm particle of 29 % at 54 mg/mL. Fg concentration of 900 mg/mL, shows a lower presence 

of α- helix on 64 and 215 nm particles.  

 The percentage of β-sheet to alpha helix, beta turn and random coil is higher as shown 

in Figure 3.18 (b). β- sheet on 105 nm particles  have a high percentage  at 540 and 54 

mg/mL. 64 nm have a lower percentage of  β-sheet at 89 and 270 mg/mL. 

 Figure 3.18 (c) and (d) shows less presence β- turn and random coil at each protein 

concentrations. The presence of  β- turn is observed on 64 nm  particles at Fg concentration 

of 54-900 mg/mL in Figure 3.22 (c) .The 105 nm particles have the highest presence of β-

turn at 900 mg/mL. The 64 nm particles have the highest presence on random coil on Fg 

concentration of 89 and 270 mg/mL while 11 nm particles have the highest percentage of 

random coil at Fg concentration of 900 mg/mL as shown in Figure 3.18 (d). There are major 

differences observed on each secondary protein structure of surface chemistry and curvature. 
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3.4 Discussion  
Functionalised silica nanoparticles of NH2 (positively charge), CH3 (Hydrophobic), 

COOH (negatively charge) and OH (Hydrophilic) were successfully synthesis and 

characterised to confirm the chemical structure of each functional groups. The four functional 

groups were used for this experiment to give insight and understanding of how surface 

chemistry and topography affects protein- adsorption since surface functionalization is known 

to influence protein-particle interactions.
59-64 

Silica nanoparticles ranging from 11-215 nm 

were used to understand and compare effects of surface chemistry and particle size on protein 

-nanoparticle interactions. 
 

BSA and Fg have different property which may affect the conformation and regulate 

protein adsorption on the nanoparticle surface. The results show that nanoparticle size and 

chemistry strongly influence BSA-silica nanoparticles and Fg-silica nanoparticle interactions. 

The adsorption Isotherms of BSA (Figure 3.7-3.8) and Fg (Figure3.9-3.10) for different 

surface chemistry and curvature shows an increase in adsorption as the protein concentration 

increase,
65-66

 although a few outliers were observed which may be due to particle 

aggregation, especially on 11 nm and carboxyl terminated surfaces (COOH).  Fg adsorbed in 

greater amount on OH surface at 64 nm compared to NH2 and COOH as illustrated in Figure 

3.19.  

 

Figure 3.19 Effect of Surface Chemistry on Fg Adsorption at 900 mg/mL 
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 The hydrophobicity of nanoparticle surfaces has been investigated and shown to 

influence the identities of the bound proteins and the amount of protein bound to the 

particles.
67-69

 In the present work, hydrophilic surfaces display the highest amount of Fg 

adsorption at 900 mg/mL and 64 nm compared to other particles of the same size presenting 

differing surface chemistry. Amine terminated surfaces (NH2) have the least amount of Fg 

adsorption across all sizes of particles tested. The effect of surface chemistry and curvature is 

illustrated in Figure 3.20. Amine (NH2) and hydroxyl (OH) terminated surface have the 

highest amount of BSA adsorption at 64 nm and 215 nm respectively while carboxylic 

terminated surface (COOH) have the least BSA-adsorption at 900 mg/mL. 

 

 

 

 

 

 

Figure 3.20 Effect of Surface Chemistry on BSA Adsorption at 900 mg/mL 

 

 BSA adsorption on positively charged terminated  surface (NH2)  is 9478 µg/m
2
 while 

on Fg is 15340 µg/m
2
, this indicate a higher saturation of Fg on OH surface compare to BSA 

which may be due to the size of the protein since the Fg size is 40 x 4 nm while albumin is 14 

x 4 nm.
88

  

 The adsorption profile of BSA and Fg shows wide spread variation in terms of surface 

curvature. The 215 nm particle size have greater amount of BSA adsorption on NH2                

(positively charge) surface while Fg adsorbed at greater amount on 64 nm on OH 

Focus of interest 
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(hydrophilic) surface. This result shows protein adsorption varies with respect to both surface 

chemistry and curvature which correlates to some previous findings.
70,71

 This result may be 

due to the arrangement of Fg and BSA on the surface as shown in Figure 3.21 which shows 

possible protein adsorption process. 

 

 

 

 

Figure 3.21 Schematic of protein adsorption of globular protein (BSA) and rod like protein 

(Fg) shows how they might undergo conformational and/or orientational change when they 

interact with silica nanoparticle. 

 

 Particle size is known to have an impact in particle-protein interaction, several studies 

have shown that biological to nanoparticles tend to scale with surface area
72,73

, i.e. as the size 

responses become smaller, their surfaces areas shrink much more slowly causing greater 

surface to volume ratios than larger particle. This may be the case of the 64 nm silica 

nanoparticles which display higher adsorption amount with Fg than with  BSA. Vertegel et 

al
69

 studied the conformational changes that chicken egg lysozyme undergo upon adsorption 

to nanoparticles with different diameter of 4, 20 and 100 nm. The results show that the 

protein retains most of its secondary structure and enzymatic activity when adsorbing to silica 

nanoparticles of smaller size. BSA adsorbed mostly to 64 nm particles compared to other 

curvature size while Fg displays the highest protein adsorbed on 11 nm particle. 

 Several studies have confirmed that protein molecules change conformation when 

adsorbed onto surface (silica nanoparticle) due to the many factors such as physicochemical 

cues, type of protein and protein concentration.
68,69

 The concentration is known to have an 
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impact on protein adsorption on physicochemical cues as shown in our experiment. 

According to the results of this work, Fg adsorption at different concentrations (Figure 3.7 

and 3.10) the result is summarised below in terms of chemistry Figure 3.22. 

 

 

 

 

 

 
 

 

Figure 3.22 Protein adsorption at two concentrations of 900 and 270 mg/mL on hydrophobic 

and hydrophilic surfaces, n=3 

 

 The results in Figure 3.22 shows there is more Fg adsorption at 900 mg/mL compared 

to 270 mg/mL on each surface curvature, although on Hydrophobic surface, 11 nm displays 

the highest adsorption at 900 mg/mL while on hydrophilic surface, 64 nm shows the highest 

Fg adsorption at 900 mg/mL which may be due to it being locked into conformation during 

adsorption. BSA adsorption at two different concentrations of 900 and 270 mg/mL on amine 

terminated surface (NH2) and hydroxyl surface (OH) across each surface curvature of 11 -215 

nm is shown in Figure 3.23 
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Figure 3.23 BSA adsorption on amine surface (NH2) and hydroxyl surface (OH) on two 

different concentrations of 900 and 270 mg/mL 

 

 The effect of protein (BSA) concentration on NH2 and OH chemistry shows higher 

adsorption on 11- 215 nm particle size at 900 mg/mL as seen in Figure 3.23, while at lower 

BSA concentration of 270 mg/mL, lower protein adsorption was observed on NH2 and OH 

chemistries. 

 The colorimetric assay shows the affinity of BSA and Fg on different nanotopography 

using particles as models with respect to surface chemistry. The affinity constants found for 

Fg are generally higher on surfaces presenting NH2 compared to other chemistries tested. 

This result may be due to the positive charge driving interaction with the protein. Conversely, 

the COOH surfaces present a more negative charge by zeta potential, broadly resulting in a 

lower affinity for Fg, for all particle sizes. Likewise, COOH surfaces have the lowest affinity 

for BSA while positively charged amine terminated surfaces have the highest affinity 

constant on BSA. 

 The percentage change of secondary structure of BSA and Fg shows different results 

on each surface chemistry and curvature at different protein concentration. 
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 The saturation amount of Fg on CH3 and OH were compared to validate the findings 

from the adsorption data below, in Figure 3.24. 

 

 
 

 

 

 

 

 Figure 3.24 Saturation amount of Fg on CH3 and OH  

 

 The saturation amount was calculated using a modified Langmuir Isotherm (Hill 

equation). All data was normalised for surface area. It is possible that proteins are orienting 

differently or changing their conformation due to different particle surface curvature. The 11 

nm diameter particle shows highest saturation on the methyl surface (CH3) whereas, a lower 

saturation amount was observed on particles at 64-215 nm. Fg on NH2 surface is found to 

adsorb with little amount of protein in comparison to other surface analysis, i.e the amount of 

Fg adsorbed was observed to be CH3 <NH2<COOH<OH as might be expected from previous 

report demonstrating Fg hydrophobic interaction.
74

  

 The saturation amount of on NH2 surface display BSA was found to adsorb with the 

highest saturation amount on NH2 surface on 11-215 nm particle size. A comparison of NH2 

and OH saturation amount on each surface curvature is shown in Figure 3.25. BSA 

adsorption on OH, at 105 nm possible indicates denaturation of protein, therefore reducing 

the amount of available surface area for more protein molecule to adsorb.  
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Figure 3.25 The effect of saturation amount of BSA on NH2 and OH  

 

 FTIR was used to examine conformational changes of adsorbed proteins structure. 

Due to the difficulties associated with background subtraction, some of the results were noisy 

in amide I region. Difficult in atmospheric water bands, overlay the amide I band of interest, 

giving rise to sharp noise peaks. In these cases, component fitting of amide I was sometimes 

difficult with spectra noise being more prominent in samples with lower amounts of protein, 

i.e those sample prepared to cover the lower region of isotherm. Data is only presented in 

Figure 3.14 – 3.17 where I have confidence that fitting is correct. 

 The curve fitting analysis of secondary protein structure shows that on the hydrophilic 

surface, proteins lose a large amount of their α-helix structure on each surface curvature at 

different protein concentrations. Fibrinogen loses a greater amount compared to albumin on 

hydrophilic and hydrophobic surfaces on α-helical and β turn which is different from 

previous reports. The change in conformation may be due to several factors such as stronger 

interaction with hydrophilic surface, as discussed earlier. 
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 Secondary structural change of Fg can be observed clearly on methyl (-CH3) and 

hydroxyl (OH) surface, comparing adsorbed proteins on 64 nm diameter particles as shown in 

Figure 3.26. Particle-Protein complexes have the clearest FTIR spectra at 900 mg/mL. 

 
 

 

Figure 3.26 The percentage of secondary structure on CH3 and OH at Fg concentration of 

900 mg/mL, on 64 nm, n=3 

 

 The results in Figure 3.26 shows high percentage of random coil component suggests 

increase disorder on CH3 surface, likely due to stronger affinity of interaction skewing the 

conformation during adsorption. Likewise, lower affinity binding on OH surface results in 

lower random components, suggesting that protein was not structurally altered as much in 

composition. 
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 Secondary structural change of BSA on amine (NH2) and hydroxyl surface (OH) were 

compared as shown in Figure 3.27,  

 
 

Figure 3.27 The percentage of secondary structure on NH2 and OH on BSA concentration of 

900 mg/mL, on 64 nm, n=3 

 

 Figure 3.27 shows amine surface (NH2) display the lowest random component 

compared to hydroxyl (OH) with highest random component. More random coil components 

of OH shows more disorder on affinity constant which correspond to our result in Figure 

3.12. Lower affinity binding on NH2 surface results in lower random components. 

 The effect of surface chemistry, curvature concentration and conformation of protein 

on BSA and Fg adsorption have being reviewed. Finally, the effect of concentration needs to 

be understand as shown in Figure 3.28 
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Figure 3.28 Effect of Fg and BSA concentration on random coil. 

 The result in Figure 3.28( a) shows at  lower concentration of  Fg at 270 mg/mL, 

11nm have the highest percentage of random coil which correspond to our result in Figure 

3.18, Majority of the result shows at lower protein concentration, there is high percentage of 

secondary structure compare to higher protein concentration of 900 mg/mL. Figure 3.28 (b) 

shows as the curvature size increase, BSA concentration at 900 and 270 mg/mL increases but 

BSA concentration at 900 mg/mL has the highest secondary. 
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3.5 Conclusions   

 This chapter demonstrated that Stöber process was successfully used to prepare 

monodispersed silica spheres. It has been shown that the use of self assembled monolayer 

technique to modify the surface of Silica nanoparticles to produce four functional groups       

(-OH, -NH2, -CH3 and –COOH). Characterisations with DLS, TEM, water contact angle, 

XPS and FTIR confirmed the formation of monolayer modification. 

 BSA and Fg interact differently on each surface chemistry and curvature as the 

protein concentration increases. Amine surfaces (NH2) have the highest adsorption using 

BSA solution while hydroxyl surface (OH) has the highest adsorption using Fg solution in 

terms of surface chemistry. The 215 nm sphere have the highest adsorption on BSA solution 

while on Fg solution, 64 nm have the highest adsorption in terms of surface curvature. 

Carboxyl surface (COOH) has the least adsorption using BSA solution while NH2 have the 

least adsorption using Fg solution. The finding in this chapter shows clearly that surface 

chemistry and curvature affect on protein adsorption.  

 The affinity and saturation of Fg and BSA solutions on surface chemistry and 

curvature reveals the lower the affinity constant, the higher the saturation amount on each 

surface chemistry and curvature. The lower the saturation amount adsorbing possibly 

indicates denaturation of protein, therefore reducing the amount of surface area for protein 

molecules to adsorb.  

 The results in this chapter show that the concentration of protein has an effect on 

protein-surface interaction. There is more Fg adsorption at 900 mg/mL compared to 270 

mg/mL on each surface curvature, although on hydrophobic surfaces, 11 nm has the highest 

adsorption at 900 mg/mL while on hydrophilic surface (OH), 64 nm has the highest Fg 

adsorption at 900 mg/mL which may be due to it being locked into conformation during 

adsorption. BSA concentration, at 900 mg/mL, has the highest adsorption compared to lower 
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concentration. BSA and Fg conformation changes shows, the higher the random coil, the 

lower the α-helix while the percentage of β-sheet and β-turn have a higher percentage. 

 In Summary, it has been shown that surface chemistry, concentration and particle size 

affects protein conformation as shown on secondary structure of protein. The conformation 

changes in secondary structure reveal surface chemistry, curvature and concentration have 

effect protein-nanoparticle interactions. More understanding and insight is required to 

understand the effect of competitive binding of protein solutions on nanoparticle. 
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4.1 Introduction 
 Competitive protein adsorption is of relevance in many interfacial phenomenon as 

such as cellular adhesions on substrates and compatibility of biomaterials. Several factors can 

affect protein adsorption on biomaterials such as the concentration of protein, surface 

properties and the contact time the proteins have to adsorb onto a surface. Studies on 

competitive protein adsorption to nanoparticles are now emerging
1, 2

 due to its importance in 

cellular response and biomaterial design. However, the process is not well established and 

has not yet been well explored. 

 One of the principles of competitive protein adsorption is the “Vroman effect” which 

explains how small proteins (albumin) present in high concentration will control the 

adsorption at early stages of the competitive adsorption processes and the larger protein 

(fibrinogen) will adsorbed at later stage which have been investigated using competitive 

adsorption.
3,4 

Despite the principle of the Vroman effect, there are still unsolved questions 

regarding the factors affecting  competitive adsorption such as the affinity of the protein for 

the adsorbing surface and  the conformation of adsorbed proteins.
 

 Competitive protein adsorption processes cannot be predicted by considering the 

adsorption from single protein solution due to numerous factors such as the dilution, the pH, 

temperature, surface charge, surface chemistry and particle size. A large amount of research 

has been carried out on protein adsorption on single protein solution
5-10 

but there are fewer 

reports on competitive protein adsorption. Ying et al, showed albumin adsorbed 

preferentially on hydrophobic surfaces while less collagen adsorbed on hydrophilic 

surfaces.
11 

Ding et al, also investigated competitive adsorption of fibrinogen, albumin and 

immunoglobin onto gradient surface showing differences in the affinity for the surface.
12 

A 

greater understanding of competitive adsorption process  needs  to be investigated. 
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 To understand the competitive binding of proteins, the use of variable surface 

chemistry and curvature will be a better model for the molecular richness found in biological 

systems.
13, 14

 Functionalised silica nanoparticles were synthesised using the Stöber process 

and the self assembled monolayer technique was used to produce four different functional 

group (OH, NH2, OOH and CH3) which were used for this experiment.  Two plasma proteins 

were used namely human serum albumin (HSA)- the most abundant protein inserum  and 

plasma with a high mobility and human  fibrinogen. 

 The chapter will investigate the effect of surface chemistry and curvature on 

competitive protein adsorption. Functionalised silica nanoparticles were used presenting four 

different functional groups of particle size of 11-215 nm at different timepoints of 10-180 

mins. Variance in timepoint was used since it is deduced that the composition of adsorbed 

protein layer changes within a short period of time, after exposure to different types of 

proteins due to their competitive adsorption.
41,42 

The result will give in-depth knowledge and 

understanding of the role of surface chemistry and curvature on competitive adsorption of 

protein, affinity and conformational changes.
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4.2 Materials and Methods  

4.2.1 Protein Solutions 

4.2.1.1 Human serum albumin (HSA)  

 HSA is used for conjugation in antibody production and acts as a standard for 

measuring protein concentrations. HSA is a water soluble globular protein which is 

synthesised by the liver.
15

 It is the most abundant protein, with an approximately 60% of the 

total globular protein in blood plasma.  FITC-conjugated human serum albumin (1 mg/mL) 

used for this study was purchased from abcam (ab8030).
14

 The conjugate has an excitation of 

493 nm and emission of 528 nm. HSA has a molecular weight of 66 kDa with a concentration 

of approximately 50 mg/mL plasma.  

 

4.2.1.2 Human Fibrinogen (Fg)  

 Fibrinogen is a protein produced by the liver; present in the human blood plasma at a 

concentration of 2.5 mg/mL. Fibrinogen is vital for wound healing, inflammation and other 

biological functions. Fibrinogen is an elongated molecule with approximate molecular 

dimensions of 6.0 × 6.0 × 45.0 nm, molecular weight of 350 kDa
15 

Fibrinogen conjugates 

fluorescent dye (5 mg) was purchased from life technologies (F-13192).The dye has an 

excitation of 540 nm and emission of 590 nm. Stock solutions were prepared by adding 3.33 

mL of  0.1 M sodium bicarbonate (pH 8.3)  at room temperature to 5 mg of  Fg to give a final 

solution of 1.5 mg/mL. The solution was gently mixed for one hour.
16

 

4.2.2 Protein Adsorption from Multiple Protein Solutions 

Stock solutions of HSA of 15 µg/mL and 0.8 µg/mL of Fg were prepared in PBS. A 

500µL stock solution of functionalised silica nanoparticles (-OH, -NH2, CH3, and –COOH) 

was prepared. A volume of 8.87µL of Fg was diluted with 415 µL of PBS while 249.6 µL of 

HSA is diluted with 415 µL PBS. Fg diluted solution was added to HSA. A volume of      
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1000 µL of mixed protein solution was delivered to a clean eppendorf tube while 500 µL of 

the functionalised silica particles in PBS and left for few minutes. A volume of 160 µL of 

protein solution (HSA and Fg) was added to each 500 µL of functionalised silica particle, and 

on adding protein solution to particles, they were vortexed quickly and left for each 

timepoints (10, 30, 60, 90, 120 and 180 mins). After each time points, sample was centrifuge 

for after each timepoints. A volume of 50 μL supernatant was pipetted into a fluorescence 

microplate reader, Biotek Synergy 2 Multimode Reader at an excitation of 485 nm/emission 

540 nm (HSA) and excitation of 528 nm/emission 590 nm (Fg) respectively in a reader. After 

the measurements, samples were freeze dried and kept in the freezer (-20
o
C). 

 

4.2.3 Infrared Spectroscopy 

The Alpha Platinum ATR (A220/ D-01) Quicksnap spectrometer (Bruker Optic) was 

used for obtaining all the infrared spectra of samples. This system makes use of a single 

bounce diamond crystal, with an adjustable sample pressure, 360
o
 rotable pressure applicator 

and a spectral range of 7,500-375 cm
-1

. Infrared adsorption spectra of the samples were 

acquired by using OPUS software. A blank background measurement was carried out prior to 

each sample taking an average of 100 scans. The spectral range of the data was taken from       

4000-375 cm
-1

. An average of 100 scans was also taken for each sample, with 4 spectra being 

taken to determine reproducibility.  

4.2.4 Adsorption of Proteins to Nanoparticles 

 To visually demonstrate protein uptake on particles, we used fluorescently labelled 

albumin and Fg, prepared in solutions of the same concentration and ratio.    

Functionalised silica particle with multiple protein solution (HSA, Fg) were washed once 

with PBS and before being immersed in Alexa Fluor 488 dye, life technology for 10 minutes 

in the dark at room temperature (RT) following the protocol from Molecular Probes
17

 at 
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excitation of 495 nm and emission of 519 nm. Samples were then washed three times with 

PBS and examined under a fluorescent microscope (Nikon Eclipse Ti-ST, Japan) to confirm 

the presence of protein in the particles. 

 

4.2.5 SUMMARY 

A schematic layout plan for the experiment that will be carried out is shown in Figure 4.1.

 

 

Figure 4.1 Schematic layout plan of the experiment  

 
 
 
 
 

 
 
 

Silica Nanoparticles  

Functionalised Silica Nanoparticles  

Calibration of HSA and Fg  

Protein mixture with Silica Nanoparticle 

Characterisation  via FTIR /Fluorescence/PCA 
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4.3 Results  

4.3.1Calibration Plot of HSA and Fg  

 A fluorescence calibration of HSA was plotted using different protein concentrations. 

The sensitivity factor of the plate reader was assessed to ensure optimal calibration over the 

widest sampling concentration range (sensitivity of 50 and 100 tested) at a temperature of 

25
o
C as shown in Figure 4.2. 

 

 
 

 

 

 

 

 

 

 

 

Figure 4.2 Calibration of HSA vs Fluorescence units of two sensitivity, 50 and 100.The 

results shows a good level of accuracy between 0.059-12 µg/mL for both sensitivity 50 and 

100 with lower end below 0.059 µg/mL shown on the right. Sensitivity of the calibration is 

much better when using sensitivity 100 (red squares). 

 

 

 The calibration plot of HSA of sensitivity of 50 and 100 shows a linear graph, as the 

protein concentration increases, the fluorescence unit increases. Due to higher sensitivity of 

100, this was used for all following experiments. The calibration plot for Fg is shown in 

Figure 4.3 

50 

100 
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Figure 4.3 Calibration of Fg vs Fluorescence units of two sensitivity, 50 and 100 shows good 

level of accuracy between 9-0.015 µg/mL for both sensitivity 50 and 10 with lower end 

below 0.015 µg/mL. Sensitivity of calibration at 100 is much better than sensitivity at 50. 

 

 As the protein concentration of Fg increases, both sensitivity of 50 and 100 increases 

i.e. linear graph, as shown in Figure 4.5. Sensitivity of 100 is more sensitive compared to 

sensitivity of 100 which is similar to HSA. Due to higher sensitivity of 100, this was used for 

all following experiments. 
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4.3.2 Adsorption of Proteins to Nanoparticles 

The adsorptions of protein to silica functionalised nanoparticles were observed using 

fluorescence labelled proteins as shown below in Figure 4.4. 

 

 

Figure 4.4 A representation experiment of adsorbed proteins on silica nanoparticles using  

fluorescence labelled Fg and HSA on to hydroxyl (OH) terminated 64 nm silica particles in 

(A) Brightfield image  shows the binding of protein with nanoparticle (B) TRITIC (Fg) (C) 

FITC (HSA)  (D) overlaid image of  both proteins (HSA and Fg) binded with the nanoparticle 
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4.3.3 Competitive Adsorption of Proteins 
 

 The variation of albumin and fibrinogen adsorption from solution to different 

functionalised surfaces with adsorption times ranging from 10 to 180 mins are shown in 

Figure 4.5- 4.8.  

4.3.3.1 Effect of Surface Chemistry on HSA Adsorption   

 

 

Figure 4.5 Variation of HSA adsorption and timepoints on different functionalised silica 

surface (a) COOH, (b) OH (c) NH2 and (D) CH3 surface. Data shown are the mean ± SD of 

three replicate samples. 

 

 The amount of individual protein (albumin and Fg) was monitored showing 

competitive binding to defined chemically modified silica nanoparticles. Adsorption was 

followed for over 180 minutes; Figure 4.7 shows data for HSA only.  
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 On the carboxyl surface (COOH), little variation is observed with respect to time. The 

11 nm samples have the least adsorption as time increases. The 64 and 215 nm adsorption is 

further apart from 11 and 105 nm. The 215 nm display the highest adsorption at 49 µg/m
2
; 

215>64>105>11 nm, see Figure 4.5 (a). 

 Figure 4.5 (b) shows less variation on 11, 64 and 105 nm as the time increases on 

hydroxyl surface. The 215 nm displays a higher level of adsorption at 30 mins, 90 and 120 

mins respectively compared to other surface curvature. The 215 nm has the highest protein 

adsorbed on hydroxyl surface (OH) at 45 µg/m
2
. The results shows 215 nm particles adsorbed 

more compare to other nanoparticle; 215>11>105>64 nm 

 Figure 4.5 (c) shows HSA adsorption changes with respect to time on methyl surface 

(CH3). The 11 nm samples have the least adsorption and the rate of adsorption decreases with 

respect to time. Particle size of 11-105 nm decreases with respect to time while 215 nm 

particles show little increase  at 90 to 120 mins, adsorption decrease from 120 -180 minutes 

when experiment halted, 215>64>105>11 nm. 

 The NH2 surface shows a wide variation between the smaller (11 nm) and larger (215 

nm) curvature compared to all other surface chemistry. A similar pattern of adsorption is 

observed for COOH. No major change with respect to time, except for 11 nm which displays 

the lowest adsorption is observed on amine surface (NH2). The 215 nm samples  shows some 

changes as the time increases, an oscillation behaviour pattern is observed across the 

timepoint on surface bound albumin as shown in Figure 4.5 (d), 215>105>11>64 nm 

 The highest HSA adsorption is on COOH surface at 48 µg/m
2
 at 180 mins, OH 

surface at  46 µg/m
2 

at 30 mins, NH2 surface at 45 µg/m
2
 at 180 mins and CH3 at 35 µg/m

2 
at 

120 mins. 
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4.3.3.2 Effect of Surface Chemistry on Fg Adsorption  

 The effect of surface chemistry on Fibrinogen adsorption is shown in Figure 4.6. The 

Fg adsorption rate is focused between the region of 15-21 µg/m
2
 for all surface chemistry as 

shown in Figure 4.8. 

 

 

Figure 4.6 Fg adsorption at different timepoints (10, 30, 60, 90,120 and 180 mins) on 

functionalised silica particle, (a) COOH, (b) OH (c) NH2 and (d) CH3 surface. Data shown 

are the mean ± SD of three replicate samples 
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The amount of individual protein (albumin and Fg) were monitored showing competitive 

binding to defined chemically modified silica nanoparticles. Adsorption was followed for 180 

minutes; Figure 4.6 shows data for Fg only. Less spread and variation is observed on 

carboxyl, hydroxyl and amine surface as the timepoint increases. 

 Figure 4.6 (a) shows a decrease in Fg adsorption with respect to time for 11 and 215 

nm particle on carboxyl surface (COOH).The 105 nm sample decreases with time until 90 

mins and little increases were observed from 90 mins to 180 mins when the experiment was 

halted. The Fg adsorption on 64 nm particles was constant throughout as the timepoint 

increases, 215>64>11>105 nm 

 Figure 4.6 (b) shows less variation on surface curvature as the time increases. The 11 

nm and 105 nm particles decreases with respect to time while 64 nm remain constant as the 

timepoint increases. 64>105>11>215 nm 

  An oscillatory behaviour pattern was observed for 215 nm samples as the timepoint 

increases. No major changes and difference were observed on Figure 4.6 (c). The 215 nm 

samples show little increase and decreases as the timepoint increases, 215>64>11>105 nm 

 The NH2 surface shows a wide variation as observed on Figure 4.6(d). The 215 nm 

particles have the highest level of Fg adsorption with respect to time. The 11 and 215 nm 

samples have the least Fg adsorption while an increase in adsorption is observed till 90 mins. 

Changes were observed on 64 nm particle, as  adsorption decreases as the time increases, the 

adsorption rate increases from 180 mins and the  experiment was halted, 215>64>105>11 nm 
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4.3.3.3 Effect of Surface Curvature on HSA Adsorption  

 The dataset shown in Figure 4.5 was replotted to understand the effect of surface curvature 

on HSA adsorption at different timepoints as shown in Figure 4.7. 

 

 

Figure 4.7 HSA adsorption on surface curvature at different timepoints (10, 30, 60, 90, 120 

and 180 mins) on (a) 11 (b) 64 (c) 105 and (d) 215 nm. Data shown are the mean ± SD of 

three replicate samples 
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 The effect of surface curvature on HSA was measured from 10-180 minutes as 

illustrated in Figure 4.7. Figure 4.7(a) indicates no major changes in HSA adsorption to 11 

nm particles over time, or with major differences observed between particles presenting 

different terminal chemistries. However, a small reduction in the amount of adsorbed HSA 

was possibly observed for all particle chemistries at 180 minutes compared to previous time 

points.  

  Figure 4.7 (b) shows HSA adsorption on 64 nm. NH2 and COOH were constant as the 

timepoint increase. The least adsorption is observed on hydroxyl surface (OH) as it decreases 

as the timepoint increases. CH3 was constant till it reaches 120 mins and reduces as it reaches 

180 minutes. NH2 and COOH are distinctly different from CH3 and OH, with a trend in the 

amount of HSA adsorbed following NH2>COOH>CH3>OH. 

 A wide spread of adsorbed HSA levels is observed on all nanoparticles zises above 

11nm. Figure 4.7 (c) shows the changes associated with 105 nm as an example. Levels of 

adsorbed HSA on NH2 terminal chemistry were found to be constant as the time increases, 

with the highest HSA adsorption found on this surface chemistry. COOH remains constant as 

the time increases, while OH and CH3 decreases as the time increases from 10 mins to 

180 mins. Amine surfaces present the highest HSA adsorption while hydroxyl surfaces have 

the least adsorption on 64 nm particles. Adsorption trend generally followed 

NH2>COOH>CH3>OH. 

 Figure 4.7 (d) shows hydroxyl surface decreases as the time increases from 10 mins to 

180 minutes. COOH remain constant with respect to time while an oscillatory pattern is 

observed on amine surfaces. An oscillatory behaviour pattern is observed on amine and 

hydroxyl surfaces, which may indicate a change in presentation of the protein adsorbed and 

therefore the available surface area for adsorption at later time points. Wide spread variation 
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across the surface curvature is observed on 64, 105 and 215 nm. Generally, more HSA was 

adsorbed to carboxyl surfaces following a trend COOH>OH>NH2>CH3. 

4.3.3.4 Effect of Surface Curvature on Fg Adsorption  

The effect of Fg adsorption on surface curvature is shown in Figure 4.8 at different 

timepoints of 10 -180 mins. There are less spread and variation in Figure 4.8 (a) to (d).The 

highest Fg adsorbed is between 16-20 µg/m
2
. 

 

 

Figure 4.8 Fg adsorption on surface curvature at different timepoints (10, 30, 60, 90, 120 and 

180 mins) on (a) 11 (b) 64 (c) 105 and (d) 215 nm. Data shown are the mean ± SD of three 

replicate samples 
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 Figure 4.8 (a) - (d) shows Fg adsorption on surface chemistries of CH3, NH2, OH and 

COOH at timepoints of 10, 30, 60, 90, 120 and 180 minutes. The Fg adsorption increases on 

COOH surface at 10 mins to 30 min, then, rapidly decrease at 60 -180 mins on 11 nm.   Fg 

adsorption increases on NH2, OH and CH3 surface as the timepoint increases from 10 to 90 

mins, at 120 mins, adsorption rate decreases on each surfaces till the experiment was halted. 

NH2 and COOH surface have the highest Fg adsorption at 11 nm as shown in Figure 4.8 (a). 

CH3>NH2>OH>COOH 

 Fg adsorption on 64 nm on Figure 4.8 (b) shows NH2 have a constant adsorption from 

10 to 180 mins. Fg adsorption on COOH surface decreases at 10-30 mins and become 

constants from 60 -180 mins. As the timepoint increases from 10-180 mins, adsorption rate 

on OH surface decreases till the experiment was halted. Adsorption rate on CH3 surface 

decreases as timepoint increase till 120 mins. At 180 mins, adsorption rate increases until 

experiment was halted. OH and CH3 surface have the highest adsorption compare to NH2 and 

COOH surface, although CH3 surface have the highest Fg adsorption on 64 

nm.CH3>OH>NH2>COOH 

 Figure 4.8 (c) shows Fg adsorption on 105 nm at different surface curvature.NH2 

surface have a constant Fg adsorption rate as the timepoint increases.CH3 surface shows an 

increase in Fg adsorption up to 90 mins, then decreases rapidly from 120-180 mins. COOH 

have the least adsorption rate while OH have the highest adsorption rate on 105 nm. 

OH>CH3>NH2>COOH 

 At 215nm, CH3 surface have the highest Fg adsorption while COOH surface, have the 

least adsorption amount at 90, 120 ad 180 mins. Oscillatory pattern is observed on NH2 and 

OH surface as shown in Figure 4.8 (d).CH3>OH>NH2>COOH 
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4.3.3.5 Ratio of Surface Chemistry on HSA/Fg Adsorption  

 The ratio of HSA and Fg adsorption using the data in Figures 4.5-4.8. The ratio of the 

results are shown in Figure 4.9.The ratios are important because composition of layers 

changes. We used solution ratios of 19:1 to mimicked physiological ratio. The effect of 

surface chemistry on HSA/Fg ratio is shown in Figure 4.9, 

 

 

Figure 4.9 Ratio of HSA/ Fg (19:1) adsorption on surface chemistry at different time points 

(10, 30, 60, 90, 120 and 180 mins) (a) OH (b) CH3 (c) COOH and (d) NH2. Data shown are 

the mean ± SD of three replicate samples. 
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 The hydrophilic surface (OH) in Figure 4.9 (a) shows the largest sphere, 215 nm have 

the highest adsorption of 2.7 µg/m
2
 at 30, 90 and 120 mins with an oscillatory pattern 

observed. Oscillatory pattern is observed on 215 nm while 11, 64 and 105 nm decreases as 

the time increases. 

 Figure 4.9(b) shows wide spread of results on methyl surface (CH3).11 nm have the 

least adsorption and decrease as the timepoint increases and have the highest adsorption. 215 

nm adsorption increases as the timepoint increase, it have the highest adsorption on methyl 

surface.  

 Figure 4.9 (c) on carboxyl terminated surface  (COOH) shows wide spread variation 

across the surface curvature.64  and 215 nm have the highest adsorption as the time increases 

but the results was constant from 10 minutes to 180 minutes. 11 nm adsorption  reduces as 

the time increase. 105 nm adsorption increases as the timepoint increases. 11 nm have the 

least adsorption. 

 Figure 4.9 (d) shows a distinctive result on positively charge surface (NH2). 64 and 

105 nm have the highest adsorption at 2.5 µg/m
2
. As the timepoint increases, adsorption on 

64 and 105 nm remain constant. 215 and 11 nm have the lowest adsorption as the time point 

increases. A major change is observed on 215 nm, at 120-180 mins, there is a rapid increases 

observed. 

 

 

 

 
(A) 
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4.3.3.6 Ratio of Surface Curvature on HSA/ Fg Adsorption  

FTIR Analysis of HSA/Fg is shown in Figure 4.10 (i) while the difference of the dataset 

obtained in Figure 4.9 was replotted to understand the effect of surface curvature on 

competitive protein adsorption of HSA/Fg in Figure 4.10 (ii) 

  

 

 

(i) 

(ii) 
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Figure 4.10 (i) FTIR Amide I band of HSA/Fg ratio of HSA/ Fg (19:1) adsorption on surface 

curvature at different timepoints (10, 30, 60, 90, 120 and 180 mins) (a) 11 (b) 64 (c) 105 and 

(d) 215 nm. Data shown are the mean ± SD of three replicate samples, n=3. 

Figure 4.10 (i) shows the result of FTIR analysis on Amide I band of HSA/Fg on hydroxyl 

surface (-OH) of particle size of 11 nm at 30 and 180 mins. A clear shift of the peak, as well 

as its shape change, highlights secondary structure change. 

Figure 4.10 ii (a) shows a less spread variation on surface chemistry on 11nm. The highest 

amount of adsorption is on carboxylic surface (COOH) at 1.5 µg/m
2
. Surface chemistry 

decreases as the timepoint increases. Figure 4.10 (b) shows a wide spread variation on 64 nm. 

Surface charge has a great impact on this surface. NH2 (negatively charge) and COOH 

(positively charge) have the highest amount of adsorption, 2.5 µg/m
2
, as the timepoint 

increases compared to OH and CH3.The adsorption on  NH2 and COOH surface is further 

apart to OH and CH3 surface. OH and CH3 surface decreases as the timepoint decreases. OH 

surface have the least adsorption on 64 nm. 

 A wide spread variation is observed on 105 nm as shown in Figure 4.10 (c). NH2 

adsorption is constant as the time increases from 10 mins to 180 mins. The adsorption on 

amine surface (NH2) is further apart from CH3, NH2 and COOH surface. OH surface have the 

lowest adsorption. The adsorption decreases as the timepoint increases on OH and CH3 

surface. Figure 4.10 (d) shows HSA/Fg adsorption on 215 nm. An oscillatory pattern is 

observed on hydroxyl surface (OH) and amine surface (NH2).  Steady increase in adsorption 

is observed on carboxylic surface (COOH). Methyl surface (CH3) adsorption increases as the 

timepoint increases. Carboxylic surface (COOH) has the highest adsorption on 215 nm. 
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4.3.4 Fitting of Amide I 

 The collected protein-silica particles were further assessed by FTIR to give insight 

into protein structural changes with respect to time, surface chemistry and curvature. The 

fitting of amide I was carried out for HSA/Fg at different timepoints focusing on the effect of 

surface chemistry and curvature at different timepoints of 10, 30, 60, 90, 120 and 180 minute. 

The secondary structure of α- helix, β-sheet, β-turn and random coil adds up to 100%, e.g. at 

11 nm on CH3 Surface have an α- helix of 15 %, β-sheet of  33 %, β-turn of  25 % and 

random coil of 27 % adds up to 100%  as shown in Figure 4.11. 

(A) 10 Mins 

 

Figure 4.11 The percentage of secondary structure of HSA/Fg at 10 mins (a) α-helix             

(b) β-sheet (c) β- turn (d) random coil. Data shown are the mean ± SD of three replicate 

samples, n=3. 
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 The conformational changes at different time-points on surface chemistry and 

curvature at 10 minutes is shown in Figure 4.11.There are is presence of α-helix but high 

percentage of β-sheet, turn and random coil is observed. 

 A lower percentage of α-helix of less than 30% is recorded on each surface curvature. 

An oscillatory pattern is observed on amine surface (NH2) while a major decrease in α-helix 

is observed from lower curvature to higher curvature on methyl (CH3), carboxyl (COOH) and 

hydroxyl surface (OH) at 10 minutes, as shown in Figure 4.11 (a). 

 A high percentage of β-sheet is observed in Figure 4.13 (b). Major increases from        

11- 215 nm are observed on surface chemistry of OH, CH3, NH2 and COOH at 10 minutes. 

The methyl surface (CH3) has the highest percentage of β-turn at 11-215 nm while little 

increase is observed on hydroxyl surface (OH) at 11-64 nm. An oscillatory trend is observed 

on carboxyl surface (COOH) while amine surface (NH2) remains constants from 11-215 nm; 

see Figure 4.11 (c). 

 The COOH surfaces have a high percentage of random coil on curvature of 11-215 

nm while amine (NH2) have the lowest percentage of random coil on 105 nm. An oscillatory 

trend is observed on hydroxyl surface (OH) and methyl surface (CH3) on curvature of 11-215 

nm as shown in Figure 4.11 (d). 
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The fitting of amide I was carried out for HSA/Fg at different time-points focusing on the 

effect of surface chemistry and curvature at timepoint of 30 mins. 

(B) 30 Mins  

 

  

 

Figure 4.12 (A) Results of FTIR analysis on the Amide I band of HSA/Fg on hydroxyl 

surface (OH) of particle size of 11 nm at 30 minutes. (B) The percentage of secondary 

structure of HSA/Fg at 30 minutes, (a) α-helix (b) β-sheet (c) β- turn (d) random coil. Data 

shown are the mean ± SD of three replicate samples, n=3. 

 

(A) 

(B) 

random coil  

Alpha helix  

(a) (b) 

(c) (d) 

β sheet 

β turn 



167 
 

There are high percentages of random coil at 11 nm for each surface chemistry as shown in 

Figure 4.12. 

 Low presence of α-helix is recorded on Figure 4.12 (a) for surface curvature of        

11-215 nm. Methyl surface (CH3) remains constant at 11 and 64 nm, rapid decreases in alpha 

helix at 105 and 215 nm were observed. Methyl surface have the highest percentage of          

α-helix at 11 and 64 nm. 

 There is high percentage of β-sheet at 30 minutes as shown in Figure 4.12 (b). Methyl 

surface increases from 11-64 nm and become constant from 105-215 nm. Hydroxyl surface 

(OH) remains constants from 11-215 nm while carboxyl (COOH) and amine surface (NH2) 

increases from 11- 105 nm and decreases at 215 nm as shown in Figure 4.12 (b). 

 Hydroxyl surface (OH) on Figure 4.12 (c) shows decreases of β-turn  from 11 nm to 

64 nm, thereby remain constant from 64 -215 nm. Amine surface (NH2) have the highest 

percentage of beta turn at 64 nm, an increase is observed from 11-64 nm and also remain 

constant from 105 -215 nm. Carboxyl surface decreases as the particle size increase from 11-

215 nm at 30 minutes.  

 Carboxyl surface (COOH) has the highest percentage of random coil at 11 nm 

samples. A rapid decrease occurs on all surface chemistry as curvature increases from 11 to 

64 nm. Steady increase occurs from 105 – 215 nm particle sizes for all chemistries as shown 

in Figure 4.12 (d) 
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The fitting of amide I was carried out for HSA/Fg at different time-points focusing on the 

effect of surface chemistry and curvature at timepoint of 60 mins. 

(C) 60 Mins  

 

 
 

Figure 4.13 The percentage of secondary structure of HSA/Fg at 60 minutes, (a) α-helix             

(b) β-sheet (c) β- turn (d) random coil. Data shown are the mean ± SD of three replicate 

samples, n=3. 

 
 As time increases up to 60 mins, there is lower percentage of α-helix observed on 64-

215 nm which relates to a higher percentage of random coils on 64-215 nm on surface 

chemistry. As the curvature size increases, the random coil component increases. There is a 

high percentage of β- sheet especially on functional groups at 11-215 nm samples as shown 

in Figure 4.13 (a)-(d) 
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The fitting of amide I was carried out for HSA/Fg at different time-points focusing on the 

effect of surface chemistry and curvature at 90 mins. 

(D) 90 Mins  

 
 

Figure 4.14 The percentage of secondary structure of HSA/Fg at 90 minutes (a) α-helix             

(b) β-sheet (c) β- turn (d) random coil. Data shown are the mean ± SD of three replicate 

samples, n=3. 

 A similar trend at 60 mins is observed at 90 mins but there is lower percentage of     

α-helix on amine (NH2) and hydroxyl surface (OH) at 105 nm. There is a high percentage of 

random coils present at 11-215 nm.  A high presence of Beta Sheet is observed on 11-215 nm 

at 90 mins. A low presence of α-helix is observed at each size especially on amine (NH2) and 

hydroxyl (OH) surface while higher level of random coil is observed on 64-215 nm on 

surface chemistry as shown in Figure 4.14 (a)-(d) 
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The fitting of amide I was carried out for HSA/Fg at different timepoints focusing on the 

effect of surface chemistry and curvature at 120 mins 

(E) 120 Mins  

 
Figure 4.15 The percentage of secondary structure of HSA/Fg at 120 minutes (a) α-helix             

(b) β-sheet (c) β- turn (d) random coil. Data shown are the mean ± SD of three replicate 

samples, n=3. 

 

 There is a lower presence of alpha helix still observed at 120 mins on 64-215 nm 

which relates to higher presence of random coil  at 64-215 nm. There is a high presence of β-

sheet observed but there is low percentage of β-sheet on hydroxyl surface (OH) as shown in     

Figure 4.17(a)-(d) 

The fitting of amide I was carried out for HSA/Fg at different timepoints focusing on the 

effect of surface chemistry and curvature at time-point of 180 mins. 
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(F) 180 Mins  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16 (A) Results of FTIR analysis  on the Amide I band of BSA/Fg on hydroxyl surface (OH)  

of particle size of 215 nm at 180 minutes  (B) The percentage of secondary structure of HSA/Fg at 

180 minutes (a) α-helix  (b) β-sheet (c) β- turn (d) random coil. Data shown are the mean ± SD of 

three replicate samples, n=3. 

At 180 mins, lower percentage of alpha helix is observed on surface curvature and 

chemistry while β-sheet has a high percentage on 11-215 nm. Carboxyl surfaces (COOH) 

have the highest percentage of random coil on 11, 64 and 215 nm. The β-turn conformations 

has a high percentage at  11 nm compare to other surface curvature at 64-215 nm. 
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4.3.5 PCA Analysis  
 PCA is a multivariate analysis technique that helps in the interpretation of datasets by 

identifying the major differences and bunching them together in principal components. The 

principal components (PCs) can then be used as a means of correlating patterns in data. PCA 

analysis was done on the FTIR data to understand the array pattern of amide I with respect to 

surface chemistry and curvature. The principal components (PCs) are used as a means of 

correlating patterns in the data, for instance variance associated with a particular sample sub-

set. Each of these PCs has a score relating the degree of variance associated with it as seen in 

Figure 4.17. PC1 having the highest difference between datasets while PC3-PC20 have the 

lowest value of eigenvalue. PC1-2 were focused upon . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17 Eigen values of each principal component  
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4.3.5.1 Loading Plots  
 Each of the principal components is a packet of variables which highlight 

discrimination between samples in the datasets. Figure 4.18 represents the loading from PC1 

and PC2 for datasets at different timepoints. Each of the datasets with negative and positive 

loadings corresponds to the position of the sample point within the scores plot. For instance a 

higher score for PC1 will have an overall higher proportion of positive PC1 loading peaks, 

along with less negative PC1 peaks.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18 Amide I loading plot of PC1 vs PC2   

 

 PC 1 (89.91%) shows a broad amide I band between 1610 and 1680 cm
-1

 while PC 2 

(5.27%) has a wavenumber value between 1620 and 1640 cm
-1

 as shown in Figure 4.20. 
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4.3.5.2 Score Plots  
 The score plot shown in Figure 4.19 captures 89.91% of the variance in the data in 

PC1, 5.27% of the variance in PC2. The data is presented such that amide I (1600-1680 cm
-1

) 

is focused upon for the dataset for protein conformation change. The remaining dataset for 

surface chemistry at different timepoints are shown in the appendix. 

 

PC1 and PC2 in terms of Surface Chemistry  

 

Figure 4.19 Score plots on the first two multivariate axes from PCA of the Amide I FTIR 

spectra on surface curvature of 11-215 nm on hydroxyl surface (OH) at 10-180 minutes. 

 

 At 10 mins, there is a distinctive difference between curvature sizes of 11- 215 nm on 

hydroxyl surface. The 11 nm  samples were further apart from 64, 105 and 215 nm. 

Clustering of 105 and 215 nm samples is observed while 64 nm samples stand out from 105 

and 215 nm. At 30 mins, The 11 nm samples moves further away from the rest of the 

curvature size while 64 nm samples moves further away from 105 and 215 nm. 11 nm 

samples is further apart as reported in 10 mins but the samples are moving close towards the 
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other samples. There is a clustering of samples observed on 64, 105 and 215 nm at 60 mins. 

At 10, 30 and 60 minutes all samples on each surface curvature are closely packed. 

 Clustering of dataset is observed at 64, 105 and 215 nm while scattering of samples at 

11 nm is observed although the samples on 11 nm is further apart from other curvature size at 

90 mins. At 120 mins, clustering of all samples is observed between PC 1 (0.04, 0.06) and 

PC2 (-0.03, -0.06). The dataset on each curvature of 11, 64, 105 and 215 nm stands apart. At 

180 mins, all the samples moves further away from PC1 value of 0.04-0.06. 105 nm samples 

are further apart from 11, 64 and 215 nm samples. The score plots of amide I spectra shows 

the curvature size and time have an effects on protein-nanoparticle interaction. The score plot 

of amide I spectra on methyl surface (hydrophobic) is shown below in Figure 4.20 at different 

timepoints. 

 

 

Figure 4.20 Score plots on the first two multivariate axes from PCA of the Amide I FTIR 

spectra on surface curvature of 11-215 nm on methyl surface (CH3) at 10-180 minutes. 
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Figure 4.20 shows amide I spectra results on CH3 surface at 10-180 mins. At 10, 30 

and 60 mins, samples are further apart from other curvature size at each timepoints. The  105, 

215 and 64 nm samples were apart from each other at 10 mins and 30 mins. At 60 mins, 

clustering of 64, 105 and 215 nm samples is observed.  

 Scattering of the 11 nm dataset is observed at 90 mins. The 11 nm samples still 

remain further apart at 120 and 180 mins till experiment was halted. Clustering of 64 and 215 

nm samples is observed at 90, 120 and 180 mins. Scattering of 105 nm dataset is observed at 

90 mins. Some of the dataset at the 105 nm  is seen moving towards 11 nm while the others 

are clustering around 64 and 215 nm. 
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PC 1 and PC 2 on Surface Curvature 

 The dataset obtained in Figure 4.21 and 4.22 was replotted to investigate the effect of 

surface curvature of 11 and 215 nm on PC1 and PC 2, which is shown in Figure 4.21 and 

Figure 4.22 

 

 

Figure 4.21 PC1 and PC2 score plots of amide I of 11 nm at different timepoints (10, 30, 60, 

90,120 and 180 mins) 
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 The results in Figure 4.21 (a)-(f) shows the PC1 and PC2 spectra of amide I at 

different timepoints and surface chemistry at curvature size of 11 nm. 

 Figure 4.21 (a) shows clustering of the dataset of carboxylic (COOH), hydroxyl (OH) 

and methyl surface (CH3) at 10 mins. Some of the dataset of amine surface (NH2) were far 

apart from other surface chemistry at 11 nm.  

 At 30 mins, Figure 4.21 (b) shows COOH and NH2 dataset were observed to be far 

apart from other chemistries. Clustering of OH and CH3 is observed near the origin. 

Little scattering of dataset is observed on each surface chemistry at 60 mins as shown in 

Figure 4.21 (c).The  COOH is still further apart from OH, NH2 and CH3. 

 At 90 mins, scattering of OH and NH2 is observed and the majority of the dataset of 

each surface chemistry aligned close to each other as shown in Figure 4.21 (d). 

 At 120 mins, the COOH dataset is still further apart while CH3, NH2 and OH aligned 

closed to each other as shown in Figure 4.21 (e). Figure 4.23 (f) shows different pattern 

compared to other timepoints. Clustering is observed on COOH, CH3 and NH2 dataset is 

observed to be further apart from OH dataset at 180 mins. 
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Figure 4.22 PC 1 and PC 2 score plots of amide I of 215 nm at different timepoints (10, 30, 

60, 90,120 and 180 mins) 
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 The results in Figure 4.22 (a)-(f) shows PC1 and PC2 spectra of amide I at different 

timepoints and surface chemistry on curvature size of 215 nm. The COOH dataset is 

observed to be further apart from other surface chemistry at 10-180 mins. The NH2 dataset is 

observed to be clustered at each timepoint although little scattering is observe at 60 and 180 

mins. The NH2 dataset is observed to be close to OH surface at 10- 180 mins. The CH3 

dataset also stands apart from other surface chemistry although clustering of CH3 dataset is 

observed at 120 mins with OH and NH2 dataset. 

 The OH dataset is observed to be clustered around the NH2 and CH3 dataset at 10-90 

mins. Clustering of the OH dataset with NH2 and CH3 is observed at 120 mins. The OH 

dataset is observed to be surrounding the NH2 dataset at each timepoints. 
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4.4 Discussion  
 Silica has been widely used for the coating of nanoparticles due to its properties, 

chemically inert, stable and biocompatible properties.
19, 20

 Functionalization of silica is well 

established using the self assembled monolayer technique which is used by other researchers. 

21-23 
The results of this work show a successful functionalization and a high colloidal stability 

of the particles in ethanol. The FTIR, WCA and XPS results confirm the presence of 

functional groups after the functionalization of silica spheres. Calibration of both HSA and 

Fg was carried out, showing a linear range response in the working range of 0-15 μg/mL.  

 Adsorption of HSA and Fg have been widely studied using single protein solution. 

The competitive adsorption of proteins on surfaces with regard to changing surface properties 

is challenging and not well understood. The effect of surface chemistry and curvature on 

competitive adsorption of HSA and Fg at different time-points has being reported in this 

Chapter. The study of surface chemistry is vital in understanding the adsorption kinetics in 

protein adsorption since some studies show adsorption on hydrophobic surfaces have 

adsorbed higher protein.
24  

 
 The results of the competitive adsorption of HSA and Fg as shown in the results 

section shows the effects of surface chemistry and curvature of HSA only, Fg only and the 

ratio of HSA/Fg at different time-points. Different timepoints were set for this experiment to 

understand the dynamic conformation changes that take place with respect to surface 

chemistry and curvature. HSA and Fg mixed solutions (HSA and Fg) of physiological ratio of 

19:1 is assessed and measurement was carried out and the relative ratio of adsorbed proteins 

is assessed. HSA and Fg have been used to understand competitive adsorption on 

nanoparticles.
25 

  
In this work, fluorometric assay is used to determine the amount of protein adsorbed in 

combination with infrared spectroscopy to assess conformational changes/differences with 
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respect to both surface properties and time of adsorption. PCA was also carried out to further 

understand similarities/differences with respect to the global vibrational data.
 

 The effect of surface chemistry on HSA adsorption shows carboxylic surface (COOH) 

has the highest adsorption at 48 μg/m
2
 while methyl surface (CH3) has the least adsorption of 

35 μg/m
2
 at 180 mins. No major difference in adsorption is observed on methyl surface (CH3) 

as the time-point increases for all surface curvature as shown in Figure 4.23. In chapter 3, 

section 3.3.8, higher affinity of albumin for CH3 as curvature sizes increases was observed. 

This suggests that upon initial adsorption, no further change occurs i.e. the compositional 

with respect to HSA does not change with time.  

 

Figure 4.23 HSA adsorption on carboxylic (COOH) and methyl (CH3) surface. Data shown 

are the mean ± SD of three replicate samples. T test value shows p < 0.5 (x), p < 0.05 (xx),       

 

 HSA adsorption on CH3 shows a decrease in adsorption on 11, 64 and 105 nm.        

The 215 nm have the highest HSA adsorption on methyl surface and carboxylic surface as 

shown in Figure 4.23. The results shows that surface charge may give rise to greater amounts 

of adsorption compared to hydrophobic interactions which support the findings presented in 

Chapter 3. Fg adsorption  on methyl surface (CH3) have the highest adsorption in terms of 

surface chemistry while the carboxylic surface (COOH) displays the least adsorption as 

shown in Figure 4.24 as the time-point increases. 

xx 
xx 

xx 
x 
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Figure 4.24 Fg adsorption on carboxylic (COOH) and methyl surface (CH3).Data shown are 

the mean ± SD of three replicate sample. T test values indicate p < 0.5 (x), p < 0.05 (xx),       

p < 0.005 (xxx). 

 

 On CH3 surface, HSA stays constants over time, yet fibrinogen decreases, suggesting 

a possible change in configuration of the protein layer. Fg adsorption on methyl surface 

(CH3) shows a constant value on 64 nm as the time-point increases whereas on other particle 

sizes, a slight decrease is observed between 90-180 min, with a p value of 0.004, p < 0.005. 

The results confirms the findings of previous researchers which shows Fg interacts with 

methyl surface greatly compared to other surface chemistries.
27-29 

  The adsorption of Fg and HSA in competition were further analysed by fitting the IR 

spectra result at different time-points to understand the effect of surface chemistry and 

curvature on protein conformation as the time increases. More in-depth analysis was carried 

out using amide I component peak fitting. This gives detailed information on the secondary 

structure, but it should be clearly noted that again this is global structure encompassing HSA 

and Fg .The fitting of amide I shows the higher the random component present, the lower the 

presence of alpha-helix as the timepoint increases. A higher percentage of β sheet and β turn 

is observed at each timepoint. Secondary structural change of HSA/Fg on COOH and CH3 

surface at 30, 90 and 180 mins is shown in Figure 4.25 (a)-(f). 

xx 
x 

xx 
xxx 
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Figure 4.25 The percentage of secondary structure on CH3 and COOH on 11 and 215 nm, at 

30, 90 and 180 mins. n=3.  

 

 At 90 min, Figure 4.25 (c) and (d) shows a higher presence of beta sheet on surface 

curvature of 11 and 215 nm and chemistry of CH3 and COOH surface. The percentage of 

alpha helix on surface curvature of 11 and 215 nm is lower while high random coil 

component is observed on COOH surface compared to CH3 surface at 90 mins which 

corresponds to the results in Figure 4.25 of higher adsorption of 50 μg/mL on COOH surface 

at 90 mins. As  time increases to 180 mins, the percentage of alpha helix is found to have the 

lowest percentage compared to  all other protein structures as shown in Figure 4.25 (e) and 

(f). 
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 The uses of PCA to study protein adsorption has been explored previously.
30,31

 The 

data from the eigenvalues of secondary protein structure over various surface chemical 

functionalities and different time-points was examined, and the first two PC’s were taken, 

giving 89.91% confidence in the variance. Principal component variability in FTIR dataset 

shows the difference or similarity of secondary structure on the whole dataset, including 

chemistry, size and time. 

 PCA analysis of the amide I alone was carried out to assess global 

difference/similarity in the secondary structure of adsorbed proteins as shown in Figure 4.28, 

there is a change in the PC1 and PC2 scores relative to the time change from 30-90-180 mins 

with respect to CH3 terminated particles. This demonstrates clearly, a change in global 

secondary structure.  

 Score plots of PC1 and PC2 on CH3 surface at 30, 90 and 180 mins is shown in     

Figure 4.26. In terms of surface chemistry, 11 nm on OH and CH3 surface is further apart 

from other curvature size, but as the time increases, 11 nm is observed to be closer to other 

surface curvature while some clustering is observed. In terms of surface curvature, results 

shows at 11-215 nm, no major clustering observed on surface chemistry as time increases, 

although some  scattering is observed on carboxylic surface (COOH).  
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Figure 4.26 PC 1 and PC2 show the variability in amide I dataset on COOH and CH3 surface  

 

   The interaction process between HSA and Fg differs on each surface chemistry. 

HSA adsorption on COOH surface shows a constant adsorption as the time increases on 64, 

105 and 215 nm while a steady decrease in measured adsorbed amount is observed on 11 nm 

as the time-point increases between 90-180 mins with a p value of 0.006, p < 0.05.The 

affinity data in Chapter 3, section 3.3.8 shows higher affinity on carboxylic surface which 

may indicate that this affects the strength of binding during competitive adsorption. 

 Negatively charged surfaces (COOH) have the highest amounts of HSA compared to 

all other surfaces tested. Hydrophobic surface are widely known to adsorb higher amounts of 

protein, depending on the nature of the interaction and conformational distribution during 

adsorption. Hydrophilic surfaces can inhibit adsorption according to some researcher
32,33 

Protein adsorption results vary based on the type of nanoparticle and type of protein. Deng et 

al
34 

and Fertsch-Gapp et al
35

 have demonstrated that surfaces with no charge bind less protein 

than their negatively-charged (COOH) or positively charged (NH2). Fg adsorption on 
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carboxylic (COOH) surfaces display the least adsorption in terms of surface chemistry and 

adsorption decreases as the time-point increases from 30-180 mins, as shown in Figure 4.24, 

with a p value of 0.41, p< 0.5. The PCA analysis in Figure 4.26 confirms changes in PC1 and 

PC2 as time increases from 30-90-180 mins with respect to COOH terminated particles. 

Scattering and clustering of the datasets is observed at the initial timepoint of 30 mins while 

variations in samples were observed as the timepoint increases from 90-180 mins in PC1 and 

PC2. The secondary structure of COOH surface as time-point increases shows an increase in 

random coil component and beta sheet as time increases while a lower percentage of alpha 

helix is recorded. The results relate to the finding in Chapter 3, i.e the lower the alpha helix 

present, the higher the random coil component.  

 Fibrinogen is known to denature as the surface curvature of silica nanoparticles 

increases from 7-82 nm according to Roach et al.
36 

HSA adsorption reveals 215 nm has the 

highest adsorption while 11 nm has the least HSA adsorption as shown in Figure 4.27. On 

11 nm particles no major changes are observed in HSA adsorption over time and over all 

chemistries tested. This is in contrast to data reported for HSA binding from single protein 

solutions (Chapter 3).  This indicates that when in competition with Fg for surface sites the 

amount of HSA is ‘buffered’. As there is much more HSA in solution compared to Fg 

(mimicking biological ratios of 19:1) it is likely that HSA rapidly adheres to the surface 

reaching equilibrium more quickly in a competitive scenario due to simultaneous binding of 

much stronger adhering Fg. A slight reduction in HSA adsorbed component is observed at 

180 minutes on CH3 terminated surfaces. This is not reflected in the amount of Fg adsorbed 

on similar particles as shown in Fig. 4.8, highlighting the possibility for a change in protein 

structure during adsorption. There is also a suggestion of time dependant protein structural 

change highlighted by the oscillatory adsorbed amount of HSA on both amine and hydroxyl 

215 nm particles. A decrease in the amount adsorbed is demonstrated on these particles after 
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~100 minutes, Figure 4.7, with similar somewhat more pronounced trends for these surfaces 

being shown for Fg in Figure 4.8. One hypothesis may be that the larger particles, presenting 

lower surface curvature, allow re-orientation of the protein molecules after initial binding. 

This would be consistent with previously reported finding from single protein adsorption 

systems.
36

 

 

Figure 4.27 HSA adsorption on 11 and 215 nm. Data shown are the mean ± SD of three 

replicate samples. T test value indicates p < 0.5 (x), p < 0.05 (xx). 

 

 A higher affinity of HSA on 11 nm is observed in the previous chapter which 

confirms lower adsorption while Fg adsorption on 11 nm has a lower affinity. Secondary 

structure on 11 nm at 30, 90 and 180 mins confirms the low percentage of random coil 

component as the time increases on CH3 and COOH surface. This suggest the higher the 

affinity, the adsorption of HSA decreases as time increases. PCA analysis shows changes in 

PC1 and PC2 score plot of 11 nm on each of functional group (OH, COOH, NH2 and CH3) as 

the time increases. Clustering of samples is not observed but a variance between particle sizes 

as the time increases on surface chemistries. Fg adsorption also shows 215 nm have the 

highest adsorption while 11 nm have the lowest Fg adsorption as summarised in Figure 4.26 

xx 

xx 
xx 

x 
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 Cai et al
23 

reveals  nanoparticle size affects protein adsorption on  titanium films of 

2- 21 nm which confirms the finding in this Chapter as shown in Figure 4.28 of Fg adsorption 

on 11 and 215 nm.  

 

Figure 4.28 Fg adsorption on 11 and 215 nm. Data shown are the mean ± SD of three 

replicate samples. T test value indicates p < 0.5 (x), p < 0.05 (xx), p < 0.005 (xxx). 

  

The results shown in Figure 4.29 demonstrate that the carboxylic surface stabilises the 

protein layer adsorbed within the first 30 mins, with very little change to the HSA/Fg ratio 

after this time, In contrast, the OH surfaces alter the protein composition between 90 and 180 

minutes suggesting that HSA is lost from the surface, while the amount of fibrinogen 

increases.  

 

Figure 4.29 Effect of surface chemistry on HSA/Fg (19:1) adsorption. Data shown are the 

mean ± SD of three replicate samples. 

xx 

xx x 

xxx 
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 The results shown in Figure 4.29 confirm the principle of the Vroman effect which 

states that small protein molecules adsorbed more rapidly than larger molecules. The results 

in Figure 4.29 (a) correspond to HSA data in Figure 4.23(a). HSA of 66 kDa adsorbed more 

rapidly than Fg of 350 kDa as the time increases. The Vroman effect has been investigated by 

other researchers and observed on protein mixtures.
39,40  

 The data here suggest that the 

Vroman effect is observed over the 180 minute timeframe for the OH presenting surface but 

not the COOH surface. One hypothesis, which is supported by other data in this chapter and 

from previous literature
36

, could be the orientation/conformational constraints imposed on 

adsorbing proteins due to the surface curvature. Fibrinogen is known to wrap around curved 

surfaces, with higher interaction induced by surface chemistry, giving rise to enhanced 

binding. It is not known if similar effects would have been observed for the COOH surface at 

later time points, although due to the comparative binding strength of the two proteins in 

competition for these surfaces, it may be assumed that the effect would not be observed. 

 

4.5 Conclusions  
 The results of this work have clearly shown how surface chemistry, curvature and 

timepoint affect protein adsorption using multiple proteins of HSA and Fg. Characterisation 

of functionalised silica nanoparticles were carried out successfully using FTIR, XPS and 

WCA. 

 Carboxylic surfaces (COOH) have the highest HSA adsorption and methyl surface 

(CH3) has the least HSA adsorption at 180 minutes. The results relates to the finding in 

chapter 3 which shows higher affinity of BSA on methyl surface as curvature size increase. 

This suggests on methyl surface, upon initial adsorption, no further change occurs. The 215 

nm particle have the highest HSA adsorption while 11 nm have the least HSA adsorption. i.e 

as the curvature size increases, there is more HSA adsorption. Methyl surface (CH3) has the 

highest Fg adsorption while carboxylic surface (COOH) have the least adsorption as time 
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increases. The t-test confirms the strong evidence of the dataset with a p value less than 

0.005. 

 The particle size of 215 nm have the highest adsorption on HSA, Fg and HSA/Fg 

adsorption as the timepoint increases while 11 nm have the least adsorption. The results 

correspond to other findings that curvature size affects protein adsorption. 
43 

 As the timepoint increases, changes were observed on secondary structure. Random 

coil decrease on hydrophobic (CH3) and negative charge (COOH) surface as the timepoint 

increases while β- sheet and β-turn increases as timepoint increases on 11 nm particles. 

Random coil increases on COOH surface as the timepoint increases (30-180 mins) on HSA 

adsorption. PCA analysis of the Amide I was used to assess global difference/similarities in 

secondary structure and as timepoint increases, there are clustering and variance between 

particle sizes on each functional group (OH, COOH, NH2 and CH3) which clearly 

demonstrates a change in global secondary structure.  

 The Vroman effect for HSA and Fg adsorption on different functionalised silica 

surfaces at different timepoints monitored by FTIR and PCA analysis confirms the influence 

of physicochemical cues on the competitive adsorption of proteins. The result shows how 

protein adsorption affects secondary protein structure at different timepoints. HSA of 66kDa 

adsorbed more rapidly on each functionalised silica nanoparticle especially on COOH surface 

at 11-215 nm at 10-180 mins compared to Fg of larger molecule of 350 kDa. Thus, the results 

obtained in this chapter can provide an insight for other researchers and industry into drug 

delivery systems and interfacial behaviour of biomaterial. 
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CHAPTER 5 

Investigation of Cell Secretome in 

Response to Surface Cues 
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5.1 Introduction  

 Stem cells have become the focus of research due to its vital role in understanding 

cellular response, and therapeutic targets.
1
 Despite the high focus of research in stem cells, 

relatively few authors have investigated the secretome of stem cells using different proteomic 

technologies and techniques. 

 Secretome are defined as protein that cells secrete into the extracellular environment 

which control and coordinate vital biological processes. These proteins serve several 

purposes in signal transduction, immune defence and blood coagulation.
2
 Secreted molecules 

are believed to be key mediators in cell-cell communication, which also influence the 

surrounding environment of the cells. The main reason to investigate stem cell secreted 

proteins is because the cell culture will closely resemble and mimic the in vivo conditions 

which are more suitable to study and understand how secreted factors affects cell 

proliferation and differentiation.
3
 The study on cell secretome will lead to discovery of novel 

therapeutic and effective biomarkers. 

The recent studies of secretome of various stem cells have considered the potential for 

treating diseases such as renal failure,
4, 5

 stroke,
6
 and lung injury.

7
 However, less information 

is known about various stem cell secretome and their key factors.  

 Secretome proteins are difficult to study because they are less often isolated and 

identified due to their low cellular abundance. The analysis of secreted protein is challenging 

due to different techniques/method being used, which is another major reason there is less 

research carried out. Examples of challenges faced in secretome analysis are the presence of 

protein concentrations in cell culture media, cell density incubation time, serum protein in 

cell culture media and the bioinformatics tools to analyse the dataset. Proteomic approaches 

are used in secretome analysis.  
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Figure 5.1 Challenges of secretome analysis  

 

 The isolation of cells and cell culture has a strong effect on the cell conditioned 

medium and detection of the secreted proteins. Cells were cultured in serum containing media 

and were removed so as not to contaminate the end result and prevent the detection of cell-

produced proteins secreted at low concentration. Since cells strongly requires serum, it may 

be difficult for the cells to adapt to low or minimal serum concentration in the culture 

media.
8-10

 The cells were later washed in serum free medium at different timepoints 

depending on the cells type, cell density, concentration of media and timepoints. Mbeunkui et 

al,
 11

 used the procedure from medium collection, to serum collection, washing of cells in 

serum free medium (four times), incubation period and time intervals of 18-42 hours.
 
Similar 

approaches were followed by some researchers to establish a protocol for medium collection 

such as Chevallet et a1
12

 and Lawlor et al, 
32

 but different cells, different time points and 

mass spectrometry were used for secretome analysis. Mass spectrometry approaches have 

been widely used in proteomic analysis which is now used in secretome analysis for 
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separation and detection of large scale proteins present in a complex biological mixture. LC-

ESI-MS technique for low molecular weight proteins and peptides have been shown to be the 

novel approach in secretome analysis
14

 while some make use of 1D and 2D electrophoresis. 

Each of this method has its advantages and disadvanatages.
15

 Currently, proteomic analysis 

tool is used for identifying secreted proteins which rely predominantly on MS analysis of cell 

culture supernatant. 

 In this study, fibroblast cells were used with different media  namely, Fetal calf serum 

(FCS), bovine serum albumin (BSA), Dulbecco modified eagle medium (DMEM), 

Fibrinogen (Fg) and phosphate buffer saline (PBS) of different concentrations to establish a 

methodology for secretome experiments. The effect of surface physicochemical cues was 

studied at different concentrations of 200 µL, 400 µL and 600 µL and timepoints (30 minutes 

and 24 hours) were used. Two proteomics separation techniques were used to investigate 

fibroblast secreted protein on different surface chemistries at 30 mins and 24 hours namely, 

LC-ESI/MS and MALDI-Tof/Tof to detect low abundant proteins that have not been secreted 

or reported.  
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5.2 Materials and Methods  

5.2.1 Self-Assembled Monolayer Formation using Silanes 
 As explained in materials and method in Page 49. 

5.2.2 Characterisation of SAMs 

5.2.2.1 Water Contact Angle Measurements 
  Static water contact angle measurement is the most preferable method used to 

measure a material’s degree of wettability because it is quick, economical and a relatively 

simple technique.
20  

Wettability is a property of surfaces that controls many phenomena such 

as the biological response to materials.
21

 Water contact angle measurements on SAMs were 

conducted at room temperature using the sessile drop method.
22,23

 The angle between the 

baseline of the drop and the tangent at the drop boundary is measured. A water droplet 

(10 µL) of water was placed on the substrate and measured as shown in section 2.3. The 

procedure was repeated three times at different sites on the same surface and the contact 

angle of the sample was expressed as a mean value of three contact angle measurements. 

Three analysis techniques were used, two were drop analysis method
24

 was used as seen in 

Figure 5.2 while the third one is an imageJ software application called angle measurement  

 

Figure 5.2 (a) Dropsnake method and (b) low-bond axisymmetric drop shape analysis 

(LBADSA).24    

  

(a) (b) 
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5.2.2.2 Fourier Transform Infrared spectroscopy - 

Attenuated Total Reflectance (FTIR-ATR) 

The Alpha Platinum ATR (A220/ D-01) Quicksnap spectrometer (Bruker Optic) was 

used for obtaining all the infrared spectra of SAM samples. This system makes use of a single 

bounce diamond crystal, with an adjustable sample pressure, 360
o
 rotable pressure applicator 

and a spectral range of 7,500-375 cm
-1

. Infrared adsorption spectra of the SAMs were 

acquired by using OPUS software. A blank air background measurement was carried out 

prior to each sample taking an average of 265 scans. The spectral range of data was taken 

from 4000 – 375 cm
-1

. An average of 265 scans was also taken for each sample, with 5 

spectra being taken to determine reproducibility and surface variance across the sample area. 

 

5.2.3 Cell Culture 
All work using cell cultures was performed in a class 2 laminar flow cabinet using 

aseptic techniques. The cabinet was sterilized by UV light for at least 30 minutes prior to use 

and all equipment washed by 70% ethanol prior to use.  

Materials 

3T3 mouse embryonic fibroblasts were used for this study, preserved in freeze media 

in liquid nitrogen until required. Freezing media is made up of 95% Fetal calf serum (FCS) 

and 5% dimethyl sulfoxide (DMSO). The cells were removed from liquid nitrogen and 

maintained in complete medium; Dulbecco’s modified eagles medium , DMEM (Biosera), 

supplemented with 10% Fetal calf serum (FCS), 2% L-glutamine and 1% penicillin/ 

streptomycin were warmed in the 37 
0
C water bath before starting to passage. 
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5.2.3.1 Cell Passage  

3T3 fibroblasts used in this study were used at second passage. The cells were plated 

in tissue culture flask; the media was changed every other day and passaged after reaching 

90% confluence. The confluent culture in tissue culture flask (T-25/75cm
2
) was taken out of 

the incubator and examined for any colour change in the medium and under a phase contrast 

microscope for cell viability and taken into the laminar flow hood. The medium was aspirated 

and cells washed once with 4-5 mL of PBS. 1 ml of PBS and 150 µL of trypsin was added 

and incubated for less than five minutes to detach cells. The flask was taken from the 

incubator after five minutes or when the cells have detached from the bottom of the flask. 

10 mL of FGM medium was added and carefully pipetted in and out, using a 10 ml pipette, to 

break up the cell clumps. The cell suspension was transferred to a 30 mL tube and 

centrifuged at 800 rpm for 5 minutes and the supernatant was discarded. The cell pellets were 

re-suspended in 10 mL of fresh warm fibroblast growth media. The cell viability and cell 

count was determined using haemocytometer and trypan blue exclusion assay (Invitrogen, 

Paisely, UK) with 1 in 10 dilution of cells (5µL of cell suspension and 45 µL of Trypan blue). 

 

5.2.4 Cell Culture and Different Media Composition 
Molecules secreted from cells are of extremely low abundance, especially when 

considering the initial response to materials. For this reason it is necessary to reduce the 

composition complexity of the media used in order to identify secreted proteins. The 

constituents of five test medias are detailed below and shown in Table 5.3 

1. Fetal calf serum (FCS) media was prepared using 10% Fetal bovine serum (FBS) in 

Dulbecco’s modified eagles medium (DMEM) supplemented with 1% penicillin/ 

streptomycin. Medias with and without 2% L-glutamine were assessed. This was used 

as positive control for cell viability. 
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2. Dulbecco modified eagle medium (DMEM) was used with and without 2% 

L-glutamine. 

3. Bovine serum albumin (BSA) supplemented media was made up with 0.3 mg/mL 

BSA (Sigma Aldrich) in phosphate buffered saline (PBS). The PBS was made by 

dissolving pre-formulated tablets in dH2O, to make a final solution containing 

137  mmol sodium chloride (NaCl), 2.7 mmol potassium chloride (KCl), 4.3 mmol 

sodium pyrophosphate (Na2HPO4) and 1.47 mmol potassium dihydrogen phosphate 

(KH2PO4) with a pH at 7.4 at 25
o
C. Medias with and without 2% L-glutamine were 

assessed.  

4. Fibrinogen (Fg) supplemented media was made up with 0.02 mg/mL Fg in PBS 

(Sigma Aldrich) in phosphate buffered saline (PBS). The PBS was made by 

dissolving pre-formulated tablets in dH2O, to make a final solution 137 mmol sodium 

chloride (NaCl),   2.7 mmol potassium chloride (KCl), 4.3 mmol sodium phosphate 

(Na2HPO4 ) and  1.47 mmol monopotassium phosphate (KH2PO4 ) with a pH at 7.4 at 

25
o
C. Medias with and without 2% L-glutamine were assessed. 

5. Phosphate buffered saline (PBS) was prepared as above, being supplemented with/ 

without 2% L glutamine, serving as a negative control for cell viability. 

 
 

Table 5.1 Different Medias Composition Reduced media 

complexity Medias Abbreviation 

Fetal Calf Serum 10% in DMEM  FCS 

Dulbecco Modified Eagle Medium  DMEM 

Bovine Serum Albumin  0.3 mgmL
-1

 in PBS BSA/PBS  

Fibrinogen 0.02 mgmL
-1

 in PBS Fg/PBS 

Phosphate Buffered Saline PBS 
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5.2.4.1 Cell culture in Serum Free-medium  

Cells were re-suspended in each of the test solutions at a density of 3 x 10
4
 3T3 

fibroblasts per mL.  Three replicate cell culture experiments were carried out examining cells 

via phase contrast microscopy after 1, 2, 24 and 48 hours. Image-J software with a cell 

counter plug-in was used to manually count the cell number and assess cell spreading areas.  

5.2.4.2 Cell Culture in Serum Free-Medium with SAMs 

Chemistries 

  Cells were passaged and re-suspended in BSA media without glutamine. 3 x 10
4
 

cells were seeded in each 24 well containing three replicate of each of the SAMs, and 

incubated in humidified air with 5% CO2. Three different media volumes were also assessed 

in order to find an optimum condition where secreted proteins were at sufficient 

concentration for analysis; media volumes of 200, 400 and 600 µL were used. All media 

containing cell secretions were collected from sample wells after 30 minutes and 24 hours. 

The schematic of experiment layout for cell protein secretion is shown in Figure 5.3 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 Schematic of experiment layout for cell protein secretion 

Vol. of media 

Incubation time of 

cells over SAM 

CH3 

COOH 

OH 

NH2 

30 min 24 hours 

200 µL       400 µL       600 µL         200 µL     400µL         600µL 
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5.2.5 Acetonitrile Precipitation 

           Acetonitrile (ACN) precipitation is a method used to reduce high abundant proteins 

and is widely used in  laboratories for small molecule analysis.
25

 All samples contained large 

amounts of BSA in comparison to the cell secreted proteins, so an ACN crash was used to 

remove this. A volume of 400µL acetonitrile was added into each of the sample volumes as 

shown in Figure 5.4 because the ratio of the same to ACN is ratio 2:1. 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 Protein precipitation using acetonitrile 

 

After Speed Vac concentrating the solution, a white solid remained at the bottom of the 

0.5      mL eppendorf tube. 50 µL of 0.1% trifluoroacetic acid (TFA) in distilled water were 

added and Ziptip technique was carried out.  

 

5.2.6 Ziptip 

Ziptips are a commercial product used for purifying and concentrating femtomoles to 

picomoles of proteins or peptide samples to analysis. Each Ziptip is a 10 µL pipette tip with a 

0.6 or 0.2 µL chromatography media fixed at its end. The sample is aspirated through the tip, 

with the species of interest binding to the packing. This allows washing, de-salting and prior 

to the sample being dispensed, giving rise also to a more concentrated sample.
26 

+ 400µl 

ACN Centrifuge 

BSA 

595 µL of remaining solution were 

transferred into a clean 1ml eppendorf 

tube and then speed vac to dryness. 

Sample vol. 

200µl 
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5.2.6.1 Ziptip Procedure  

The following procedure was carried out for sample analysis. Ziptip C4 (Millipore) was 

attached to a 20 µL Gilson pipette and set to dispense 10 µL aliquots. 

 The tip was wetted with 2 cycles of 50% acetonitrile/ water, ensuring that air bubbles 

were not introduced into the Ziptip. The tip was then equilibrated ready for sample 

binding with 5 cycles of 0.1% TFA in H2O. 

 Peptides were then bound to the tip (acidifies to 0.1% TFA) with 10 cycles of sample 

solution. The sample volume should be less than 100µl. The salts that bound to the 

tops were washed off with 2 cycles of 0.1% TFA in H20 and dispense to waste. 

 The last stage is the stripping solution; 4µL of 80% acetonitrile/water  + 0.1% TFA 

were dispensed into a 500 µL eppendorf tube using a Gilson pipette tip. The cycle 

solvents were done at least 3 times without introducing air into the sample. The 

sample is sent for ESI-MS analysis (acknowledgement to Dr Sarah Hart). 

 

5.2.7   Mass Spectrometry (MS) 

Mass spectrometry is used to determine the mass of a large range of molecules 

ranging from large to small biomolecules. The two most commonly used techniques in MS 

are electron spray ionisation (ESI) and matrix-assisted laser desorption ionisation (MALDI). 

 

5.2.7.1 Liquid Chromatography-Electrospray Ionisation (ESI) 

The samples were analysed by using liquid chromatography and electrospray 

ionisation mass spectroscopy (LC-ESI-MS). The instrument is an LTQ Velos (Thermo Fisher 

Scientific, Hemel Hempstead, Herts), coupled to a Dionex Ultimate3000 split flow system 

with Famos autosampler (Dionex Corporation, Crawley, Surrey).  The gradient was a 35min 
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linear ramp from 2%-60% B (MeCN: 0.1% formic acid), with solvent A being 2% MeCN: 

0.1% FA. the column was a  75 µm i.d. 15 cm PepMap with 5µm beads, 200A pore size 

(Dionex), and the  trap column was the same packing material in a 2mm guard. All solvents 

were from Fisher, and LC-MS grade formic was from Sigma. Samples (5 µl loading volume) 

were loaded from zero dead-volume vials (Waters, Elstree, Herts) in buffer A. Columns were 

washed in 90% B for 5 min and re-equilibrated in 2% B for 15 min prior to the next injection. 

The MS program ran from 300 or 400 m/z up to 2000 m/z in survey (MS) mode only. 

(Acknowledgement to Dr Sarah Hart, Keele University) 

 

5.7.2 Matrix Assisted Laser Desorption Ionisation (MALDI) 

 The samples were analysed by using matrix assisted laser desorption ionisation mass 

spectroscopy (MALDI). The instrument is MALDI 4800 Tof/Tof which can  perform MS and 

MS/MS of samples in an automated, unbiased manner (Information-Dependent Acquisition), 

equipped with a Dionex Ultimate 3000 nano HPLC system and  Probot MALDI spotting 

system for LC MALDI. Its resolving power is 18,000 (FWHM), mass accuracy of 50 ppm 

and sensitivity in low femtomoles range. MALDI 4800 ToF/ToF provide highest level of 

protein coverage throughout in proteomic analysis. Figure 5.8 shows the method used for 

secretome experiment. After Acetonitrile crash and C4 zip tip clean up proteins were mixed 

in a 1:1 ratio (v/v) with α-cyano-4-hydroxycinnamic acid (CHCA, 10 mg/mL MALDI target 

plate, and analysed by a MALDI time-of-flight (TOF/TOF) instrument (MALDI 4800, 

ABSciex, Warrington, Cheshire). MS data were acquired in a positive reflector mode in the 

mass range of 700-3,600 m/z, 800-1,000 laser shots were accumulated during survey scan 

acquisition. Close external calibration was performed using Calmix 5, a mixture of 5 protein 

standards (bradykinin, angiotensin, P14R, ACTH fragment 18-39, glufibrinopeptide). All 

spectra were externally calibrated using calibration spots. All chemicals were obtained from 
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Sigma-Aldrich (Poole, Dorset) in 0.1% TFA, 80% acetonitrile) on a stainless steel. 

(Acknowledgement to Dr Sarah Hart & Dr Elzbieta Piatkowska) 

 

 

 

Figure 5.5 Schematic of method used in secretome experiment using MS 

 

 5.2.8 SUMMARY  

 A brief summary illustrating the experimental workflow carried out is shown in Figure 5.6 

 

 

Figure 5.6   Schematic illustration of the procedure used for fibroblast secreted proteins. 

 

 

Coated Functionalised surface via SAM 

Fibroblast culture  in different media at diff.erent 
timepoints 

Collection of conditioned medium, follwowed by 
ACN Precipitation  

LC-MS/MS  and MALDI/TOF/TOF  

Multivariate analysis  using eigenvector  software 

(ESI-MS & MALDI) 
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5.3 Results 

5.3.1 Characterisation of Self assembled monolayers (SAMs) 
 SAMs were analyzed using water contact angle (WCA) and attenuated total 

reflectance, Fourier transform infrared spectroscopy (ATR-FTIR) 

5.3.1.1 Water Contact Angle  
 Water contact angle measurements were taken to assess the difference in 

wettability of the self assembled monolayers of varying functionality. Drop shapes were 

found to differ as expected as seen in Figure 5.7 with non-polar CH3 surfaces presenting a 

higher WCA compared to more polar surfaces, e.g COOH, NH2 

 

Figure 5.7 Images of water contact angle of surface chemistries 

 

 Water contact angle alters with respect to the interaction of water and surface 

functionality. Table 5.4 shows the difference between three measurements using drop 

analysis technique.   
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  ImageJ angle measurement  Drop analysis 

Chemistries Angle tool Drop snake LB-ADSA 

CH3 63.8 ± 3.0 78.0 ± 0.7 71.8 ± 0.9 

OH 52.5 ± 2.2 50.3 ± 2.7 51.4 ± 3.4 

NH2 43.3 ± 1.2 43.0 ± 1.4 47.1 ± 1.6 

COOH 25.9 ± 3.9 25.1 ± 2.6 29.6 ± 2.8 

 

Table 5.4 Difference between water contact angle measurement, standard deviation is used as 

the error bar, n=6 .The results in Table 5.4 demonstrate difference in wettability as expected 

for each of the SAMs 

 The results in Table 5.4 clearly demonstrate difference in wettability as expected for 

each of the SAMs. 

5.3.1.2 Fourier Transform Infrared Spectroscopy (ATR) 

 FTIR-ATR was used to analyse the surface functionality of the SAM substrates 

prepared. This technique gives information on the presence of chemical groups evidenced in 

spectra by peaks at specific wavenumbers, which are related to the vibrational energy 

adsorbed by specific groups. FTIR confirmed the modification of the glass substrates by the 

SAMs, with peaks relating to amine, hydroxyl, carboxyl terminal groups as well as the 

hydrocarbon backbones of the SAMs, Figure 5.8. This is explain further in the discussion 

section   

 

Figure 5.8 FTIR spectra of various SAM surfaces 
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5.3.2 Cell culture 
 3T3 fibroblast cells cultured in medias of varying composition were observed by 

brightfield phase contrast microscopy and images were taken at different timepoints of 1, 2, 

24 and 48 hours as shown in Figure 5.9 
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Figure 5.9 Phase contrast optical microscopy of 3T3 fibroblasts cultured in test medias of 

varying complexity. Images were taken at 20x magnification, at 1, 2, 24 and 48 hours after 

seeding. Scale Bar of 100 µm 

 The cells were counted manually using ImageJ software. The scale of the image was 

set to scale and the setting threshold was done using black and white background. The ROI 

manager setting was used to semi-automatically calculate cell areas as shown in Figure 

5.10.The constituents of the media compositions are: FCS, DMEM, BSA, Fg and PBS 

supplemented with and without 2% glutamine (GLU). All cells were counted except the cells 

that are on the left and right edges were not counted. Also, the cells must be globular.  The 

mean of cell numbers in each media composition was calculated and recorded using 

Microsoft Excel.  

 

 

 

 

 

 

 

 

 

Figure 5.10 Illustration of how the cell numbers were calculated using ImageJ regions of 

interest (ROI manager). Example shown is threshold optical image of 3T3 fibroblast cultured 

for 1 hour in FCS + Glutamine media, taken at 20x magnification. Overlay in blue shows cell 

area measured using ImageJ software. Scale bar of 70 µm 
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 The mean of cell numbers in each media composition was calculated and recorded 

using Microsoft excel. Cells that were adhere and spreading over the surface were 

differentiated and those that remained globular in shape were counted using ImageJ. ImageJ 

was used to count the number of cells that are adhered (globular in shape) and cells that are 

spreading at 1, 2, 24 and 48 hours. Although cells contract during proliferation this may give 

insight into the viability of cells in the various conditions and at different time points. Figure 

5.11 illustrate how ImageJ was used to count the number of cells that were adhered and 

spreading using the same procedure as calculating cell number but the setting threshold was 

not changed to black and white. 

 

 

 

 

 

 

 

 

Figure 5.11 Illustration of how cell numbers were calculated, differentiating between those 

cells spread (shown in blue) and those adhered (shown in green) using ImageJ (ROI 

manager). Example shown is an optical image of 3T3 Fibroblast cultured for 1 hour in FCS + 

Glu media, taken at 20x magnification 

 The comparison of cell number within the different media was used to assess the 

viability of 3T3 fibroblasts over a range of timescales. Lower complexity of media was 

100𝜇m 
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required for subsequent secretome analysis, although cell viability during the culture period 

of interest was a major factor in selecting the media that will be used for secretome 

experiment as shown in Figure 5.12 

 

Figure 5.12 Different media composition at different timepoints of 1, 2, 24 and 48 hours 

 

 The number of spreading cells within the various test media at various time points of 

1, 2 , 24 and 48 hours over the time periods to assess how cell spread. Samples were run in 

replicate with four fields of view counted for each sample. Results clearly highlight 

differences in cell number with the different medias. For example, FCS + Glu from 1-48 

hours indicates a gradual increase in cell spread while PBS -Glu from 1 – 48 hours shows 

much lower cell spread which decreases with increasing culture time.  

 

The result of the test medias containing glutamine as seen in Figure 5.13 and without 

glutamine in Figure 5.14 to assess the impact of glutamine on 3T3 fibroblast. 
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Figure 5.13 Spreading of 3T3 fibroblast with glutamine at different time point Data shown 

are the mean ± SD of three replicate samples. Error bars correspond to the standard 

deviations of the parameters 

 

 The  media composition with glutamine at 1, 2, 24 and 48 hours as shown in Figure 

5.14, The cells in FCS and Fg  media shows a rapid increase in cell spreading from 1 hour to 

48 hours while less cell growth is observed using BSA media from 1 – 48 hours. Cell 

spreading in media without glutamine at different timepoints is shown in Figure 5.14 

 

 

 

 

 

 

 

 

Figure 5.14 Different media composition without glutamine at different timepoints Data 

shown are the mean ± SD of three replicate samples. Error bars correspond to the standard 

deviations of the parameters 
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 Figure 5.14 reveals that cell in FCS - Glu have a high number of cell spread at time 

period of 1-48 hours compared to BSA -Glu and Fg - Glu. The average number of cell spread 

in FCS - Glu at 48 hours is 50. BSA and Fg maintain a steady cell spreading at 1 hour to 48 

hours. The spreading of cells confirms FCS has the highest number of cell spreading with and 

without glutamine at 1hour to 48 hours while DMEM, BSA and Fg shows a steady growth at 

each timepoint. 

 Non-spreading of cells at each media composition were also counted and represented 

in Figure 5.15.Non spreading of cells with and without glutamine at different timepoints is 

shown in Figure 5.15. 

 
 

Figure 5.15 Non spreading at different media composition and timepoints Data shown are the 

mean ± SD of three replicate samples. Error bars correspond to parameters standard 

deviations  

 

 The result in Figure 5.16 shows non spread of cell at 1- 4 hours. Non spread means 

the cells still maintain their globular shape.. Cells in FCS +Glu shows a decrease in non 

spread with  increasing culture time while cells in  PBS+ Glu shows an increase in non spread 

with increasing culture time. 
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The average area of cells with and without glutamine at 1, 2, 24 and 48 hours after seeding 

were calculated using ImageJ. The result in Figure 5.16 highlights the differences in cell area 

with the different media. For example, BSA-GLU has a constant cell area of 40 µm
2
 at 2, 24 

and 48 hours.  

 

 

 

 

 

 

 

 

Figure 5.16 Area of cell on different media composition. Data shown are the mean ± SD of 

three replicate samples. Error bars correspond to parameters standard deviations 

 

5.3.3 Cell Culture of 3T3 Fibroblast in Bovine Serum Albumin 

(BSA) 

 3T3 fibroblasts was seeded onto SAMs chemistries of –OH, -NH2, -CH3 and –COOH 

at 1, 2 and 24 hours. Phase contrast optical microscopy of 3T3 fibroblasts cultured in BSA- 

Glu media with SAMs. Images were taken at 20x magnification at 1, 2 and 24 hours after 

seeding. Further analysis was done to know how the cell spreads and adhered at each surface. 

ImageJ software was used to count the number of cells adhered and cell spreading in Figure 

5.17 and 5.18 
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Adhered of cells were counted at 1, 2 and 24 hours .Fewer number of cell adhered is seen on 

amine surface (-NH2) while high number of adhered cells is found on methyl surface (-CH3). 

 

 

 

 

 

 

 

Figure 5.17 The average cell number of 3T3 fibroblast that adhered with SAMs chemistries. 

Positive error bars were used to show the variability of data. Data shown are the mean ± SD 

of three replicate samples. Error bars correspond to parameters standard deviations. 

 

The cell spreading at different timepoints and functionality on Figure 5.18 shows amine 

surface (-NH2) have the highest cell spread at 2 and 24 hours while methyl surface (-CH3) 

have the lowest number of cells spreads from 1 to 24 hours. The result confirms the results of 

cells adhered. The higher the number of cells adhered, the lower the spreading of cells. 

 

                      Figure 5.18 Spreading of cell with SAMs Chemistries 
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5.3.4 Liquid Chromatography-Mass Spectrometry (ESI-MS) 
Secretome samples were collected at 30 min and 24 hours, and undergo acetonitrile 

precipitation (ACN) crash to remove the BSA and then spin dried. Samples were sent to Dr 

Sarah Hart for LC-ESI and MALDI analysis at Keele University. Liquid chromatography was 

used to separate the cell culture media after incubation with cells over various chemical 

functionalized surfaces.  

 

 

 

 

 

 

 

Figure 5.19 Schematic Illustration of mass spectrometry analysis   

The LC trace, shown in Figure 5.19, demonstrates the complexity of the media with 

numerous fractions resulting from media components and cellular secreted molecules. The 

mass spectra were collected using Xcalibur software and pasted into Microsoft Excel 

spreadsheet. In order to interrogate the data, four sections of the LC trace were analysed 

separately. 

Acetonitrile Precipitation  

Ziptip (C4) 

Liquid Chromatography  

ESI MALDI 
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                 A .Liquid Chromatography                                     B. Mass spectrum of sample 

 

Figure 5.20 Liquid chromatography and mass spectrum of a sample. 

 

The mass spectra were collected in to 4 sets combining spectra under the liquid 

chromatography trace over four time domains: 0-45 mins (denoted as ‘a’), 20-30 mins (b), 

30-40 (c) and 40-45 (d). The Liquid chromatography shows the relative abundance (which is 

the intensity of all ions in the spectra) vs time. While the mass spectrum of the sample reveals 

the relative abundance vs mass to charge ratio (Da). The MS data were interrogated using 

principal component analysis (PCA).  

 

 

a 

b 

c 

d 
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5.3.5 Matrix assisted Laser Desorption Ionization -Mass 

Spectrometry (MALDI-MS) 

MALDI-TOF is analytical tool which has being widely used to analyse a range of 

macromolecules from samples such as cells and tissues. It is highly accurate and sensitive, 

coupled with a mass range of 1-300kDa
29.-31

 MALDI-TOF methods and applications have  

been widely used in research especially in the proteomics field and in detecting biomarkers.
32-

34
 The secretome samples were collected at 30 min and 24hours, and undergo acetonitrile 

precipitation (ACN) crash to remove the BSA and spin dried. The samples were labelled as 

shown in Figure 5.21 and sent to Dr Sarah Hart for MALDI-MS analysis at Keele University. 

The mass spectra were collected using Xcalibur software and pasted into Microsoft Excel 

spreadsheet and analysed using multivariate analysis method.  .  

 
30 minutes 24 hours 

  
  n=1 n=2 n=3 n=1 n=2 n=3 

  

CH3 a1 30 a2 30  a3 30 a1 24 a2 24  a3 24 

 

 
 

 
OH b1 30  b2 30  b3 30  b1 24 b2 24 b3 24 

 

 
NH2 c1 30  c2 30  c3 30  c1 24 c2 24 c3 24 

  
COOH d1 30  d2 30  d3 30  d1 24 d2 24 d3 24 

  

         Figure 5.21 Illustrate the MALDI-Tof-Tof experimental setup label. 

 

 

 

 

C8 Ziptip 
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 5.4 RESULTS AND DISCUSSION 

 Self assembled monolayer’s (SAM) have being used as model surfaces to understand 

the effect of surface chemistry on protein adsorption and cell responses.
35-37 

Carboxylic acid 

(-COOH), amino (-NH2) and hydroxyl (-OH) functional groups were found to have lower 

contact angles, as shown in Figure 5.22 using the ImageJ application with literature 

supporting these experimental values.
38-40 

Results of water contact angle measurements using 

all the three techniques confirm that methyl surfaces  (-CH3)  had a WCA of 78 ± 0.7
o
 being 

classed as relatively hydrophobic due to the low polarity of this functional group, therefore 

having low surface energy. A lower contact angle indicates a higher polarity and higher 

surface energy, allowing a water droplet to spread on such a surface. Previous reports by 

other researchers using silanization technique have varied results. Howarter et al;
64

 showed 

the WCA of NH2 is 70
0
; Simon et al

65
 
 
and Yanqing  et al

67
  have WCA  of  NH2 as 26

0
 and 

47
0 

 respectively. WCA of NH2 in this thesis is in agreement with previous work. 

Functionalised COOH nanoparticles have a contact angle of 26
0
, which is more hydrophilic 

compared to NH2 of 43
0
 according to the result in Figure 5.22. The result is similar to 

previous work by Yanqing et al
67

 and Toworfe et al
65

 in which the contact angle of COOH is 

15
0
 and 27

0
 respectively, and their results showed COOH is more hydrophilic. 

 

Figure 5.22 Wettability and polarity of surface functional groups 
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 CH3 has the highest water contact angle and polarity of 48 at pH 7.4, which 

indicates it is hydrophobic and non-polar. COOH, NH2 and OH have WCA and pKa values of 

4.0, 9.0, and 16.0 at pH 7.4 respectively
24

 which indicates they are hydrophilic and polar. 

There is no great difference between the three techniques, although the dropsnake techniques 

have a higher water contact angle of CH3 compared to LB-ADSA and angle measurement 

technique. The OH SAMs did however show a higher WCA than was expected and 

previously reported (17-34
o
)
 41,42

 possibly indicating that after silanisation a residual ethoxy 

groups may have been present. This hypothesis is supported by infrared spectroscopy as 

shown in Figure 5.23. 

 

Figure 5.23 Infrared spectra of SAM modified surfaces 

 

Infrared spectroscopy was used to confirm the surface functionality, with specific 

functional groups used to confirm SAM formation: C-O, N-H, C-H, O-H, C=O and C-N as 

seen in Figure 5.23. Peaks were observed and shown in Table 5.3 
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Table 5.3 Surface Functionality using Infrared Spectroscopy
43 

Peaks cm
-1

 Functional groups 

3500-3300 N-HSTRETCH, 

3000-3200  O-HSTRETCH, 

2800-2600  C-HSTRETCH 

2260-2220  C-NWAG 

1780-1710  C=OSTRETCH 

1650- 1580  N-HWAG 

 

 All glass surfaces were therefore shown to be modified with appropriate SAMs intended. 

The remaining ethoxy groups present in the hydroxyl functional surface were removed via 

acidification in further surface preparation. 

 The presence of serum in the cell culture medium is normally required in vitro for 

optimal growth of cells. However, addition of serum affects the ability to carry out analysis 

of secreted proteins during proteomic analysis as serum species mask low abundant proteins 

of interest. Most researchers interested in secretome analysis incubate their cells in serum free 

media for several hours to reduce solution complexity, an essential step in order to identify 

the molecules released from the cells easily. By reducing the complexity of the media in 

which cells are cultured in will allow any small differences in the secretome resulting from 

cell-surface interaction to be identified, as well as increasing reproducibility of the 

experiments.
44

  

 Figure 5.9 shows phase contrast optical microscopy of 3T3 fibroblasts cultured in test 

medias of varying complexity. Cell numbers were counted with the results clearly 

highlighting differences with the different medias, Figure 5.24 show the number of 

fibroblasts cultured in various media increases from 1-48 hours. As there are no additional 

cells added during culture, an increase in cell number can only result due to proliferation. 
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Cells cultured in PBS + GLU, however, showed a much lower number of cells attaching to 

the tissue culture plastic, which decreased with increasing culture time. FCS and PBS were 

used as positive and negative controls respectively, being at each end of the media 

complexity scale.  

  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.24 Cell numbers cultured in varying test medias over 48 hours. A-D Illustrate the 

average number of cells in different media complexity at 1hour, 2 hours, 24 hours and 48 

hours. Error is represented using standard deviation, n= 3 

 

 Even after only 1 hour a difference in cell numbers attaching to substrates can be 

seen. DMEM + GLU, for instance has almost double the cell number of other medias 
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initially, although this changes little over a 2 day period indicating that cell attachment to 

surfaces is promoted but insufficient nutrients are available for cell proliferation. Glutamine 

is used as a cell culture media supplement because it acts as a major energy and nitrogen 

source for mammalian cells.
45

 Data shows that with the exclusion of glutamine cell 

proliferation over 2 days is reduced a little although over 2 hours, and in some cases 24 

hours, little change is observed. This was especially observed with BSA and Fg medias.  

 The spreading of cells was also investigated, showing again a dependence of cell 

number on media composition and time of culture. With the exception of cells cultured in 

DMEM all other cell counts were similar up to 2 hours. Little difference was observed 

comparing FCS, BSA and Fg test medias indicating that each of these medias gave rise to 

similar cell responses over short time scales. Differences in the ability of cells to attach and 

spread are linked to cell well-being.
46 

The areas of spreading cells attaching to the surface 

during culture also showed no differences between FCS, BSA and Fg containing medias over 

short time periods. 

 In an attempt to reduce media complexity such that secretome analysis could be 

strengthened, the addition of glutamine in culture media was deemed not necessary over short 

culture period. The initial interaction of cells was little affected by reduced complexity 

solutions containing proteins (BSA and Fg), with only phosphate buffered saline showing a 

reduction in cell attachment as expected. BSA/PBS was therefore a good candidate to be used 

for further cell culture and MS analysis of secreted molecules. 

Bovine serum albumin (BSA/PBS) solution was used to culture 3T3 fibroblast over 

various functional SAMs for 1 hour, 2 hours and 24 hours. The results indicated in Figures 

3.12 and 3.13 show that methyl surfaces (-CH3) have the highest numbers of cells adhered yet 

the lowest number of cells spreading over the surface after 1, 2 and 24 hours in culture. These 
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results correspond to those reported by Lee et al. showing that NH2 SAM surfaces have a 

greater adhesion strength compared to COOH, CH3 and OH surface using bovine serum 

albumin as the media.
36 

High number of cells spread on NH2 SAM surfaces have been 

reported in previous studies using different cell types and standard culture conditions.
37-41

 

 At pH 7.4, as buffered in culture media, amino groups may become positively charged 

to present NH4
+
 groups. The high number of cells attaching and spreading on NH2 SAMs 

may therefore be caused by the presence of a high density of positively charged species on 

the surfaces interacting with cell membranes. The charged surface may also lead to changes 

in the adsorption characteristics of proteinatious species through electrostatic interaction. 

However, hydrophobic interaction usually dominates protein adsorption 
41

 

Higher number of cells attaching to methyl surface indicates more protein at the surface due 

to electrostatic interaction and also accounts for cell interaction; possibly once cells attach, 

they can more easily spread on charged surface due to electrostatic interaction with the cell 

membrane. 
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LC-ESI-MS  
 The mass spectrometric results of 24 secretome samples with multiple thousands of 

different peaks in each make it difficult to interpret the data. One way to simplify the 

manipulation of the data is by the use of principal component analysis (PCA), a multivariate 

analysis technique that helps in interpretation of datasets by identifying the major differences 

and bunching them together in principal components. The principal components (PCs) can 

then be used as a means of correlating patterns in the data, for instance variance associated 

with a particular sample sub-set. Each of these PCs has a score relating the degree of variance 

associated with it as seen in Figure 5.25. PC1 having the highest difference between datasets, 

etc.  

 

 

 

 

 

 

Figure 5.25 Eigen values of each principal component analysed for the LC-ESI data set. 

The data from the LC-MS of culture media from fibroblasts cultured over various surface 

chemical functionalities was examined, and the first four PC’s were taken, giving a 99.8% 

confidence in variance. The score plots for this data are shown below, Figure 5.26 
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Score Plots of ESI 
 The score plot shown in Figure 5.27 captures 57.6% of the variance in the data in PC1 

19.7% of the variance in PC2. The data is presented such that each coloured data point 

corresponds to the media taken from cells cultured over the same chemistry. It is clear from 

the PC score plot that there are specific clusters in the data set, highlighted by circles in the 

Figure 5.26, showing a dependence of the media composition with respect only to the SAMs 

used. This demonstrates that cells certainly responding to each of the surface chemistries 

differently, with the media composition only being altered by cell secreted molecules. Others 

have shown similar secretome responses in terms of osteoblast differentiation
47

 and human 

mesenchymal stem cell differentiation.
48-50

 To date, however, there have been no reports 

highlighting such surface chemistry effects on the proteins secreted by cells. 

 

Figure 5.26 Score plot on the first two multivariate axes from PCA of the ESI-MS spectra. 

Clustering of PC1 vs PC2 mass spec data from cell secretome analysis 
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All data points cluster with others of the same chemistry, except for two outliers within the 

NH2 SAM dataset. It should be noted also that 6 repeats are shown for each surface, with 3 

samples taken from culture media at 30 minutes after initial seeding of cells and 3 from 

media at 24 hours. The two outliers correspond to one from each of these time periods, which 

will be discussed below. 

 Surface charge seems to play a major role in determining cell secretion response, with 

positively charged NH2 and OH surfaces being different from less positively charged CH3 

and negatively charged COOH surfaces, at pH 7.4. CH3 has the highest number of cell adhere 

while amine surfaces have highest number of cell spread. CH3 was far apart from other 

chemistries in Figure 5.26 because it has high adhere cell number (i.e cells are still globular 

protein) and large cell area compared to hydroxyl and amine; while carboxyl has high cell 

spread in one hour compared to other chemistries. 

 A further investigation into principal components PC3 (17.25% variance) and PC4 

(1.65% variance) was also carried out, although these are not good discriminators and 

therefore are not included in this discussion. 

 

Loading Plots of ESI 

 Each of the principal components is a packet of variables which highlight 

discrimination between samples in the datasets. Figure 5.27 represents the loading from PC1 

and PC2. Each of the peaks with negative and positive loadings corresponds to the position of 

the sample point within the scores plot. For instance a higher score for PC1 will have an 

overall higher proportion of positive PC1 loading peaks, along with less negative PC1 peaks. 

Figure 5.27 denotes the mass spectral variances attributed to each of the principal 

components. Several species having high discriminating scores are highlighted in both 

components, listed in Table 5.4 and Table 5.5 
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Figure 5.27 PC1 and PC2 loadings associated with (a) PC1 and (b) PC 2 due to secretome 

variance with respect to surface chemistry  

 Inspection of PC1 loadings plot (Figure 4.5), shows major peaks at m/z 371, 355, 445 

and 393 loads positively while 304, 309, 400 and 596 loads negatively in PC1. PC2 loading 

plot has the following major peaks at m/z 304, 309, 355, 371, 387, 400, 422, 446 and 595. As 

an example, media analysed from CH3 SAMs has a higher PC2 score compared to other 
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samples, and so will have a greater amount of species with m/z values 309, 387, 400, 422 and 

595 Da, with a lesser amount of species with m/z values of 304, 371 and 446 Da.   

Table 5.4 Loading value found in  PC1 for ESI-MS Data 

m/z (Da/e) 1 2 3 4 5 6 7  

PC1 

(57.3%) 

304 309 355 371 400 445 596  

Loadings -0.218 -5.778 0.262 0.630 -0.037 0.048 -0.062  

 

 

 Table 5.4 and 5.5 shows the loading value in PC1 and PC2 for ESI-MS data. Same 

peaks are observed in PC1 and PC2 which may be due to the components picked out by PCA 

which identify sample differences are spread out across the whole LC trace as explained in 

result section in page 219. Further analysis must be carried out in order to identify the 

components shown in Table 5.4 and Table 5.5; Bendell et al have identified 550 proteins in 

mouse embryonic fibroblasts conditioned medium (MEF) and 2493 proteins in medium 

conditioned by embryonic stem cells (ESCs) relating to species indicative of these particular 

cell types compared to other cells.
51

 Prowse et al have identified secreted proteins such as 

insulin-like growth factor 1 (IGF-1), insulin-like growth factor- binding proteins 1,2,3,4,5 and 

7 (IGBP-1,IGBP2,IGBP 3, IGBP 4, IGBP 5, IGBP 7) and secreted protein acidic and rich in 

cysteine (SAPRC).
52 

These identified proteins are known to help in the maintenance of 

human embryonic stem cells.  

Table 5.5 Loading value found in PC 2 for ESI-MS Data 

m/z (Da/e) 1 2 3 4 5 6 7 8 

PC2  

(19.7%) 

304 309 371 387 400 422 446 595 

Loadings -0.586 0.052 -0.074 0.022 0.662 0.113 -0.028 0.059 
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 The initial attachment of cells with substrates has often been overlooked, due to the 

time periods thought to be relevant in terms of cell responses to materials. On short time 

scales, interaction of proteins is often considered to be the dominant role in determining cell-

surface interaction. According to Planque et al 
53

 cells can only be incubated in serum free 

media for several hours (typically from 18-48 hours). The time interval will vary for a given 

cell type and also the type of medium used, or else dead cells or cells undergoing apoptosis 

will be in the culture medium. For this study, it is clearly shown that within 24 hours 3T3 

fibroblasts showed little difference with respect to morphology (spreading/cell area) when 

cultured in BSA/PBS or FCS containing media. Assessment of the secretome was therefore 

carried out with respect to the time of culture. 

 

Figure 5.28 Effect of incubation time on cell secretion variance 

 The score plot in Figure 5.28 shows there is not any clustering in relation to time 

dependence for most of the surfaces, with red and blue dots overlapping. However, the CH3 

does show some clustering, with the 30 minutes sitting to the right and 24 hours sitting to the 

left. This means more CH3 surfaces may give rise to some media changes/secretome 

responses over time, with those samples collected after 30 minutes in culture presenting more 

components from PC1; PC2 does not seem to add discrimination between the samples taken 
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after 30 mins and 24 hours. One reason for this surface having a time dependency could be 

due to protein adsorption effects. According to Pitt et al, protein molecules adsorb rapidly on 

surfaces with decreasing wettability.
54

 Cells may well be responding to the surface chemistry 

by secreting proteins in relation to that specific response, but due to hydrophobic-

hydrophobic binding such secreted molecules may well adsorb to the surface and not be 

available for analysis by the methodology used in this investigation. This may well be 

indicated by the higher PC1 values at 30 minutes compared to 24 hours. Further investigation 

needs to be carried out to understand this finding. 

MALDI TOF/TOF 

MALDI TOF/TOF has been used in proteomics research to identify biomarkers.
55-57 

MALDI 

datasets consist of many peaks which need to be analysed using eigenvector software since 

the peaks contain potential biomarkers that needs to be identified. 

Secreted protein of fibroblast cells cultured over various surface chemical functionalities 

using MALDI/Tof were analysed using eigenvector software and Matlab. Eigenvalues are 

presented in Figure 5.29. The eigenvalue represents the amount of variance that can be 

captured by one component. The first four PC’s were taken, giving a 99.8% confidence in 

variance. The first component has a higher eigenvalues component.  

 

Figure 5.29 Eigen values of each principal component analysed for the MALDI-Tof-Tof data 

set. 
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Scores of MALDI-Tof/Tof 
 The score data presented in Figure 5.30 shows PC 1 (62.16% variance) and PC 2 

(13.16% variance) and shows variation of data, whereby specific clustering of functional 

groups were observed in the dataset. The majority of the OH and CH3 datasets cluster 

together while COOH SAM cluster in central region as shown in PC 1 and PC 2. PC3 

(10.86% variance) and PC 4 (3.69% variance) shows more variations of chemistry and few 

outliers.  It is odd that PC1 alone did not have a good ability to separate samples. However, 

using the MADLI the individual sample repeats were also quite widely spread, e.g. NH2 or 

OH in Figure 5.30. This may have been due to the sample composition not being optimal, or 

some of the components not ionising or ‘flying’ well from a combined sample spot. Others 

have also highlighted better sampling for LC-ESI or MALDI with pre-separation. Difficulties 

associated with equipment moving sites and time of thesis submission did not allow for a 

thorough investigation of these issues.  

Figure 5.30 Score plots on the first four multivariate axes from PCA of the MALDI-Tof-Tof 

spectra. Clustering of PC1 vs PC2, PC3 vs PC 4 mass spec data from cell secretome analysis. 

Surface charge played a vital role in the spectra result of MALDI-Tof-Tof. Negative charge 

COOH SAM clusters at the central region on PC 1 vs PC2, while  NH2 and CH3 cluster 

together in another region and OH SAM is seen further apart. It is clear from the PC score 
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plot  of  PC 1 vs PC 2 and PC 3 vs PC 4 that there are specific clusters in the data set, 

showing a dependence of the media composition with respect only to the SAMs used. This 

demonstrates that cells certainly responding to each of the surface chemistries differently, 

with the media composition only being altered by cell secreted molecules. 

All data points cluster with each other in PC 1 and PC 2 while there are few outliers with the 

NH2, OH and COOH SAM dataset. It should be noted also that 6 repeats are shown for each 

surface, with 3 samples taken from culture media at 30 minutes after initial seeding of cells 

and 3 from media at 24 hours. The effect of incubation time on cell secretion variance is 

shown in Figure 5.31. The two outliers correspond to one from each of these time periods in 

Figure 5.31. The time period for both PC 1 and PC 2 shows a big difference at 24 hours and 

30minutes The result in Figure 5.30 show the clustering of COOH SAM at PC1 vs PC 2 take 

place at 30 mins, majority of the clustering of PC 3 vs PC 4 take place at 30 mins. 

 

 

 

 

 

 

 

Figure 5.31 Score plot on the first four multivariate axes from PCA of the MALDI-Tof-Tof 

spectra showing the effect of incubation time on cell secretion variance 
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Loading Plot of MALDI-Tof/Tof 

 The loading plots for MALDI analysis of PC 1 and PC 2 are shown in Figure 5.33. 

The peaks with higher loading values were selected for further determination and analysis.  

Despite there was no variation difference between PC1 and PC2 in terms of surface 

chemistry, high peaks were identified in both PC 1 and PC2 in the loading plot. Peaks were 

identified after 17 kDa m/z with the highest peak obtained at 31,190 m/z while so many 

peaks can be seen on PC 2. The highest peak on PC 2 is located in 30,000 m/z Table 5.6 

            PC1 Loading - Surface Chemistry Variance 

 

                 PC2 Loading - Surface Chemistry Variance 

 

 

 

 

 

 

 

 

 

 

Figure 5.32 Loading plots of PC1 and PC2 from PCA of MALDI-Tof-Tof for the first two 

PCs. The loading are ordered in increasing mass to charge ratio. 

 

(a) 

(b) 
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Table  5.6 Loading values  found in PC1 for MALDI -MS 

m/z (Da) 1 2 3 4 5 6 7 8 

PC1 

(62.16%) 

31190 28500 22000 20000     

 

Table  5.7 Loading values  found in PC2 for MALDI -MS 

m/z (Da) 1 2 3 4 5 6 7 8 

PC2 

(13.16%) 

30209 28963 27486 26317 17607 4109 1186 569 

 

 Table 5.6 and 5.7 shows the loading values of PC1 and PC2. The PC model showed 

different spectra being produced using BSA on different surface chemistry and different time 

points. Research  have been carried out using TOF-SIMS and PCA analysis technique to 

understand the effect of protein adsorption (fibrinogen) with different timepoints on a variety 

of substrates.
58,59 

Principal Component analysis methods have been shown  as a reliable 

method which can be used to identify unknown spectra, although more future research and 

reports will be required. 
 

 A methodology in secretome analysis of fibroblast cell which can be used for any cell 

type has being achieved. The incubation time of cells in serum free media is another major 

challenge in secretome. Planque C et al
53

 stated that cells can be incubated in serum free 

media for 18-48 hour to reduce complexity and avoiding interference from other protein in 

the media, while experiment was at 30 mins and 24 hours. 

 Reducing the complexity of media  has being shown in detail in this chapter , from 

using glutamine and non-glutamine to less serum media .Few review or experiment paper 

being published showing the effect of surface chemistry and incubation timepoint on secreted 

protein which shows the experiment carried out is unique and novel. 
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MS is mostly used in secretome analysis such as ESI-MS and MALDI –Tof MS which have 

been used in identification of biomarkers of diseases.
60-61

Several reports on detection of 

serum biomarkers have make use of MALDI-MS or ESI-MS. 

The use of Multivariate analysis technique is now widely used by researchers such as    

Wagner et al
62

 and Ohrlund et al
63

, to give meaningful information from large datasets. PC 

analysis result on ESI and MALDI at different surface chemistry and incubation timepoints 

shows cells respond to surface chemistry differently and at different timepoint. 

 The overall findings in this chapter have demonstrated the successful methodology 

achieved for secretome experiments. The use of BSA without glutamine has proved a positive 

impact on the experiment whereby spreading cells attaching to the surface during culture also 

showed no differences between FCS, BSA and Fg containing medias over short time periods.  

 Surface Charge plays a vital role in cell secretion response in ESI-MS and MALDI-

Tof-Tof result. Negatively charged COOH surfaces have the highest number of cells adhered 

and well clustered on both PC 1 and PC 2 of Spectra Plot. The timepoint also has a great 

impact on the cell secretion response as seen in Figure 5.32 on score plot of MALDI-Tof-Tof. 

A higher response is observed in 30 minutes compared to 24 hours on PC 1 and PC 2. 
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5.5 CONCLUSION  
 Fibroblasts have been shown to respond differently to a range of surface chemistries 

using self assembled monolayers (SAM), both in their morphology, adhesion and spreading 

of cells over time and their secretome as evidenced by MS. 3T3 fibroblasts with culture 

media BSA/PBS spread rapidly on amine (-NH2) surfaces compared to hydroxyl (-OH) and 

carboxyl (-COOH) at 1, 2 and 24 hours while methyl surfaces have the highest number of 

cells adhering after 1, 2 and 24 hours. 

 Liquid chromatography electrospray mass spectrometry of media from cells cultured 

over differing surface chemistries (NH2, CH3, OH, COOH) at different time points 

(30 minutes and 24 hours) reveals different species are present using principal component 

analysis. Surface charge and wettability seem to play roles in determining cell responses. 

Variance is observed at very short incubation times, with no additional variance being 

observed at longer times. This indicates that initial cell-surface interactions are critical in 

determining the cell responses. Further investigation to identify the nature of the difference in 

secreted molecules is required, but may drive the design of novel materials to initiate desired 

cellular responses. 

MALDI Tof/Tof results shows variation over differing surface chemistries at different 

points compared to LC-MS which may be due to several factors but there was variation in 

terms of incubation time in PC 1 vs PC 2 compared to PC 3 vs PC 4.  

 A method for the investigation of cell-surface responses has been designed and 

applied to 3T3 fibroblast cells cultured over surfaces presenting a range of chemical 

functionality. This method can be applied to other cell types and the investigation of other 

environmental factors. This work shows that surface chemistry affects cell response and also 

even within very short time periods after initial seeding. 

 Further investigation into the identity of the species were highlighted by principal 

components would allow better understanding of the mechanisms involved in cell mediation 
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of their micro-environment. A further work for this section will include MS-MS of main 

peaks of interest and the use of tandem MS database searching to identify these species will 

be possible. 
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CHAPTER 6 

General Discussion, Future Work 

and Conclusions  
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6.1 DISCUSSION  

 The chapters in this thesis have examined the effect of surface chemistry and 

topography on protein adsorption, and how the surface interaction with cells affects the 

proteins secreted to condition their environment. Functionalised silica nanoparticles of 11-

215 nm have being shown to affect protein adsorption; also surface chemistry plays a vital 

role in the amount of protein adsorbed as described in Chapter 3 and 4. The study also 

highlight major effect of adosorption on single and multiple proteins on particle size of 11-

215 nm. This chapter will summarise all its results in previous chapters, including a 

discussion and future work that needs to be carried out from this thesis. 

 Functionalization of silica nanoparticles with four different chemistries were chosen 

to investigate the effect of surface wettability (hydrophobic and hydrophilic) and surface 

charge (negative and positive) on protein adsorption. Albumin and fibrinogen are two 

proteins used due to their different sizes, shapes and relevance within the extracellular matrix. 

The two proteins were used to examine the effect of surface chemistry and topography on 

protein adsorption, also the effect of protein size and shapes on protein adsorption were 

observed. 

 The results shown in Chapter 3 shows albumin and fibrinogen have different 

adsorption amount in terms of surface chemistry and curvature which is due to their different 

shape. Albumin, a globular protein, 14 x 4 nm can adsorb in different orientations but can 

only undergo single stage adsorption processes while fibrinogen  is elongated, 40 x 4 nm in 

size  and can only adsorb in two processes either parallel or horizontal as shown in Figure 

3.20. The highest BSA and Fg adsorption is found on hydrophilic surfaces, while in terms of 

curvature 64 nm particles supported the highest adsorption. 

 Protein conformation changes that take place on surface–bound protein were 

investigated using FTIR, as shown in Chapter 3. The affinity constant were different for both 
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BSA and Fg. Albumin experiences stronger attraction affinity towards hydrophilic surfaces 

(OH) while  a higher affinity of Fg is on amine surfaces (NH2). The strong affinity observed 

on this surface caused a protein deformation as observed on the secondary protein structure. 

The influence of surface chemistry and curvature on competitive protein adsorption was 

investigated at different time-points as shown in Chapter 4. The adsorption of HSA and Fg 

varies in terms of surface chemistry and curvature.  

 The use of PCA to analyse FTIR spectra was applied to understand the effect of 

surface chemistry and curvature on competitive protein binding at different time-points, in          

Chapter 4.The analysis of PC1 and PC2 shows on hydroxyl (OH) and methyl surface (CH3), 

11 nm is further away from other curvature size at 10 mins but at 180 mins, 11 nm is found 

clustering around other surface curvature while on OH surface, 105 nm is seen moving 

further away which suggest that strong spectral difference impact on the variance, 

highlighting the differences in amide I band shape and therefore associated secondary 

structure. As the timepoint increases, the less the random coil present one each surface 

curvature and chemistry using HSA/Fg solution in ratio 19:1. The results may be due to 

differing shapes of albumin and Fg on each surface curvature at different timepoints. 

 Understanding material cell-surface interaction and cellular communication were 

investigated using a proteomic approach in Chapter 5. The investigation of secreted protein 

on physicochemical cues was carried out using a proteomic approach. A methodology and 

protocol was established on how fibroblast secreted protein can be investigated. Albumin was 

used due to its low abundance, since one of the main challenges of proteomics is the type of 

media being used. Fibroblast cells were seeded on albumin at different time-points and shown 

to survive between 1-24 hours. MALDI and ESI ionisation were used to analyse the 

secretome samples. PCA multivariate analysis was used to  analysed the data and correlation 

of surface chemistry on secreted protein. To date, there have been no reports highlighting 
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such surface chemistry effects on the proteins secreted by cells. The results show a distinctive 

difference of surface chemistry while surface charge played a vital role on the ESI dataset. A 

similar result is observed on the MALDI dataset; negatively charge (COOH) data were 

aligned differently from other surface chemistry (CH3, OH and NH2).  

 Surface chemistry and curvature have been shown to have an impact on protein-

surface interaction, as shown on the amount adsorbed, affinity and surface saturation in 

Chapter 3 and 4.The understanding of cellular communication has shown surface chemistry 

affects cell response. Secretome methodology is being achieved and the principle governing 

protein adsorption and conformation changes has being established. 

 We have clearly shown that surface chemistry and topography affect protein 

adsorption, from the result of protein adsorbed, conformation changes, affinity and saturation 

of protein. The use of PCA analysis has helped in understanding the correlation of the amide 

I spectra in terms of surface chemistry and topography, and also MS dataset. It  has  also been 

clearly shown that the  type of protein, concentration and timepoint have an effect of protein 

adsorbed which shows protein–surface interaction differs. A methodology is achieved The 

results obtained in this thesis have resulted in further investigation of cell adhesion and 

proliferation on nanoparticles. 

6.2 Future Works 

 Further investigation that could be carried out to further understand protein–surface 

interactions and cellular communication are listed below; 

6.2.1 Cell- Nanoparticle Interaction (Chemistry and Topography) 

 Nanoparticles have being widely used in biomedical application due to its importance 

in drug delivery and imaging tools.
1-3

 Physicochemical cues such as size, shape, surface 

charge, chemistry and topography have being shown affect cell–nanoparticle interaction.
4-6
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The effect of surface chemistry and topography with biological response will be investigated. 

Progression of the experiment in Chapter 3 and 4 is to understand the effect of surface 

chemistry and nanoparticle size with cell interaction using functionalised silica nanoparticle. 

A closed packed layer of silica spheres of 11-215 nm is prepared, as shown in section 2.2.2. 

Functionalised silica nanoparticles of four chemistries, OH, COOH, NH2 and CH3 will be 

used for this experiment as explained in materials and methodology in Chapter 2. SEM, XPS, 

WCA and FTIR will be use to characterise the silica nanoparticle while fibroblast cell will be 

used a model for this experiment at different timepoints between 1-24 hours as shown in 

Figure 6.1 

 

Figure 6.1 Fluorescence microscope image of Fibroblast cell seed on functionalised silica 

nanoparticle at 24 hours (a) NH2 terminated surface (b) OH terminated surface. Overlayed 

image of Dapi, Tritc and Fitc. 

 The use of stem cells and primary cell line will be used for this study such as 

mesenchymal stem cells, neural and fibroblast cells. The results will give a broader 

understanding of the effect of functional chemistries and particle sizes on cell-nanoparticle 

interaction.
7
 To understand the possibilities of nanoparticles for (stem) cell therapy the 

interactions of nanoparticles with cells need to be investigated
8,9

  

 

(a) (b) 
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6.2.2 Cell-Secretome-Chapter 5 

 A methodology and protocol for secretome analysis is successfully achieved, 

therefore, the use of primary cell, neural cells and stem cells will be used for the study. 

Further analysis of MALDI and ESI dataset will be carried out on the loading value shown in 

Table 5.5-5.7 using MS/MS analysis. Stem cells have been shown to respond to 

physicochemical cues such as surface chemistry and topography.
10,11

 Micro and 

nanostructures are vital when considering the contact guidance of cells on surfaces, e.g. their 

guidance along topographical features. Microstructures such as microgrooves, pits and pillars 

are known to induce changes in cell attachment, contact guidance, spreading and protein 

abundance.  Nanotopography has being shown to affects cell adhesion, proliferation and 

motility.
12-14

 One area of major impact within regenerative medicine is the use of neural stem 

cells. Neurone cells will be used using the methodology and protocol achieved in Chapter 5 

since neural stem cell plays a vital role in neuronal connection. 

 The effects of micro and nanoscale topography on neuron cells can be investigated by 

the use of a proteomic approach to assess the protein profile of the cell on different surface 

topography and chemistries known as secretome (secreted protein). Secreted molecules 

released from neurone cells will provide and give insight for the biological features 

characterising neuronal phenotype. By using the protocol achieved in Chapter 5 for 

secretome, it will use the approach to overcome the challenges of secretome such as the type 

of condition media, will be used time point and how to analysis dataset.  
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APPENDIX  

Appendix 1 
The appendix shows the percentage of secondary structure of BSA on carboxyl surface          

(COOH) and amine surface (NH2) at different sized spheres is shown in Appendix 1.1. 

Secondary structure equals 100, i.e at 270 mg/mL on 11nm, α-helix is 41.23%, β sheet is 

49.85%, β turn is 8.77% while random coil is 0% all add up to 100%. 

  

 

 

Appendix 1.1 Conformation assessment of BSA on carboxylic surface (COOH) of 11-215 

nm (a) alpha helix, (b) beta sheet (c) beta turn and (d) random coil. Data shown are the mean 

± SD of three replicate samples, n=3. 
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 The appendix shows the percentage of secondary structure of BSA on amine surface 

(NH2) at surface curvature of 11-215 nm, shown in Appendix 1.2 

 
 

Appendix 1.2 Conformation assessment of BSA on amine surface (NH2) of 11-215 nm           

(a) alpha helix, (b) beta sheet (c) beta turn and (d) random coil. Data shown are the mean ± 

SD of three replicate samples, n=3. 
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The appendix shows the percentage of secondary structure of Fg on carboxylic surface on 

amine surface (NH2) at surface curvature of 11-215 nm, shown in Appendix 1.3. 

 

 

Appendix 1.3 Conformation assessment of Fg on amine surface (NH2) of 11-215 nm (a) 

alpha helix, (b) beta sheet (c) beta turn and (d) random coil. Data shown are the mean ± SD 

of three replicate samples. Error bars correspond to parameters standard deviations 
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Appendix 2  
 

PCA score dataset for Amine Surface (NH2) 

 

Appendix 1 PC 1 and PC 2 score plots of amide I of amine surface (NH2) at different 

timepoints (10, 30, 60, 90,120 and 180 mins) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



258 
 

PCA score dataset for Amine Surface (COOH) 

 

Appendix 2 PC 1 and PC 2 score plots of amide I of carboxylic surface (COOH) at different 

timepoints (10, 30, 60, 90,120 and 180 mins) 
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PCA score dataset for curvature size of 64 nm  

 

Appendix 3 PC1 and PC2 loadings of 64 nm at different timepoints (10, 30, 60, 90,120 and 

180 mins) 
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PCA score dataset for curvature size of 215 nm  

 

Appendix 4 PC1 and PC2 loadings of 215 nm at different timepoints (10, 30, 60, 90,120 and 

180 mins)  
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