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Abstract

Cellulose nanocrystals (CNCs) are an emerging renewable and sustainable 

nanomaterial which has received increasing attention. They are abundant, non-

toxic, biodegradable and chemically inert. CNCs have unique characteristics not 

met by traditional cellulose-derived materials, leading to 

investigations/applications of CNC's across all disciplines. The objective of this 

work is to investigate interactions of proteins with CNC's by atomic force 

microscopy (AFM) and spectroscopic techniques. Results indicated an 

electrostatic driven interaction that depends on incubation time, protein 

concentration and protein intrinsic properties such as molecular weight, charge 

distribution and iso-electric point. Understanding CNC-protein interactions aids in 

the development of new biosensing platforms that utilize green-material substrates. 

The usefulness of a CNC surface as a substrate for immunoassays was developed 

and evaluated by surface plasmon resonance (SPR). CNC films were shown to 

provide a suitable platform for antibody immobilization and antigen binding, with 

LOD’s comparable to other SPR based biosensors.
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Chapter 1 Introduction 

 

1.1 General Overview and Research Objective 

Industries and customers are increasingly demanding products made from 

renewable and sustainable resources which are biodegradable, non-petroleum 

based, environmentally friendly, and have minimal safety or health risks.
 [1]

 

Natural cellulose based materials, such as wood, cotton, hemp and so forth 

have served our society for thousands of years. Even today their use in 

construction products, textiles, paper, etc. plays a key role in worldwide 

industries. However, as science and technology evolve, the demands of 

functionality, durability and uniformity which will be required for the new 

generation of cellulose based products cannot be met with traditional 

cellulosic materials. Fortunately, cellulose nanoparticle is a base fundamental 

reinforcement unit used to strengthen all subsequent structures within plants, 

algae, and some marine creatures. By extracting cellulose to the nanoscale, a 

new cellulose based “building block” is available for new biopolymer 

composites.
[1] 

Cellulose nanocrystals (CNCs) are an ideal material that has been 

intensely studied by researchers.
[2-6]

 CNC possesses many unique structural 

and mechanical properties. For example, CNCs have a high aspect ratio, low 

density (1.566 g·cm
-3

), and a reactive surface consisting of -OH side groups 

which can be used to functionalize the CNC surface to achieve different 
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surface properties.
[7, 8]

 In addition, CNCs have a greater axial elastic modulus 

than Kevlar and its mechanical properties are within the range of other 

reinforcement materials.
[9]

 Due to these unique chemical and mechanical 

properties, a wide range of potential applications include barrier films
[10]

, 

transparent films
[11]

, antimicrobial films
[12]

, flexible displays
[13]

, biomedical 

implants
[14]

, reinforcing fillers for polymers
[15]

, pharmaceuticals
[16]

, fibers and 

textiles
[17]

,  drug delivery
[18]

, batteries
[19]

, electroactive polymers
[20]

 and 

supercapacitors
[21]

. 

Our interest is in the development of applications of CNC films.  In this 

thesis I focus on investigating the interactions between CNC films and 

proteins, and the application of CNC films as a platform surface chemistry for 

biosensing.  

 A dense CNC film will provide a high-surface area substrate and the 

polysaccharide based structure of CNCs can potentially resist non-specific 

adsorption of proteins. However, since the CNC surface bears negative 

charges, proteins can adsorb to CNC surfaces through electrostatic forces. The 

use of CNC films for biosensing applications will follow from a thorough 

understanding of protein adsorption.  Understanding CNC-protein interactions 

will be of significant importance to develop new CNC applications in bio-

sensing platforms that utilize green-material substrates. 
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1.2 Cellulose Nanocrystals 

Cellulose is the world’s most abundant biopolymer and is the structure 

backbone of all plants. Tunicate is the only animal known to produce cellulose 

microfibrils as the mantle. In 1838, Anselme Payen first suggested that the cell 

walls of a large number of plants consist of the same fibrous material, to which 

he gave the name “cellulose”.
[22]

 Since then the structure, properties and 

applications of cellulose have been intensely studied.
[2-7]

 

Cellulose is a linear polymer consisting of D-anhydroglucose units 

(C6H10O5)n, where n is dependent on the cellulose source material, and has a 

flat ribbon-like conformation. The two adjacent anhydroglucose molecules 

compose a repeating unit (Figure 1.01 A). The glucose units are linked 

together through an oxygen covalently bonded to C1 of one glucose ring and 

C4 of the adjoining ring and is termed a β-1,4-glycosidic bond.
[7]

 Hydroxyl 

groups and oxygens of the adjoining ring molecules also interact via H-

bonding resulting in strong intrachain interactions. The anhydroglucose units 

do not lie exactly in plane, but assume a chair conformation, with successive 

glucose residues rotated through an angle of 180° about the molecular axis.
[23] 
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Figure 1.01. Schematics of (A) single cellulose chain repeating unit, showing 

the intrachain hydrogen bonding and 1→4 linkage directionality, (B) idealized 

elementary fibrils formed by multiple cellulose chains, showing one of the suggested 

amorphous and crystalline regions, (C) cellulose nanocrystal after acid hydrolysis 

selectively dissolved the amorphous regions.   
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Cellulose nanocrystals 
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Intrachain Hydrogen Bonding 
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Intermolecular hydrogen bonding as well as van der Waals forces 

promote parallel stacking of multiple cellulose chains to form elementary 

fibrils, which are usually considered to be the lowest level of hierarchy in 

cellulose assembly (Figure 1.01 B).
[24]

 Hydroxyl groups of the chain surfaces 

make the surface hydrophilic, and also result in hydrogen bonding interactions 

between adjacent fibrils. These elementary fibrils aggregate into larger 

microfibrils which are 5–50 nm in diameter and several microns in length, 

containing 2–30,000 cellulose molecules in their cross-section.
[1] 

Microfibrils 

further aggregate into larger fibril bundles and finally to plant fibers.
[25] 

The 

intra- and inter-chain hydrogen bonding network discussed above brings about 

the linear configuration and relative stability in cellulose. 

There are several polymorphs of crystalline cellulose, which are cellulose 

I, II, III and IV. The polymorphs differ in terms of the orientation and 

geometry of the cellulose chains within the respective unit cells. The two most 

common forms are the natural cellulose I and the regenerated cellulose II. Our 

work focuses on the cellulose I structure, which is the crystalline cellulose 

with the highest axial elastic modulus.
[26] 

It is naturally produced by a variety 

of organisms, such as trees, plants, algae, tunicates, and bacteria. So it is also 

referred to as “natural” cellulose. 

Cellulose fibrils are the main reinforcement phase for plants, trees, 

tunicates, algae, and bacteria, but are not uniformly crystalline. There are 

regions within these cellulose fibrils where the cellulose chains are arranged in 
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a highly ordered (crystalline) structure distributed throughout the material, as 

well as regions which are disordered (amorphous). As shown in Figure 1.01 C, 

the crystalline regions can be extracted from microfibrils through acid 

hydrolysis (acid treatment) during which the amorphous regions are 

selectively hydrolyzed.
[5, 6, 27]

 The resulting rod-like nanoparticles are called 

cellulose nanocrystals (CNCs) or nanocrystalline cellulose (NCC). They are 

typically 3–5 nm wide and 50–500 nm in length.
[28]

 Sulphuric acid is the most 

commonly used acid in the extraction process and results in a CNC surface 

populated with sulfate ester groups. Thus, an important characteristic of CNCs 

is its negative surface charge. Hence CNCs disperse well in water. 

Due to their abundance, high stiffness and strength, low density and 

biodegradability, CNCs serve as promising candidates for the preparation and 

applications in the field of materials science. One of the applications is the 

CNC co-deposition with functional polymers or other nanoparticles. A 

straightforward method is using the layer-by-layer (LBL) approach with 

polymers or metallic nanoparticles having an opposite surface charge to the 

CNCs. The co-deposit of TiO2 with CNCs can be used to create open porous 

structures with metallic nanoparticles, without loss of conductivity throughout 

the film. 
[29]

 This approach is also very effective and versatile using CNCs 

bearing negatively charged sulfate surface groups and positively charged 

poly(diallyldimethylammonium chloride) (PDDAC)
[30] 

and chitosan
[31]

.  In 

another work, MacLachlan and coworkers developed a photonic, mesoporous, 
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inorganic (silica) solid which is a cast of a chiral nematic liquid crystal formed 

from nanocrystalline cellulose.
[32]

 The material can be used as hard templates 

to synthesize a variety of new materials with chiral nematic structures that 

have hitherto been inaccessible. 

CNCs also have many potential applications in pharmaceutical and 

biomedical fields due to their bioactivity, biocompatibility, biodegradability 

and low-toxicity. CNCs were introduced as a suitable excipient in the 

preparation of pharmaceutical acrylic beads based on an ethyl acrylate (EA), 

methyl methacrylate (MMA) and butyl methacrylate (BMA) mixture matrix.
[33]

 

The presence of CNCs, functionalized as a co-stabilizer, reduced the bead size 

and induced a narrower size distribution of beads. In another work, Mangalam 

et al. reported the synthetic protocols for grafting DNA to CNCs and 

subsequent duplex formation to form bonded structures.
[34]

 The study sets the 

stage for further work to develop DNA/CNC hybrid materials for specific 

applications. Jackson et al. investigated the controlled release effect of CNCs 

with the surface modification using the cationic surfactant cetyl 

trimethylammonium bromide (CTAB) on the drug molecules.
[35]

 It was shown 

that the surface modification on CNCs increased the zeta potential from -55 to 

0 mV in a concentration-dependent manner. The CTAB-modified CNCs can 

bind significantly with non-ionized hydrophobic anticancer drug molecules, 

which exhibited the release profile in a controlled manner over a 2-day period. 
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1.3 Protein Adsorption 

Protein adsorption onto solid surfaces is of significance in various 

applications. For example, immobilization of proteins is one of key steps in 

surface-based immunoassay methods and biosensors.
[36] 

Another example is 

for drug storage, where protein adsorption should be prevented. Adsorption of 

therapeutic protein onto container walls may result in denaturation, 

inactivation of the drug, as well as change of the overall bulk concentration.
[37]

 

In all of these applications, a fundamental understanding of interactions 

between proteins and solid surfaces is required. 

Proteins are biomolecules which are composed of amino acid subunits, 

which form the primary structure of proteins. It is the unique combination of 

amino acids that gives a protein its properties.  Each amino acid has a side 

chain. The interaction between the side chains results in localized folding, 

making the linear sequence into regular structure motifs such as α helices and 

β sheets, which are the proteins’ secondary structure. Folding of the regions 

between α helices and β sheets generates the tertiary protein structure, making 

the proteins compact and intact. The driving forces behind the tertiary folding 

are mainly from non-covalent interactions such as hydrogen bonding, van der 

Waals forces and electrostatic interactions. The interior region of proteins is 

usually hydrophobic whilst the external surface is occupied by hydrophilic 

charged group. The charged groups gain or lose charges depending on the pH 

of the surrounding environment, as well as its own individual polar/nonpolar 
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qualities. The charge of proteins is determined by the pKa values of their 

amino acid side chains and the terminal amino acids. The net charge of the 

protein is determined by the sum charge of its constituents, resulting in 

electrophoretic migration in a physiologic electric field. The iso-electric 

point (pI) is the pH at which a particular molecule or surface carries no 

net electrical charge or the negative and positive charges are equal. At 

a pH above their pI they carry a net negative charge; below their pI, proteins 

carry a net positive charge. Charged regions of proteins can greatly contribute 

to the interactions with other molecules and surfaces, as well as their own 

tertiary structure (protein folding).  

As a result of hydrophilicity, charged amino acids tend to be located on 

the outside of proteins, where they are able to interact with surfaces, making 

proteins intrinsically surface active.
[38-42]

 Protein adsorption is a critical 

phenomenon which describes the aggregation of these molecules on the 

exterior of a material. The tendency for proteins to adsorb and remain attached 

to a surface depends on intrinsic properties of proteins, such as protein size, 

charge, structure, and various other chemical properties. It is also related to the 

material properties like surface energy and charge distribution. For example, 

larger proteins have a higher tendency to adsorb and remain on a surface due 

to the increased number of contact sites between the amino acids and the 

surface. In addition, when the net charge of the protein is opposite to the 

surface charge, the protein may bind to the surface more readily. 

http://en.wikipedia.org/wiki/PH
http://en.wikipedia.org/wiki/Molecule
http://en.wikipedia.org/wiki/Electric_charge
http://en.wikipedia.org/wiki/PH


10 

 

 

 

 

  

 

 

 

Figure 1.02. A representation showing possible steps involved with protein 

adsorption to solid surfaces. Longer time and surface with greater hydrophobicity 

incite greater conformation change.
[42]

 

 

 

Protein adsorption to a surface can be viewed as a collection of events, 

which is shown in Figure 1.02.
[42]

 In order for proteins to adsorb, they must 

first come into contact with the surface from the bulk solution to a surface 

through one or some of these major transport mechanisms: diffusion, bulk flow, 

and thermal convection. Under conditions of low flow and minimal 

temperature gradients, the adsorption process is mainly a result of diffusion. 

Then, a relaxation and attachment process occurs to optimize the interaction 

between the protein and surface. Proteins during this process may unfold to 

some extent in order to increase the surface affinity by increasing the contact 

area. This causes partial structure rearrangement of a protein or even complete 

protein denaturation. Longer time and surfaces with greater hydrophobicity 

Protein in solution 

Solid surface 

Conformation change Conformation change 

Diffusion 
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incite greater conformation change. In most of the cases, protein adsorption 

has been found to be an irreversible process under physiological conditions. 

Yet the proteins may detach from the surface through an exchange mechanism 

depending on the extent of relaxation.
[43, 44] 

Desorption can also occur by the 

variation of pH or the addition of surfactants. Some of the major driving forces 

behind protein adsorption include: surface energy, hydrophobicity, 

intermolecular forces, and ionic or electrostatic interactions. Understanding 

protein adsorption is of importance in biomedical, medical, industrial and 

environmental applications. 

 

1.4 Plasma Proteins 

The plasma proteins utilized for experiments presented in the following 

chapters are bovine fibrinogen (BFG), bovine serum albumin (BSA), chicken 

lysozyme (LYZ), and immunoglobulin (IgG). Plasma proteins can be found 

circulating in blood, and each of them has different functions. My research 

interest is mainly focused on investigating the electrostatic driven interaction 

between proteins and CNC film surface, so an important reason that these 

proteins are chosen is the wide range of their iso-electric points and different 

charges distributed throughout different proteins. The molecular weights, iso-

electric points and charges under physiological pH (pH=7.4) of the four 

proteins are listed in Table 1.1. 

Fibrinogen has been extensively studied recently due to its key 
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component in blood coagulation (thrombosis) resulted from the conversion 

from fibrinogen to fibrin by the enzyme of thrombin. The fibrin monomers 

aggregate, preventing blood loss. Fibrinogen is a soluble, and relatively large 

dimeric glycoprotein (MW=340 kDa). The structure of fibrinogen is illustrated 

in Figure 1.03 A. It consists of two sets of three intertwined polypeptide chains. 

Each contains one Aα, Bβ and γ chain in one of the dimers, and the two halves 

are linked at N-termini by 29 disulfide bonds.
[45, 46]

 Fibrinogen contains four 

major domains, including two outer D domains, a central E domain and an αC 

domain, with each having different chemical properties. The D and E domains 

are more hydrophobic than the αC domain. The overall charge of fibrinogen at 

physiological pH (pH 7.4) is -10.
[46]

 Among the four domains, the D and E 

domains are negatively charged, whilst the αC domain bears net positive 

charges on it. Due to its large size and heterogeneous charge distribution, 

fibrinogen is very surface active and is capable of adsorbing to various 

materials.  

Albumin is one of the most abundant proteins in serum or plasma and is 

often used as a passivating agent to prevent the adhesion of cells. The main 

function of albumin is to transport fatty acid molecules which exhibit low 

solubility in aqueous environments.  Bovine serum albumin (BSA) is a serum 

albumin protein derived from cows. With a molecular weight of 66,210 

Daltons, BSA is a globular monomeric protein consisting of 607 amino acid 

groups.
[47]

 As shown in Figure 1.03 B, it contains three domains (I, II and III), 
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which fold into a heart-shaped structure according to NMR
[48] 

and X-ray 

crystallography characterization
[49]

. BSA has a dimension of approximately 3 

nm × 9 nm, with 35 cysteinyl residues, 34 of which participate in 17 disulfide 

bridges. The iso-electric point of BSA is 4.7, and it has an overall charge of -

18 at physiological pH.
[50]

 With the change of pH values, BSA has been found 

to undergo reversible conformation changes. Due to the flexibility in its 

structure and hydrophobic interactions, BSA has the ability to adsorb onto a 

variety of materials and has been commonly used as the blocking protein on 

surfaces to prevent non-specific binding. 

Lysozyme (LYZ) is an enzyme protein which can be found abundantly in 

egg white and in a number of secretions, such as tears, saliva and human milk. 

LYZ can inhibit bacterial growth by breaking down the bacterial wall in 

mammals. X-ray studies have identified that LYZ is a small spherical, yet hard 

and rigid protein with molecular weight of approximately 14.5 kDa.
[51]

 As 

shown in Figure 1.03 C,  lysozyme is composed of 129 amino acids and forms 

a single polypeptide chain, with a dimension of 14 nm × 9 nm × 4 nm. The 

iso-electric point of LYZ is approximately positive 11.0, therefore it is a 

cationic protein at pH 7.4. LYZ is usually used as a model in studies of 

electrostatic driven adsorption of proteins to surfaces. 
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(D) 

 

    

    

 

Figure 1.03. (A) Structure of fibrinogen (MW ～340 kDa). Fibrinogen is a 

dimer, containing three domains (D, E and αC). Dimension of fibrinogen is ～47 nm 

in length and 4-6 nm of thickness. (B) Structure of bovine serum albumin (MW ～66 

kDa). Single peptide consists of three domains (I, II and III), and folds into a heart-

shape structure. Dimensions are ～3 nm × 9 nm. (C) Structure of lysozyme (MW～

14.5 kDa). Dimensions are ～14 nm × 9 nm × 4 nm. (D) Structure of an IgG antibody 

(MW～150 kDa) containing the constant region in the “stem” and the variable region 

in the “forks”. The specificity of binding is due to the composition of the variable 

regions. 
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Immunoglobulin G (IgG) is an antibody complex, which is a major 

component of the immune system response to foreign substances (antigens). 

IgG is the antibody isotype mainly found in blood and extracellular fluid. IgG 

protects the body from infection by binding many kinds of pathogens, such as 

viruses, bacteria and fungi. Representing approximately 75% of the serum 

immunoglobulins in humans, IgG is the most abundant antibody isotype found 

in circulation.
[52]

 IgG antibodies are relatively large molecules with a 

molecular weight of about 150 kDa. As shown in Figure 1.03 D, it has a 

tetrameric quaternary structure, containing two identical heavy chains of about 

50 kDa and two identical light chains of about 25 kDa. The two heavy chains 

are linked to each other and to an adjacent light chain by disulfide bonds. The 

resulting tetramer has two identical halves, forming a Y-shape structure. Each 

end of the fork contains an identical antigen binding site.  

 

Table 1.1. Summary of molecular weight, iso-electric point and charge at pH=7.4 of 

proteins studied. 

Protein Molecular 

Weight (kDa) 

Iso-electric 

Point (pI) 

Charge at 

pH=7.4 

Fibrinogen (FG) 340 4.5-5.0 -10 

Bovine Serum Albumin (BSA) 66 4.7 -18 

Lysozyme (LYZ) 14.5 11.0 +7.5 

Immunoglobulin (IgG) 150 6.5-8.5
[53]

 / 
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1.5 Surface-based Immunoassays and Surface Plasmon Resonance (SPR) 

An immunoassay is a biochemical test that measures the presence or 

concentration of a macromolecule through the use of an antibody or 

immunoglobulin. Immunoassays rely on the ability of an antibody to recognize 

and bind specifically to a target. In immunology the biomolecule bound by an 

antibody is referred to as an antigen. In our study, the immunoassay uses an 

antigen to detect for the presence of antibodies. Rosalyn Sussman Yalow and 

Solomon Berson are credited with the development of the first immunoassays 

in the 1950s. Since then, immunoassays have gained popularity and become a 

powerful tool in the development of biosensors
 [54]

, clinical diagnosis
[55]

, 

environmental analysis
[56]

 and the food industry
[57]

. Biomolecular interactions 

and detection at solid surfaces are of significance in the rapidly growing field 

of biosensors. The surface based immunoassay begins with the immobilization 

of probe molecules, such as an antibody or an antigen, onto a pretreated 

surface. Target molecules (complementary antigen or antibody) in a solution 

interact with and physisorb to the probe molecules on surface. Surfaces act as 

the communication link between the protein species and facilitate our 

understanding of the interfacial behavior of proteins. The use of surfaces in 

protein-protein studies has led to a number of immunoassay sensing platforms 

and the proliferation of detection methodologies. Our aim is to develop a new 

CNC-based biosensing platform that utilizes a green material substrate. 

 



18 

 

 

 

Figure 1.04. Schematic of the surface plasmon resonance (SPR) biosensor. At a 

specific angle (θ), the surface Plasmon creates an evanescent wave that decays into 

the solution at the sensor surface leading to a minimum in reflected light intensity. 

 

 

Surface plasmon resonance (SPR) is a commonly used, label-free optical 

biosensing technology.
[58-60]

 As shown in Figure 1.04, SPR uses a sensor chip 

consisting of a thin (e.g. 50 nm) layer of gold on a glass surface. The receptors 

can be attached to the gold surface and a liquid containing the analyte flows 

over the binding surface. The SPR method is based on optical measurement of 

refractive index changes associated with the binding of the analyte molecules 

in a sample to biorecognize molecules immobilized on the SPR sensor. The 

detection system consists of a polarized light beam that passes through a prism 

on top of the glass layer. The light is totally reflected but another component 

Sensor chip 

Gold film 

Incident light Reflected 

Light 

Biomolecules 

immobilized at the 

chip surface 
Solution flow 

θ 
Prism 

Solutions 

which need to 

be detected 

Reflected Light 

Plasmon wave 

Solution flow 

Evanescent field 



19 

 

of the wave called an evanescent wave, couples into the gold layer, where it 

can excite electrons at the gold surface. At the correct wavelength and angle 

(θ), plasmon resonance, which is a resonance wave of excited electrons, is 

produced at the gold surface, decreasing the total intensity of the reflected 

optical wave. The observed SPR signal is related to the molecule's mass and 

the affinity of the interaction. Adsorption of molecules onto the gold surface 

changes the interfacial dielectric constant (reflective index) and changes the 

conditions of plasmon resonance. The intensity, angle or wavelength of the 

reflected light can all be measured to provide information on biomolecule 

adsorption. Since the late 1990's, SPR biosensors have become the main tool 

for the study of biomolecular interactions both in life science and 

pharmaceutical research. In addition, they have been increasingly applied in 

the detection of chemical and biological substances in important areas such as 

medical diagnostics, environmental monitoring, and food safety and security. 

 

1.6 Atomic Force Microscopy (AFM) 

Atomic force microscopy, one of the foremost tools for imaging, 

measuring and manipulating matter, has become a popular technique in 

observing the dynamic events in protein adsorption process at the molecular 

level. AFM has enjoyed widespread applications in protein research, ranging 

from imaging of individual proteins
 [61, 62] 

to the analysis of protein films
 [63-66]

. 

AFM possesses several characteristics that make it an attractive tool in 
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examining protein adhesion to surfaces. Firstly, as the surface does not need to 

be conductive, fixed, or dyed, minimal surface preparation is necessary prior 

to imaging with AFM, which makes imaging ease and rapidity. Additionally, 

in imaging mode, AFM has a high resolution which approaches nanometer 

resolution
[67]

, which is comparable to or even better than electron microscopy. 

Thus, Atomic force microscopy in principle enables direct observation of the 

real-space topography for detecting the spatial distribution of adsorbed 

proteins.
[68]

 In addition, AFM can be performed in either air or liquid, 

collecting images and force data acquired for fully hydrated surfaces in situ.  

As displayed in Figure 1.05, an AFM consists of a cantilever with a sharp 

tip (probe) at its end, which is used to scan the sample surface. When the tip is 

brought into proximity to the surface, a deflection of the cantilever occurs due 

to the forces between the tip and the sample. Typically, the cantilever 

deflection is measured by a laser beam reflected from the cantilever top onto 

an array of position-sensitive photodiodes. 

Depending on the application, AFM can be operated in a number of 

modes. In general, possible imaging modes are divided into static, also called 

contact mode and a variety of dynamic (non-contact or AC) modes where the 

cantilever is oscillated. Both the contact and AC modes are used in the work 

presented in the following chapters. 
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Figure 1.05. General schematic of the atomic force microscope (AFM). 

 

 

In static mode, the cantilever is "dragged" across the surface of the 

sample and the deflection of the cantilever is used to measure the contours of 

the surface. This technique is also called contact mode. The force between the 

tip and the surface is kept constant during scanning by lowering or raising the 

sample. The magnitude of the feedback signal which is used to keep the force 

constant is proportional to the topography of the surface.
[69]

 In contact mode, 

the tip is close to the surface of the sample, where attractive forces can be 

quite strong, causing the tip to "snap-in" to the surface and damage the sample 

surface.
 [70]

 Thus contact mode AFM is always done where the overall force is 

repulsive. In addition, the scratching technique can be performed under 
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contact mode to measure the thickness of a film. In scratching, the tip is 

scanned under strong loading forces to remove the substance film from the 

substrate in a well-defined way, leaving behind deep trenches with the 

characteristic shape of the plough used. By measuring the height difference 

between the bottom point of the trench and the top point of the original film 

surface, the thickness of the substance film can be obtained. 

In tapping mode, also called AC mode, the cantilever is driven to oscillate 

at approximately its resonance frequency by a small piezoelectric element 

mounted in the AFM tip holder. An electronic servo uses the piezoelectric 

actuator to adjust the height of the cantilever above the sample, in order to 

maintain a set cantilever oscillation amplitude as the cantilever is scanned over 

the sample. A tapping AFM image is therefore produced by imaging the force 

of the intermittent contacts of the tip with the sample surface. Changes in 

topography correspond to changes in the amplitude of the oscillation, while 

changes in sample stiffness are represented by changes in the oscillation’s 

phase lag. This method of tapping significantly lessens the damage done to the 

surface and the tip. However, as opposed to contact mode, little lateral forces 

to the substrate are observed via AC mode, though the vertical forces may be 

large, which possibly leads to altering the height of soft samples.
 [71]

 

Topography images provide two-dimensional information about the 

surface chemistry of proteins. However, tip contamination, sample damage 

and thermal drift in the image are still fundamental problems to be solved. 
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1.7 Infrared Reflection Absorption Spectroscopy (IRRAS) 

Besides AFM, infrared reflection absorption spectroscopy (IRRAS) is 

another powerful method to identify and characterize the molecular structure 

of adsorbates on metal surfaces, such as chain conformation and orientation. In 

IRRAS, light impinges onto the sample surface at a well defined and 

controlled angle of incidence. Metal surface constrains the observed incident 

radiation and dipole orientation. Incident radiation interacts with adsorbates 

and then reflects from the metal surface. The reflected light is detected at an 

angle equal to the angle of incidence. Only the perpendicular component of 

incident radiation contributes to the observed signal, and only the dipole 

moments with a contribution along the surface normal interact with the 

incident radiation. The technique measurements provide frequencies and 

intensities of molecular vibrations accompanied by changing molecular dipole 

moments. The vibrational frequencies that are detected can be interpreted in 

terms of molecular conformation. By monitoring the vibrational characteristics 

of the peptide backbone (C=O and N-H) stretches, proteins and peptides that 

are adsorbed to surfaces can be qualitatively and quantitatively determined by 

IRRAS.
[69, 72]

The ease and rapidity of aquiring high quality spectra from small 

amount of proteins make IRRAS suitable for the work presented in this thesis. 
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1.8 Motivations and Intentions 

It has been reported in the literature that molecular layers of 

polysaccharides significantly inhibit the non-specific adsorption of proteins.
[73]

  

A dense CNC film will provide a high-surface area substrate and the 

polysaccharide based structure of CNCs can potentially resist non-specific 

adsorption of proteins, which is our motivation to explore the protein 

adsorption behavior on CNC films in Chapter 2. IRRAS and ATM are utilized 

to investigate the interactions between CNC films and proteins. 

In the biosensing area, the motivation was to design a simple and readily 

available platform that utilizes cellulose nanocrystals, which is a green-

material substrate, to analyze antibody-antigen binding. In Chapter 3 this idea 

is explored using IRRAS and applied to an immunoassay detected by SPR. 
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Chapter 2 Investigating Interactions between Cellulose 

Nanocrystal (CNC) Films and Proteins 

 

2.1 Introduction  

Cellulose nanocrystal (CNC) is an emerging nanomaterial that has drawn 

increasing attention recently.
[1-4]

 It is abundant, sustainable, renewable, and 

biodegradable. CNCs are highly crystalline (54–88%) rod-like particles, 3–5 

nm wide and 50–500 nm in length.
[2] 

They have unique chemical and 

mechanical characteristics that cannot be met by traditional cellulose-derived 

materials, such as high aspect ratio, low density, high stiffness, high tensile 

strength and very low coefficients of thermal expansion.
[5]

 These properties of 

CNCs are exploited in a variety of different applications in pharmaceuticals
[6]

, 

fibers and textiles
[7]

, drug delivery
[8] 

and so forth. 

CNC films can be used for a variety of applications. For example, a 

tunable green oxygen barrier through layer-by-layer self-assembly of chitosan 

and CNCs was reported by Li et al., which holds promise for gas barrier 

applications in food and drug packaging.
[9] 

In addition, various CNC 

reinforced nanocomposite films have been intensely studied using CNCs as 

fillers to improve the strength and stiffness of the resulting composites.
[10, 11]

 

Spin coating is a common process to prepare CNC films.
[12, 13]

 Gray and 

coworkers have reported that a smooth CNC film can be formed through spin 

coating on mica and used as models to study surface phenomena, where the 

http://apps.webofknowledge.com.login.ezproxy.library.ualberta.ca/full_record.do?product=UA&search_mode=GeneralSearch&qid=1&SID=3CkDo98e8NpHd7Cn3lj&page=1&doc=2
http://apps.webofknowledge.com.login.ezproxy.library.ualberta.ca/full_record.do?product=UA&search_mode=GeneralSearch&qid=1&SID=3CkDo98e8NpHd7Cn3lj&page=1&doc=2
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effects of surface morphology and roughness are minimized.
[14]

 Besides spin 

coating, CNC films can also be prepared by Langmuir-Schaefer
[15]

,
 
layer-by-

layer
[16]

, casting and evaporating
[17]

 techniques.  

Recently researchers have been making efforts in creating and applying 

paper-based devices that have the capability to detect and/or deactivate 

biological substances such as bacteria and viruses.
[18-20]

 Paper represents a 

useful supporting material in developing sensing devices either as a separation 

medium or as a sample capture and transport media for dipstick assays.
[21]

 

Paper is widely used in biosensing devices because it is readily available and 

inexpensive. In addition, paper wicks aqueous fluids, and this wicking enables 

passive transport of fluids without active pumping.
[18]

 Printing and coating 

technologies allow for the application of almost any fluid onto dry paper.
[19]

 

The cotton CNCs used in our work originate from Whatman filter paper. They 

possess some unique mechanical and chemical properties as well as the 

advantages of ordinary paper. Our ultimate goal is to develop a biosensing 

platform utilizing the unique structure and properties of CNCs.  

Protein adsorption onto solid surfaces is of significance in various 

applications. For example, immobilization of proteins is one of key steps in 

surface-based bioassays.
[22] 

For many applications, a fundamental 

understanding of interactions between proteins and solid surfaces is required. 

Compared to the receptor-ligand binding, which involves a particular site of 

the biomolecule, nonspecific adsorption generally involves the interaction of a 
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fraction of the amino acid sequence with the solid surface. Predefined control 

over protein adsorption is a prerequisite to rationally design interfaces for 

biosensors. 

This chapter is focused on the formation and characterization of CNC 

films, and the subsequent exposure of the CNC films to proteins. The CNC 

film thickness can be controlled by CNC suspension concentration. 

Furthermore, protein adsorption is shown to be driven by the electrostatic 

interaction between the CNC film and proteins, which depends on intrinsic 

properties of the proteins such as size, charge distribution and iso-electric 

point. A thorough understanding of protein adsorption is the foundation for the 

use of CNC films in biosensing applications. 

 

2.2 Experimental 

2.2.1 Preparation of Gold Substrates 

All glass substrates and glassware were cleaned with hot piranha solution 

(1:3 30% H2O2: 98% H2SO4) for 15 min, followed by rinsing thoroughly with 

deionized (18.2 MΩ)/filtered water (NANOpure™ water purification system, 

Barnstead International, Dubuque, Iowa). Substrates were blown dry using 

argon gas. 99.99% Au shot (Goodfellow) was used to deposit gold for all 

substrates via thermal evaporation (Torr International, INC). Substrates 

consisted of 300 nm gold deposited on glass microscope slides. A layer of Cr 

(ESPI Metals) with a thickness of 15 nm was deposited in between the glass 
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slide and the gold film for better adhesion.  

2.2.2 Preparation of CNC Films  

The gold substrates were first cleaned with UV/ozone treatment for 15 

min. Then the gold substrate slides were soaked in an ethanolic solution of 100 

μM mercaptoundecylamine hydrochloride (MUAM, HS–(CH2)11–NH2·HCl) 

for 24 h, followed by a thorough rinse with anhydrous ethanol to remove 

unbounded alkanethiolate from the surface. After blown dry with argon, the 

slides were incubated in 7.5×10
-3

 wt% cotton CNC (purchased from Alberta 

Innovates Technology Futures, AITF) water suspension for 24 h. The slides 

were then rinsed thoroughly with deionized (18.2 MΩ) water and dried under 

argon.  

Spin coating is another method for making thicker and smoother CNC 

films. A 3.0 wt% CNC water suspension was prepared by sonicating for 30 

min, followed by filtering through a 0.45 μm membrane to get rid of large 

agglomerates. Then a series CNC suspensions with different concentrations 

(0.5 wt%, 1.0 wt% and 2.0 wt%) were made by diluting the stock CNC 

solution (3 wt%). A volume of 2 ml of each CNC solution was added from a 

micropipette onto the MUAM modified gold slides and spun at 4000 RPM for 

60 seconds using a PWM32 Series Photoresist Spinner (Headway research. 

Inc., Texas, USA). The samples were heated after spin coating at 120 °C for 1 

h to prevent CNCs from redispersing when the slides were wetted. 
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2.2.3 Protein Adsorption 

Phosphate buffer (PB) was prepared with adding 0.1 M sodium hydroxide 

(NaOH, CALEDON Lab Ltd., Georgetown, ON, Canada) solution drop by 

drop to 1 mM reagent grade sodium phosphate, monobasic (NaH2PO4·H2O, 

Sigma, St. Louis, MO), meanwhile measuring the pH of the mixed solution 

with a pH meter (XL 50, Accumet, Fisher Scientific) until the pH reached 7.40. 

As the CNCs are sensitive to the ionic strength, the absence of chloride and 

potassium ions in this lab-made phosphate buffer prevents the aggregation of 

CNCs when incubating the CNC into protein solutions. Bovine fibrinogen 

(BFG, Sigma, St. Louis, MO), chicken lysozyme (LYZ, MP Biomedicals, LLC) 

and bovine serum albumin (BSA, Sigma, St. Louis, MO) were prepared at 

concentrations of 100 μg/ml in PB. CNC modified slides were immersed in 

protein solutions for 2 h, followed by rinsing with 1 mM PB to wash off any 

unbounded protein molecules and blown dry with argon. At this point, the 

slides were ready for infrared reflection absorption spectroscopy (IRRAS) and 

atomic force microscopy (AFM) experiments. 

2.2.4 Infrared Spectra Measurements 

All IRRAS spectra were recorded using a Mattson Infinity Fourier 

Transform Spectrometer (Madison, WI) equipped with a low noise mercury-

cadmium-tellurium (MCT) detector cooled at 77 K by liquid nitrogen. A 

reflection accessory and a home-built slide holder were housed in an external 

auxiliary bench. A self-assembled C18 thiol monolayer on gold substrate was 
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used as the background. CNC films on gold slides before and after immersed 

in BFG, BSA and LYS protein solutions were examined. Spectra were taken 

using 500 scans at 2 cm
-1

 resolution with a glancing angle of 86°.  

2.2.5 Protein Adsorption Isotherms 

Gold substrate with MUAM monolayer was immersed in 7.5×10
-3

 wt% 

cotton CNC solution for 24 hours, followed by thorough rising with DI water 

and blown dry under argon.  A class of protein (BFG, BSA and LYZ) solutions 

was in advance prepared. 1.000 mg/ml solution was prepared at first with 

pH=7.4 PB as a stock solution and then diluted to each lower concentration. 

The concentrations used for protein adsorption isotherm study were 0.005, 

0.010, 0.050, 0.100, 0.250, 0.500 mg/ml for each protein. CNC substrates were 

incubated in protein solution from the lowest concentration to the highest one. 

The incubation time for each concentration was 1 h. IRRAS was employed to 

assess the amount of protein adsorption for each individual concentration. The 

same substrate would be dipped into the next higher concentration of protein 

solution after one IRRAS spectrum was collected. MUAM self-assembled 

gold substrates without CNCs were used for the control experiment. The 

procedure was identical for all the three proteins (BFG, BSA and LYZ). 

2.2.6 Atomic Force Microscopy Measurements 

AFM images were obtained by MFP3D (Asylum Research Santa Barbara, 

CA). Igor Pro software (version 6.04) was used for the real-time control and 

data acquisition functions. Silicon nitrite cantilevers (Olympus AC240TS) 



38 

 

with nominal spring constant of 2 N/m and a nominal resonant frequency of 

~70 kHz were used. All AFM measurements were performed under ambient 

conditions where the humidity and temperature were kept constant at about 20% 

and 20.8 °C, respectively. Tapping mode (AC mode) was used for topographic 

imaging. Contact mode was used for film thickness measurement.  

 

2.3 Results and Discussion 

2.3.1 Characterization of CNC Films 

To characterize CNC films, various techniques can be used. In this study, 

CNC films on gold substrates were characterized with IRRAS and AFM. 

Results indicate that the CNC film, formed via physisorption to an amine-

terminated SAM on gold, consists of uniform and well packed nanoparticles.  

2.3.1.1 IRRAS Spectrum of CNC  

CNC nanoparticles bear negative charges on their surface as a result of 

the sulphate groups created during the sulfuric acid hydrolysis of cellulose 

fibers. We chose an amine-terminated SAM formed from the adsorption of 

MUAM to gold as the substrate for CNC films. Since the MUAM SAM 

interface is positively charged due to a mixture of ammonium and amine 

terminated groups at pH 7.4, CNC films can be formed via physisorption to 

the SAM mainly through an electrostatic driven interaction. Immersion in 

7.5×10
-3

 wt% cotton CNC solution for 24 h results in CNC adsorption 

equilibrium onto MUAM SAM. Figure 2.01 shows the IRRAS spectrum of 
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CNC films adsorbed to the MUAM monolayer on a gold substrate. The region 

between 900 and 1500 cm
-1

 is displayed in part A, and the region between 

3000 and 3600 cm
-1

 is shown in part B. 

The schematic of a single cellulose chain repeating unit of CNC is 

displayed in Figure 2.02 for the band assignment interpretation in Table 2.1. 

Generally, the bands located in the region 950 – 1200 cm
-1

 are mainly due to 

the C–O stretch in alcoholic moieties and the cyclic C–O of the acetal O–C–

O–C groups. Bands from 3000 to 3600 cm
-1

 are characteristic of O–H 

stretching modes in alcoholic groups.
[24, 25] 

The C–O stretching band at 1114 

cm
-1 

will be used for CNC quantification analysis presented in the following 

sections because there is a minimal overlap of this absorption peak compared 

with those of other modes. The position of the band is in good agreement with 

published data.
[27]

 The peak intensity is directly related to the amount of CNCs 

bound to amine terminated alkanethiolate surface but cannot be directly 

quantitated.  
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Figure 2.01. IRRAS spectrum of CNC films adsorbed to MUAM monolayer on 

evaporated gold substrate. Bands shown in (A) are characteristic of C–O stretching 

modes and of O–H bending modes for C–O–H alcohol groups. Bands shown in (B) 

are O–H stretching modes in C–O–H alcohol groups. 
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Table 2.1. Wavenumber assignments for peaks observed in IRRAS of cotton CNCs. 

Wavenumber (cm
-1

) Assignment
[23]

 

985 Possibly C–O stretching in C6O6H primary alcohols 

1005 C–O stretching in C6O6H primary alcohols 

1036 C–O stretching in C6O6H primary alcohols 

1064 C–O stretching in C2O2H secondary alcohol 

1114 C–O stretching of a secondary alcohol C3O3H 

1206 Symmetric C–O–C stretch of glycosidic links in 

C1O5C5 and C1O4C4 

1316 O–H in plane bending in C–O–H groups 

1336 O–H in plane bending in C–O–H groups 

1361 O–H in plane bending in C–O–H groups 

1370 O–H in plane bending in C–O–H groups 

1457 O–H in plane bending in C–O–H groups 

3303 O–H stretching in C6O6H primary alcohols 

3354 O–H stretching of a secondary alcohol C3O3H 

3406 O–H stretching in C6O6H primary alcohols 
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    Figure 2.02. Schematic of single cellulose chain repeating unit of CNC. 
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2.3.1.2 AFM Images of CNC Films 

Topographic AFM studies of CNC films on MUAM SAM on gold 

substrates were performed to better understand the CNC film morphology. 

Figure 2.03 A shows the topography image of MUAM monolayer on a thermal 

evaporated gold substrate. The gold film deposited by thermal evaporation 

process is characterized by a dense array of Au crystallites at room 

temperature.
[27]

 The RMS roughness of the gold surface is approximately 3.8 

nm. The thiol molecules are only approximately 1.5 nm in length and cannot 

be observed on the gold surface at this length scale.  

The AFM height image of CNC film obtained from immersion in CNC 

solution on MUAM monolayer on gold is shown in Figure 2.03 B. As noted 

from the image, CNCs are rod-like particles, which is in agreement with 

previous results.
[4]

 The RMS roughness of the CNC film on evaporated gold is 

about 4.5 nm as shown in the section graph in Figure 2.03 B. This AFM image 

displays a relatively uniform and densely packed CNC film, which can be used 

for further experiments as a substrate to investigate the interactions of proteins 

with CNCs.   
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Figure 2.03. AFM images (AC mode, air) of (A) MUAM monolayer on 

evaporated gold substrate and (B) CNC films on substrate (A). The RMS values for 

MUAM layer on gold and CNC films are 3.8 nm and 4.6 nm, respectively. (C): CNC 

film thickness measurement by scratching the film. The thickness is approximately 15 

nm. 
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To measure the thickness of the CNC film, an AFM scratching technique 

was utilized under contact mode (Figure 2.03 C). The length/width of 

nanostructures measured by an AFM typically contains tip effects and tip 

dilation errors. However, a height measurement, which is the CNC thickness 

measurement used in this study, is very accurate.
[28] 

The thickness of the CNC 

film is approximately 15 nm. Knowing that the diameter of a CNC 

nanoparticle is 3–5 nm, this result indicates that a multilayered CNC film has 

been formed on MUAM modified gold substrate by immersion in the CNC 

solution.  

2.3.2 Interactions between Proteins and Adsorbed CNC Films  

2.3.2.1 IRRAS Studies and Protein Adsorption Isotherms 

IRRAS is employed to assess the relative amount of bovine fibrinogen 

(BFG), bovine serum albumin (BSA) and chicken lysozyme (LYZ) adsorbed 

on MUAM monolayer with and without a CNC film. The MUAM monolayer 

substrate is used as a control. IRRAS spectra for BFG adsorption on both 

surfaces is shown in Figure 2.04 as an example. The region between 1500 and 

1800 cm
-1

 contains characteristic bands of proteins and peptides. The amide I 

band (C=O stretch) is located in the region from 1650 to 1680 cm
-1

 and the 

amide II band (combination of C–N stretch and N–H bend) is observed near of 

1550 cm
-1

. These bands typically exhibit high intensity and are useful as a 

diagnostic indicator for adsorbed proteins.
[29, 30]

 The absorbance of both the 

amide I and amide II bands have been used as a semi-quantitative measure of 
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the amount of protein adsorbed.
[29-31]

 We used the amide I band absorbance in 

the discussions below. 

 

 

 

 

 

Figure 2.04.  IRRAS spectra of BFG adsorption on CNC film surface (spectrum 1) 

and on MUAM monolayer (spectrum 2) after exposure to 100 μg/ml BFG solution in PB 

for 1 h. 
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IRRAS is also employed to develop protein adsorption isotherms. The 

MUAM monolayer substrates without CNC films are used as control, so 

protein adsorption behaviors on both CNC and MUAM surfaces are studied. 

Six concentrations are used in the experiment, so six IRRAS spectra have been 

obtained for each protein. The isotherms are plotted by the absorbance of 

amide I band against protein solution concentrations, and fitted to Langmuir 

isotherms using equation 2.1. The Langmuir model assumes monolayer 

coverage, where all adsorption sites are equivalent and adsorbing molecules do 

not interact with each other. The isotherms for BFG, BSA and LYZ adsorption 

on CNC and MUAM films are shown in Figure 2.05 A, B and C, respectively.  

 

max [ ]

1 [ ]

ads

ads

A K C
A

K C
                                                                                  (2.1) 

 

In equation 2.1, A refers to the amide I band absorbance, Amax is an 

asymptotic saturation value, [C] is the concentration of protein in solution, and 

Kads is the adsorption constant. Kads characterizes of the adsorption strength. 

All the fitting parameters using a one site Langmuir model are listed in Table 

2.2. These parameters quantify the saturation amount of protein bound to the 

surface (Amax) and the strength of the interaction (Kads) on CNC and MUAM 

surfaces. 

 



47 

 

In Figure 2.05, the amide I band absorbance increases with the protein 

concentrations until reaching a plateau. The maximum BFG adsorption on 

CNC films is slightly lower than that on MUAM monolayer which can partly 

be attributed to the electrostatic repulsion between the negatively charged BFG 

(iso-electric point=5.8) and negative CNC films. In spite of this, the maximum 

BFG adsorption is still higher than BSA or LYZ on the CNC films, which can 

be explained from the perspective of heterogeneous charge distribution over 

the fibrinogen molecule.
[32, 33]

 Among the four domains of fibrinogen, D and E 

domains are negatively charged, but the αC domain bears net positive charges. 

Due to its large size and heterogeneous charge distribution, fibrinogen is very 

surface active and is capable of adsorbing to various materials. Therefore, 

though the overall charge of the fibrinogen molecules is negative, there are 

also regions on the fibrinogen molecule that are positively charged, which 

allows fibrinogen to have a fairly strong interaction with negatively charged 

CNC surfaces. In addition, multiple domains also make BFG capable of many 

types of interactions, such as van der Waals forces, H-bonding and dipole-

dipole interactions. Similar results of fibrinogen deposition on negatively 

charged substrates under physiological conditions were previously reported.
[34-

39]  
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Figure 2.05. Isotherms of (A) BFG and (B) BSA adsorption on CNC films 

(filled circles) and MUAM monolayer (open circles). The points are the data and the 

curve is the one-site Langmuir fit. 
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Figure 2.05. Continued.  Isotherm of (C) LYZ adsorption on CNC films (filled 

circles) and MUAM monolayer (open circles). The points are the data and the curve is the 

one-site Langmuir fit. 

 

Table 2.2. Curve fitting parameters using a one-site Langmuir model for protein 

(BFG, BSA and LYZ) adsorption isotherms obtained by IRRAS on CNC and MUAM 

surfaces. 

BFG Adsorption R
2
 Amax (a.u.) Kads (M

-1
) 

CNCs 0.987 0.0127±0.0005 1.2 (±0.2) ×10
7
 

MUAM 0.967 0.016±0.001 6 (±2) ×10
6
 

BSA Adsorption R
2
 Amax (a.u.) Kads (M

-1
) 

CNCs 0.824 0.0039±0.0002 1.3 (±0.4) ×10
7
 

MUAM 0.975 0.00470±0.00009 1.6 (±0.2) ×10
7
 

LYZ Adsorption R
2
 Amax (a.u.) Kads (M

-1
) 

CNCs 0.803 0.0046±0.0003 3 (±1) ×10
6
 

MUAM 0.915 0.0030±0.0004 3 (±1) ×10
5
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The Amax of BSA on CNCs is lower than that on MUAM, whilst the Amax 

of LYZ on CNCs is higher than that on MUAM, which can both be explained 

from the perspective of electrostatic forces. BSA (iso-electric point=4.7) is 

overall negatively charged under physiology conditions, so the repulsive 

forces between BSA and the negative CNC film make BSA molecules less 

favorable to adsorb on CNC films. On the contrary, LYZ (iso-electric 

point=11.0) is a cationic protein at pH 7.4. The negative charged groups on 

CNC surface make it attractive to LYZ proteins. It is difficult to compare the 

Amax values between different proteins due to the differences in molar weight 

(MW). For example, BFG (MW=340 kDa) will contain many more peptide 

bonds than LYZ (MW=14.5 kDa). 

The Kads values in Table 2.2. are dependent more on the protein than the 

surface. BFG (MW=340 kDa) and BSA (MW=66 kDa) are relatively large 

proteins that can interact with surfaces in a number of different ways 

(electrostatic interactions, hygrogen bonding, dipole-dipole interactions, etc.). 

LYZ (MW=14.5 kDa) is a much smaller and structurally stable “hard” protein. 

Hard proteins adsorb on hydrophilic surfaces only in cases in which the 

electrostatic interaction is favorable and strong enough and generally interacts 

more weakly with surfaces. 
[40, 41] 
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Figure 2.06. Isotherms of BFG (filled circles), BSA (filled triangles) and LYZ 

(open circles) adsorption on CNC film surface. The points are the data and the curve 

is fitted with the two-site Langmuir model. 

 

 

Table 2.3. Curve fitting parameters using a two-site Langmuir model for protein 

(BFG, BSA and LYZ) adsorption isotherms obtained by IRRAS on CNC surfaces. 

BFG R
2
 Amax1 (a.u.) Kads1 (M

-1
) Amax2 (a.u.) Kads2 (M

-1
) 

 0.994 0.011±0.002 1.7 (±0.1) ×10
7
 / / 

BSA  R
2
 Amax1 (a.u.) Kads1 (M

-1
) Amax2 (a.u.) Kads2 (M

-1
) 

 0.982 0.0025±0.0007 6.6 (±0.8) ×10
7
 0.0022±0.0005 5.1 (±0.6)×10

5
 

LYZ  R
2
 Amax1 (a.u.) Kads1 (M

-1
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6
 0.005±0.004 9.8 (±0.6) ×10
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Considering the R
2
 values in Table 2.2, it is apparent that the isotherms of 

BSA and LYZ adsorption on CNC films are not well fitted using the Langmuir 

model, which assumes one-site saturation ligand binding. It is possible that 

there are exposed regions of the MUAM monolayer in the CNC films. This 

would provide two sites for protein adsorption. So a two-site Langmuir model 

was used to fit the isotherms of protein adsorption on CNC films using the 

equation 2.2. The fitted isotherms are shown in Figure 2.06, and all the fitting 

parameters are listed in Table 2.3.  

 

max 1 1 max 2 2

2 2

[ ] [ ]

1 [ ] 1 [ ]

ads ads

ads ads

A K C A K C
A

K C K C
                                               (2.2) 

 

Because we are fitting 6 data points with a 4 parameter fit, the standard 

error due to the fit is relatively large for the Kads values. The values for 

uncertainties reported here are based on the run to run uncertainty. 

Nevertheless, the improved R
2 

values suggest that the two-site Langmuir is a 

better fitting model. This observation indicates that the MUAM modified gold 

substrate is not completely covered by CNC nanoparticles through 

spontaneous adsorption.  The exposed ammonium/amine groups also 

contribute to the interactions with proteins. To prove this speculation, a thick 

spin-coated CNC film is developed and will be discussed in later sections. 
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2.3.2.2 Protein Adsorption as a Function of CNC Coverage 

The effect of CNC coverage was examined to assess the contribution of 

the underlying MUAM layer in the adsorption measurements. Drawn from 

previous work in our group, the CNC film thickness is highly dependent on 

the CNC suspension concentration and the incubation time.
 [42]

 A series of 

CNC films were prepared by immersion in different concentrations of CNC 

solutions for various time periods to attain different CNC coverage. Since the 

amount of CNC adsorbed onto MUAM layer is directly related to the C–O 

stretching band intensity, the coverage can be semi-quantitatively expressed by 

the intensity of the C–O band using IRRAS. 100 μg/ml proteins in PB were 

used to interact with CNCs on these prepared slides. The IRRAS spectra are 

shown in part A of Figures 2.07–2.09. The amounts of protein adsorption as a 

function of CNC coverage are plotted in part B of Figures 2.07–2.09. 

Figure 2.07 A presents the IRRAS spectra of BFG adsorption on a series 

of CNC surfaces with different coverage. Figure 2.07 B demonstrates that the 

amide I peak intensity of fibrinogen decreases gradually with the increase of 

C–O stretching band intensity, which is likely due to the electrostatic repulsion 

between the negative CNC film and negatively charged BFG. However, the 

amide I peak is still quite intense even though the surface is mostly covered by 

CNCs. This observation indicates that fibrinogen has a very strong interaction 

with a complete CNC film, a MUAM SAM or a mixture of both, which is 

probably due to its active surface, large size and the ability to engage in other 
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interactions in addition to electrostatic forces with CNC films.
 

 

 

 

 

 

Figure 2.07. (A) IRRAS spectra of BFG adsorption on CNC films with different 

CNC coverage. (B) Plot of BFG absorbance as a function of CNC coverage.  
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The relationship between BSA adsorption and CNC coverage is shown in 

Figure 2.08. Figure 2.08 A corresponds to the IRRAS spectra of BSA 

adsorption on a series of CNC surfaces with different CNC coverage. The plot 

of BSA adsorption vs. the CNC coverage is displayed in Figure 2.08 B. The 

BSA adsorption decreases with increasing amount of CNCs on the substrate. 

This is likely due to the electrostatic repulsion between the negative CNC film 

and the negatively charged BSA. To some extent, the thicker the CNC film is, 

the stronger the electrostatic repulsion. In addition, any exposed MUAM will 

be gradually covered by the increased amount of CNCs, which provides less 

chance for BSA to penetrate into CNC layers and interact with 

amine/ammonium groups. However, we speculate that the exposed MUAM 

cannot be completely covered by a 15 nm thick CNC film, so part of amide I 

peak intensity of BSA adsorption is attributed by the interaction between BSA 

and MUAM monolayer.  

The spectroscopic results describing the interaction between LYZ and 

CNC surfaces with different coverage are contained in Figure 2.09 A. The 

absorbance of LYZ as a function of CNC coverage is plotted in Figure 2.09 B, 

which shows the LYZ absorbance intensifies as the CNC coverage increases. 

The observation can be explained from the perspective of electrostatic driven 

interactions we proposed.  
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Figure 2.08. (A) IRRAS spectra of BSA adsorption on CNC films with different 

CNC coverage. (B) Plot of BSA absorbance as a function of CNC coverage. 
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Figure 2.09. (A) IRRAS spectra of LYZ adsorption on CNC films with different 

CNC coverage. (B) Plot of LYZ absorbance as a function of CNC coverage.  
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The results in Figure 2.07, 2.08 and 2.09 are in strong support of the 

speculation that electrostatic forces are responsible for the interactions 

between proteins and CNCs. The interactions may also depend on the intrinsic 

properties of proteins, such as charge distribution and protein size as is 

observed for BFG. 

2.3.3 Spin Coated CNC Films 

The experiments described above show that CNC films formed from 

spontaneous adsorption may contain exposed MUAM sites. In an attempt to 

completely cover the MUAM monolayer, thicker CNC films were prepared by 

spin coating. A series of CNC suspensions (0.5 wt%, 1.0 wt% and 2.0 wt%, 

and 3 wt%) were made to investigate the influence of CNC solution 

concentrations on the film thickness. Heating the samples after spin coating at 

120 °C for 1 h is a necessary step to prevent CNCs from redispersing upon 

immersion in aqueous media.
[14]

 The CNC films produced by this technique 

were characterized by AFM and IRRAS. 

The infrared spectra corresponding to spin-coated CNC films made from 

CNC suspensions with various concentrations are shown in Figure 2.10 A. The 

region between 900 and 1500 cm
-1

, which contains most of characteristic 

peaks for CNCs, was selected for interpretation. As discussed in Section 

2.3.1.1, bands located at 985, 1005, 1036, 1064, 1114 and 1206 cm
-1

 refer to 

C–O stretching, and those at 1316, 1336, 1361, 1370 and 1457 cm
-1

 can be 

assigned to the O–H in-plane bending. A comparison of a spin coated CNC 



59 

 

film prepared by 3% CNC suspensions and a CNC film formed from 

spontaneous adsorption is shown in Figure 2.10 B. It is apparent that all 

characteristic peak intensities of spin coated CNC films increase significantly, 

indicating that the film thickness produced by spin coating is much higher than 

that by immersion.  

Comparing the four spectra in Figure 2.10, it is obvious that the 

absorbance for C–O stretching bands and O–H in-plane bending bands 

increase with the CNC suspension concentration. The intensity of the C–O 

stretching band is correlated to the amount of CNCs adsorbed on the substrate; 

this observation suggests that the thickness of CNC films is strongly 

dependent on the concentration of the CNC solution used for spin coating 

preparation.  

AFM scratching was employed to gain direct insights into the thickness 

of the CNC films produced by spin coating. The thickness measurements of 

CNC films prepared by 1 wt%, 2 wt% and 3 wt% CNC suspensions are shown 

in Figure 2.11 A, B and C, respectively. The thickness in Figure 2.11 A is 25±2 

nm, in B is around 36±2 nm, and the thickness in C is 49±2 nm. The data is in 

agreement with the IRRAS result that the films are thicker for greater CNC 

suspension concentrations. We expect that these “thicker” CNC films 

effectively block ammonium/amine groups on the MUAM monolayer. Protein 

adsorption to these films is probed in the next section. 
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Figure 2.10. (A) IRRAS spectra of spin-coated CNC films prepared by CNC 

suspensions with different concentrations. (B) IRRAS spectra of (pink spectrum) 

spin-coated CNC films prepared by 3% CNC suspensions and (blue spectrum) of 

CNC films by spontaneous adsorption. 
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 Figure 2.11. CNC film thickness measurements by scratching the film using 

AFM contact mode. (A) The thickness of spin coated CNC film made by 1 wt% CNC 

suspension is 25±2 nm. (B) The thickness of spin coated CNC film made by 2 wt% 

CNC suspension is 36±2 nm. (C) The thickness of spin coated CNC film made by 3 

wt% CNC suspension is 49±2 nm. 
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2.3.4 Protein Adsorption on Thick CNC Films 

We examined protein adsorption to the spin coated CNC film with the 

greatest thickness to ensure complete coverage of the MUAM monolayer. 

IRRAS was employed for assessing the relative amount of BFG, BSA and 

LYZ adsorbed on thick CNC films prepared by spin coating with 3 wt% CNC 

solutions. Infrared spectrum results are compared with the protein adsorption 

on CNC films prepared by immersion in 7.5×10
-3

 wt% CNC solution. IRRAS 

spectra of both surfaces after exposure to BFG, BSA and LYZ solution are 

shown in Figure 2.12 A, B and C, respectively.  

Figure 2.12 A shows a much more intense amide I band for BFG 

adsorption to the thick, spin coated CNC film relative to the adsorbed CNC 

film. A comparison of the absorbance of the C–O stretch indicates that the spin 

coated CNC film (~0.06 a.u.) contains over 10× the amount of CNC particles 

as the adsorbed film (~0.004 a.u.). However, the difference in BFG adsorption 

is only a factor of 2. The higher adsorption of BFG on the thick, spin coated 

CNC film is not expected to be due to the lack of exposed ammonium/amine 

groups on the MUAM SAM. It has been shown that BFG adsorbs strongly to 

MUAM SAMs.
[31]

 Our results below suggest that BFG adsorbs to CNC 

nanoparticles via a number of interactions (not only electrostatic forces). We 

believe that the thick CNC films contain a large surface area accessible to 

BFG. Our AFM results do not reveal a significant difference in roughness 

between adsorbed and spin coated CNC films. However, BFG molecules are 
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much smaller than the AFM tip size and may be able to access areas of the 

film that the tip cannot. 

The adsorption of BSA on spin coated and immersed CNC films are 

shown in the spectra in Figure 2.12 B. It is interesting that the absorbance of 

BSA on spin coated film decreases approximately by a factor of ten compared 

to the absorbance on immersed CNC film. The result demonstrated that the 

thick spin coated CNC film effectively inhibits the non-specific adsorption of 

BSA. It provides strong evidence that electrostatic forces play a key role for 

BSA adsorption to CNC films. In addition, it was reported by Ying and 

coworkers that serum albumin preferentially adsorbs to hydrophobic 

surfaces.
[43]

 Therefore, the BSA adsorption on hydrophilic CNCs is not a 

favorable process. Thicker CNC films reduce the likelihood of interactions 

between proteins and exposed ammonium/amine groups, and significantly 

inhibit the non-specific adsorption of negatively charged proteins such as BSA. 
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Figure 2.12. IRRAS spectra of (A) BFG and (B) BSA adsorption on spin coated 

CNC films prepared by 3 wt% CNC suspensions (blue spectrum) and on CNC films 

obtained by immersed in 7.5×10
-3

 wt% CNC solutions (pink spectrum). 
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Figure 2.12. Continued. IRRAS spectra of (C) LYZ adsorption on spin coated 

CNC films prepared by 3 wt% CNC suspensions (blue spectrum) and on CNC films 

obtained by immersed in 7.5×10
-3

 wt% CNC solutions (pink spectrum). 
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significant increase in the LYZ adsorption. This result provides more insight 

into the role of electrostatic forces in non-specific protein adsorption on CNC 

films.  

Based on the IRRAS results, a comparison of the C–O stretching band 

intensity at 1114 cm
-1

 of CNC films prepared by both immersion and spin 

coating processes is shown in Figure 2.13 A and a comparison of amide I peak 

intensity after incubating the two CNC films to BFG, BSA and LYZ solutions  

is shown in Figure 2.13 B. It is apparent in part A that the absorbance of the 

C–O stretch for the spin coated CNC films (~0.06 a.u.) is greater than 10× the 

amount of CNC films obtained from immersion (~0.004 a.u.), which indicates 

greater thickness of spin coated CNC films. The similar absorbance of either 

surface also confirms the consistency of CNC preparation process through 

either spin coating or spontaneous adsorption. 

Looking at the protein adsorption on the immersed CNC films, the 

amount of fibrinogen adsorbed is largest likely due to its active surface and 

multiple interactions with CNCs, while lysozyme adsorption is the least, 

which can be attributed to the repulsion from the exposed ammonium/amine 

groups. However on the spin coated CNC film which is thick enough to 

eliminate the contributions from ammonium/amine groups, the lysozyme 

adsorption becomes the largest and BSA adsorbs the least. This observation is 

in support of our hypothesis that electrostatic forces are mainly in responsible 

for the interaction between CNC films and proteins. 
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Figure 2.13. (A) Comparison of C–O stretching band intensity at 1114 cm
-1

 of 

CNC films prepared by (blue) immersion and (red) spin coating processes. (B) 

Comparison of amide I peak intensity of IRRAS spectra shown in Figure 2.11 after 

incubating CNC films prepared by (blue) immersion and (red) spin coating to BFG, 

BSA and LYZ solutions in phosphate buffer for 2 h. 
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2.3.5 Lysozyme Adsorption Isotherm on Thick CNC Films 

To further prove that the contribution of exposed ammonium/amine 

groups to protein adsorption has been eliminated on thick CNC films, IRRAS 

is employed to develop protein adsorption isotherms. The isotherm for 

lysozyme is selected as an example because it has been shown that the 

exposed ammonium/amine groups have a significant influence to lysozyme 

adsorption on adsorbed CNC films according to the previous data. The 

isotherm is plotted by the absorbance of amide I band against the lysozyme 

solution concentrations, and fitted using a one site saturation ligand binding 

model with equation 2.1. All the fitting parameters are listed in Table 2.4 

together with the parameters on spontaneous adsorbed CNC films for 

comparison.   

The improved R
2
 value demonstrates that the one site saturation ligand 

binding model fits the lysozyme isotherm on spin coated CNCs, and is 

consistent with the exposed ammonium/amine groups being covered by CNC 

particles. The maximum lysozyme coverage on spin-coated CNC films is 

almost 5× the amount on CNC films obtained from immersion. It is partly due 

to the screening of the charges between LYZ and any exposed 

ammonium/amine groups. In addition, the small sized LYZ molecules are 

likely to penetrate into CNC network and interact with CNC particles in deep 

layers, which also contribute the significant increase in the LYZ adsorption. 

The isotherm result is in strong support of our speculation that the contribution 
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of exposed ammonium/amine groups to protein adsorption has been eliminated 

on thick CNC films and electrostatic forces play a key role in non-specific 

protein adsorption on CNC films. 

         

 

Figure 2.14. Isotherm of LYZ adsorption on spin-coated CNC films prepared by 

1% CNC suspension . The points are the data and the curve is the one site saturation 

fit. 
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2.3.6 Protein Adsorption on ε-Poly-L-lysine Modified CNC Surface 

It is clear from the experiments described above that the negative charge 

on the CNC nanoparticles plays a large role in protein adsorption. In an effort 

to neutralize the negative charge we examined the adsorption of a cationic 

polymer. ε-Poly-L-lysine (ε-PLL) is a naturally occurring cationic polymer 

composed of L-lysine residues connected between ε-amino and α-carboxyl 

groups. ε-PLL dissolves in water producing a viscous liquid, which is 

biodegradable and non-toxic towards humans and the environment.
[44]

 When 

PLL is applied to a surface, it renders the material with a larger number of 

positively charged sites available and increases the electrostatic attraction 

between the surface and the negatively charged molecules. In our experiment, 

spin coated CNC films were incubated in 1 % PLL solution for 30 min, and 

then used as protein adsorption substrates. IRRAS spectra of protein 

adsorption on the PLL modified CNC films are illustrated in Figure 2.15.  

Figure 2.15 A shows fibrinogen adsorption on the PLL modified CNC 

film. The intensity of the amide I and amide II peaks demonstrate the strong 

interaction between fibrinogen and the PLL modified CNC surface. Compared 

with the result from BFG adsorption on unmodified CNC films, fibrinogen 

shows stronger attraction to PLL modified CNC surface.  
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Figure 2.15. IRRAS spectra of (A) BFG and (B) BSA adsorption on spin coated 

CNC films prepared by 3 wt% CNC suspensions (pink spectrum), and on PLL 

modified CNC films spin coated by 3 wt% CNC suspensions (blue spectrum). 
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Figure 2.15. Continued. (C) IRRAS spectra of LYZ adsorption on spin coated 

CNC films prepared by 3 wt% CNC suspensions (pink spectrum), and on PLL 

modified CNC films spin coated by 3 wt% CNC suspensions (blue spectrum). 
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amide II peaks decreases by a factor of six on the PLL modified surface, 

indicating the weaker interaction between lysozyme and PLL modified CNC 

film. 

All of the results discussed above can be explained from the respect of 

electrostatic interactions. The initial CNC surface is negative due to the sulfate 

ester groups. The coating of PLL neutralizes part of the negative charges, and 

makes the surface positive. Due to the variations of the iso-electric points of 

the three proteins, LYZ is cationic while BSA and BFG are anionic under 

physiological conditions. Prior to the modification, CNC films preferably bind 

with positively charged proteins such as lysozyme, and limit the non-specific 

adsorption of negatively charged proteins such as BSA and BFG. After 

incubation in PLL solution, cationic PLL molecules cover the CNC film, and 

change the overall charge of the surface. As the surface becomes less negative, 

the interaction with positive proteins such as LYZ becomes small, but negative 

proteins (BFG and BSA) have stronger interactions with the lysine modified 

surface. All of the results in this experiment confirm that the electrostatic force 

is the major driving force responsible for the interactions between proteins and 

CNC films.  
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2.4 Conclusion 

This chapter focused on the formation and characterization of CNC films, 

and investigated the interaction between CNC films and proteins. CNC films 

were formed via physisorption to an amine-terminated SAM on gold either by 

immersion in CNC suspensions or by a spin coating process. The thickness 

can be well controlled by CNC solution concentration. The thickness of spin 

coated CNC films is generally greater than CNC films prepared by immersion.  

CNC films prepared by both approaches were used for investigating the 

interaction between CNCs and proteins. CNC films do not generally inhibit 

protein adsorption as we expected. The amount of protein adsorption depends 

on protein intrinsic properties such as molecular weight, charge distribution 

and iso-electric point. All the IRRAS and AFM imaging results reported in this 

chapter suggest that the major driving force responsible for the interaction 

between proteins and CNC films is electrostatic in nature. CNC films have a 

strong affinity for cationic proteins such as lysozyme, while exhibiting weak 

interactions with anionic proteins such as bovine serum albumin. Fibrinogen is 

an exception, due to its large size and heterogeneous charge distribution. 

Fibrinogen exhibits a strong interaction with CNC films due to its surface-

active nature.  

Due to the thin CNC films prepared by immersion, exposed 

ammonium/amine groups also contribute to non-specific protein adsorption 

through gaps in the CNC network. Yet the problem can be averted by using 
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thicker films prepared by spin coating. IRRAS results suggest that this thick 

CNC film prevent non-specific interactions with serum albumin, but has a 

significantly strong interaction with LYZ, which further provides proof that 

electrostatic forces play a key role in interactions between CNC film and 

proteins. Efforts to neutralize charges failed in that we went from a negative 

film to a positive one to some extent. However, optimization of PLL coating 

may be able to better balance the charge of CNC film. 
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Chapter 3 Cellulose Nanocrystal (CNC) Films as a 

Platform for Immunoassays 

 

3.1 Introduction 

In the previous chapter, we examined interactions between proteins and 

CNC films. CNC films have the ability to inhibit non-specific adsorption of 

anionic proteins such as serum albumin and show a strong affinity to cationic 

proteins driven by electrostatic forces. Protein adsorption onto solid surfaces is 

also of significance in various applications. For example, a critical step in 

construction of any surface based immunoassay is the immobilization of 

receptor molecules onto a surface. Therefore understanding of protein 

adsorption onto solid surfaces is a key issue in the design of biosensors.  

Maximizing the number of receptor molecules will result in a larger 

response when detecting the analyte of interest, as more target molecules could 

be captured per unit area.
[1]

 A dense CNC film can potentially provide a high 

surface area substrate to which probe molecules (antigen or antibody) can be 

immobilized. The attachment for proteins can be either physically
[2, 3] 

or 

chemically
[4-6]

 mediated, with both having advantages. Typically hydrophobic 

or electrostatic interactions between the protein and the solid phase are 

involved in physical adsorption.  It is generally an experimentally simple 

method and often retains the activity of the protein.
[7]

 The disadvantage of 

physical adsorption is the instability. The adsorption process can be reversible 
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with protein being desorbed by certain buffers or detergents, or replaced by 

other proteins in solution.
[8, 9]

 In contrast, chemical immobilization involves 

the formation of covalent bonds between the protein and the solid surface. 

This method is experimentally more difficult, but results in irreversible 

binding of protein to the surface, which makes this approach popular.
[10-13]

 

For covalent immobilization of proteins, one of the most common 

procedures involves the formation of an amide bond between the protein and 

surface. One method for amide bond formation involves conversion of a 

carboxylic acid group of the solid surface to an N-hydroxysuccinimide (NHS) 

ester using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC).
[14-16]

 

Reaction of the primary amine in proteins from lysine residues or the N-

terminus with the NHS ester via nucleophilic displacement results in the 

formation of an amide bond.
[17]

 The structures of NHS and EDC are illustrated 

in Figure 3.01 A and B, and the mechanism of amide bond formation involving 

the terminal carboxylic acid group and NHS is shown in Figure 3.01 C. 

Successful formation of the ester intermediate depends on the 

accessibility of the terminal carboxylic acid groups, which do not exist in CNC 

nanoparticles. So functionalization of the CNC surface with carboxylic acid 

terminal groups is a prerequisite first step. We utilize the phenylacetic acid 

diazonium salt (dPAA) to realize a CNC surface functionalization.   
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Figure 3.01. (A) Structure of N-hydroxysuccinimide (NHS). (B) Structure of 1-

ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC). (C) The strategy for 

immobilizing protein onto the carboxylic acid-terminated phenylacetic acid 

diazonium salt. 
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Aryl diazonium salts were first used to modify carbon substrates by 

Pinson and coworkers in 1992.
[18]

  This chemistry resulted in the formation of 

a covalent C-C bond on carbon substrates such as glassy carbon,
[19, 20] 

highly 

ordered pyrolytic graphite (HOPG),
[19, 21, 22]

 and pyrolyzed photoresist films 

(PPF)
[23]

. The accepted mechanism involves the reduction of the diazonium 

ion by an external potential and the formation of an aryl radical intermediate in 

close proximity to the conductive substrate.
[24]

 This radical intermediate then 

binds to the surface to form the initial film. Further, excess aryl radical 

intermediates could attack already attached molecules on the surface to form 

multilayers.
[25]

 However, steric packing of the multi-layer acid groups can 

limit the rate of NHS ester intermediate formation, which significantly 

decreases the efficiency of the reaction. In our studies electrochemistry is not 

applicable for the non-conductive CNC film, so we utilized a reducing agent 

L-ascorbic acid to provide diazonium salts with electrons to form the radical 

intermediates. This method was developed by Dr. Du in our group.
[26]

 

Phenylacetic acid diazonium salt which terminates with a carboxylic acid was 

selected to modify CNC surfaces. The proposed mechanism of the 

spontaneous reduction of phenylacetic acid diazonium cation at a CNC surface 

with the loss of molecular nitrogen is displayed in Figure 3.02. After the NHS 

activation process (Figure 3.01 C) antibodies are then chemically immobilized 

on the modified CNC surface. However, this supposition remains to be proven. 
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Figure 3.02. Assumed mechanism for the spontaneous reduction of phenylacetic 

acid diazonium cation at a CNC surface resulting in a multilayered film. 
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Immunoassays employ antibodies to recognize and bind with an analyte. 

Antibodies are a class of proteins called immunoglobulins, which are major 

components of the immune system response to foreign substances (antigens). 

Antibodies can be mainly found in blood and extracellular fluid and control 

the infection of body tissues. There are several classes of immunoglobulins 

(IgA, IgD, IgE, IgG, and IgM) which are classified based on their functions. 

The binding is highly selective and this specificity is fundamental to 

immunoassays.
[27]

 In our studies, IgG antibodies and their complementary 

antigens were utilized.   

Surface plasmon resonance (SPR) is a label-free technique that can be 

used in the detection of antibody-antigen binding. Since the late 1990's, SPR 

biosensors have become a main tool for the study of biomolecular interactions 

both in life science and pharmaceutical research.
[28, 29]

 The SPR method is 

based on optical measurement of refractive index changes associated with the 

binding of analyte molecules in a sample to biorecognize molecules 

immobilized on the SPR sensor. The observed SPR signal is related to the 

molecule's mass and the affinity of the interaction. Therefore, antibody-antigen 

binding results in the mass increase on the surface, thus increasing the SPR 

detection signal. 

The goal of this chapter is to develop and evaluate the usefulness of a 

CNC surface as a substrate for immunoassays. A dense CNC film will provide 

a high-surface area substrate and the polysaccharide based structure of CNCs 
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can potentially resist non-specific adsorption of proteins. It has been reported 

in the literature that molecular layers of polysaccharides significantly inhibit 

the non-specific adsorption of proteins.
[30]

 In this chapter, we will use infrared 

reflection absorption spectroscopy (IRRAS) to examine both physical and 

chemical processes to immobilize IgG antibodies on spin coated CNC films. 

Prior to the chemical immobilization process CNC films are pre-modified with 

phenylacetic acid diazonium salt (dPAA) to introduce carboxylic acid groups 

on the CNC surface. Surface plasmon resonance (SPR) will be employed to 

detect the antibody-antigen binding. The application of CNC films as a 

platform for biosensing will be of importance for developing biosensing 

platforms by utilizing the unique structure and property of CNC nanoparticles. 

 

3.2 Experimental 

3.2.1 Preparation of Gold Substrates 

All glass substrates and glassware were cleaned with hot piranha solution 

(1:3 30% H2O2: 98% H2SO4) for 15 min followed by rinsing thoroughly with 

deionized (18.2 MΩ)/filtered water (NANOpure™ water purification system, 

Barnstead International, Dubuque, Iowa). Substrates were blown dry using 

argon gas. 99.99% Au shot (Goodfellow) was used to deposit gold for all 

substrates via thermal evaporation (Torr International, INC). For SPR chips, a 

45 nm gold thick film was deposited on SF10 glass (Schott; Toronto, ON, 

Canada). 1 nm of chromium (ESPI Metals) was deposited in between the glass 
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slide and the gold film for better adhesion. For the IRRAS microscope slides, 

substrates consisted of 300 nm gold with a 15 nm adhesive layer of Cr. 

3.2.2 Preparation of CNC Films  

The gold substrates were first cleaned with UV/ozone treatment for 15 

min, and then soaked in 100 μM mercaptoundecylamine hydrochloride 

(MUAM, HS–(CH2)11–NH2·HCl) for 24 h, followed by a thorough rinse with 

anhydrous ethanol to remove unbound alkanethiolate from surface. Spin 

coating was used for making thick and smooth CNC films. A 1.0 wt% CNC 

water suspension was prepared by sonicating for 30 min, followed by filtered 

through a 0.45 μm membrane to get rid of large agglomerates. 500 μl CNC 

solutions were dropped from a micropipette onto MUAM self-assembled SPR 

chips and spun at 4000 RPM for 60 s using a PWM32 Series Photoresist 

Spinner (Headway Research. Inc., Garland, Texas, USA). A volume of 2 ml of 

CNC suspensions was used for coating the microscope slides. The samples 

were heated after spin coating at 120 °C for 1 h to prevent CNCs from 

redispersing when the slides were wetted. 

3.2.3 Protein Physisorption on CNCs 

Phosphate buffer (PB) was prepared by adding 0.1 M sodium hydroxide 

(NaOH, CALEDON Lab Ltd., Georgetown, ON, Canada) solution drop by 

drop to 1 mM reagent grade sodium phosphate, monobasic (NaH2PO4·H2O, 

Sigma, St. Louis, MO, USA), meanwhile measuring the pH of the mixed 

solution using a pH meter (XL 50, Accumet, Fisher Scientific) until the pH 
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value reached 7.4. As the CNCs are sensitive to the ionic strength, the absence 

of chloride and potassium ions in this lab-made phosphate buffer prevents the 

aggregation of CNC when incubating the CNC in protein solutions. 

Immunoglobulin G (IgG) antibodies (MP Biomedicals, LLC, Solon, OH, USA) 

were prepared to concentrations of 100 μg/ml with phosphate buffer. IgG 

antibodies were adsorbed onto the CNC modified substrates by soaking the 

slides in protein solutions for 2 h for complete adsorption, followed by rinsing 

with 1 mM PB thoroughly and blow drying with argon.  

3.2.4 Protein Chemisorption on Phenylacetic Acid Diazonium Salt 

Modified CNCs 

For the modification of CNC films, 20 ml of 0.05 M phenylacetic acid 

diazonium salt (dPAA) aqueous solution and 1 ml of 0.1 M L-ascorbic acid 

were added onto a CNC surface for 1 h, followed by rinsing thoroughly with 

water. Then 5 ml 0.4 M EDC and 5 ml 0.1 M NHS were mixed, and the 

modified slides were incubated in the mixture for 30 min, followed by rinsing 

with water and blow drying with argon. The micropipette was used distribute 2 

ml 670 nM goat IgG antibody (anti-g-IgG) solution evenly on the surface and 

let it sit for 2 h, followed by rinsing with phosphate buffer and blow it drying.  

3.2.5 Infrared Spectra Measurements 

All IRRAS spectra were recorded using a Mattson Infinity Fourier 

Transform Spectrometer (Madison, WI, USA) equipped with a low noise 

mercury-cadmium-tellurium (MCT) detector cooled at 77 K with liquid 
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nitrogen. A reflection accessory and a home-built slide holder were housed in 

an external auxiliary bench. A self-assembled C18 thiol monolayer on gold 

substrate was used as the background. Gold slides with CNC films before and 

after immersion in IgG solutions were examined. Spectra were taken using 

500 scans at 2 cm
-1

 resolution with a glancing angle of 86°.  

3.2.6 SPR Measurements 

The CNC-based bioassays were detected using a GWC Instruments SPR 

imager II (Madison, WI, USA). Experiments were performed at a fixed 

viewing angle by a manual tuning. The interference filter produced a bandpass 

of 1.5 nm (FWHM) at 795 nm. Buffer and antigen solutions were introduced 

to the surface via a peristaltic flow through a flow cell. For analysis of 

antibody-antigen binding curves, the IgG antibody immobilized CNC surface 

was blocked with 1% BSA and LYZ mixture in PB for 1 h prior to the 

introduction of antigens. Each antigen solution was introduced to the array, in 

sequence from the lowest to the highest concentration, and flushed out with 

phosphate buffer after the sensorgram leveled off. The whole process was 

recorded in a sensorgram of the SPR intensity units vs. time. The value of %R, 

or Δ%R in the case of difference images, can be obtained from Ip by the 

following equation:
[31] 

 

0.85
%R 100%

p

s

I

I
                                                                                  (3.1) 
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where Ip and Is refer to the reflected light intensity detected using p- and s-

polarized light, respectively. Is gives the maximum reflectivity value at a given 

viewing angle, as the s-polarized radiation does not couple to surface plasmon.  

 

3.3 Results and Discussion 

3.3.1 IRRAS results of IgG immobilization on CNC films 

The immobilization of antibodies to surfaces is a key step in 

heterogeneous immunoassay design. There are a number of methods to 

immobilize antibodies and other proteins to surfaces. In this work we 

investigate non-specific physisorption and immobilization via a covalent bond 

using IRRAS. 

3.3.1.1 Non-specific Physisorption 

IRRAS was employed to investigate the physisorption of IgG antibodies 

on spin-coated CNC films. The spectral results of CNC films before and after 

incubation in goat IgG antibody (anti-g-IgG) solutions and in blocking buffer 

are shown in Figure 3.03. The characteristic peaks in the region between 900 

and 1500 cm
-1

 are assigned to C–O stretching and O–H in-plane bending 

bands for CNCs, which have been discussed in Chapter 2. The intense amide I 

and II peaks demonstrate a strong affinity of IgG antibodies to the CNC films. 

The increase in the amide peak absorbance in spectrum 3 compared with 

spectrum 2 indicates that the small proteins in the blocking buffer have 

covered the exposed CNCs, which will help to reduce non-specific adsorption. 
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Takahashi and coworkers also pointed out that IgG molecules have a wide 

range of charge diversity.
[32]

 Therefore, absorption of IgG molecules should be 

influenced by electrostatic interactions.
[32]

 Since IgG molecules have variable 

regions, the iso-electric point of IgG is not a unique number but a range of 

6.5–8.5.
[33] 

So the overall charge on IgGs are variable under physiological 

conditions. Yet due to its wide range of charge diversity, the positively charged 

regions of IgGs can readily adsorb to CNC surface through electrostatic forces.  

 

 

 

 

Figure 3.03. IRRAS results of physisorption of anti-g-IgGs on CNC films. 

Spectrum 1: original CNC films. Spectrum 2: CNC films after exposure to 670 nM 

anti-g-IgG solutions for 2 h. Spectrum 3: CNC films after exposure to 670 nM anti-g-

IgG solutions for 2 h and blocked with blocking buffer for 1 h. 
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A non-specific interaction between IgGs and the CNC film is a 

prerequisite for IgG antibody to physically adsorb onto the CNC films. In most 

cases, protein adsorption has been found to be an irreversible process under 

physiological conditions. In our experiments, the pH, ionic strength, pressure 

and temperature are kept stable to minimize desorption from occurring.  

3.3.1.2 Chemisorption via Covalent Bonding 

The stability of an adsorbed antibody layer is a vital element in the 

performance of a biosensor. The potential for solvent-mediated desorption 

exists for non-covalent physical adsorption coatings, while covalently 

immobilized antibody provides a more stable means of surface 

immobilization.
[11-13]

 

Phenylacetic acid diazonium salt (dPAA) is used to pre-functionalize 

CNC with surface carboxylic acids. Figure 3.04 shows AFM results of CNC 

films before and after incubation in dPAA for 10, 20 and 40 minutes. Some 

irregular shaped islands have formed on CNC films and the islands grow 

larger as the incubation time increases. The formation and growth of these 

islands are possibly due to the accumulation of dPAA molecules. The proposed 

mechanism involves the reduction of dPAA diazonium ions by ascorbic acid to 

form radical intermediates in close proximity to the CNC film surface.
[24]

 The 

radical intermediates then bind to the surface forming the initial film. Further, 

it is likely that an excess of aryl radical intermediates attack already attached 

molecules on the surface thereby forming multilayers (Figure 3.02). 
[21][34]
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Figure 3.04. AFM images (AC mode, air) of CNC films before (A) and after (B, 

C and D) dPAA modification. The immersion time for CNC films in dPAA solutions 

for B, C and D is 10 min, 20 min and 40 min, respectively. On the right are plotted 

cross-sectional profiles through each of the images. 
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IRRAS was also used to confirm the CNC surface modification by dPAA 

and to probe the attachment of IgG antibodies. The antibody immobilization 

was achieved through covalent attachment to the NHS/EDC activated CNC 

surface (Figure 3.01). Spectrum 1 in Figure 3.05 illustrates the CNC surface 

functionalization with phenylacetic acid diazonium salt with the aid of L-

ascorbic acid (Figure 3.02). In comparison with the IRRAS spectrum of CNC 

films, it shows many peaks characteristic of carboxylic acids and aryl rings. 

The band at 1715 cm
-1

 can be assigned to C=O stretch in carboxylic acid, and 

bands at 1607 and 1517 cm
-1 

refer to the benzene ring stretch. Both support 

successful modification of the CNC by dPAA. Prior to introduction of 

antibodies, the dPAA derived surface was activated with 0.4 M EDC and 0.1 

M NHS for 30 minutes (Figure 3.01 and 3.02). In spectrum 2 of Figure 3.05, 

the peak at 1715 cm
-1 

in spectrum 1 has shifted to 1741 cm
-1

 in spectrum 2, 

which can be assigned to C=O stretch of an ester, showing the formation of the 

NHS ester. The strong bands at 1207 cm
-1

 (C–N–C stretch) also confirm the 

activation with the succinimidyl group. In addition, there is a shoulder near 

1710 cm
-1

 in spectrum 2, indicating the incomplete conversion of the 

carboxylic acid groups to NHS esters. One of the reasons is that multilayer 

acid groups have been formed during the dPAA modification process, which 

sterically hinders the accessibility to buried acid groups. This observation is 

consistent with previous results which also reported the less than 100% yields 

of NHS esters.
[15, 35]

 The activated surface was then used to covalently 
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immobilize antibodies to the surface by incubating in 670 nM anti-g-IgG 

solutions in phosphate buffer for 2 h, and then backfilling with blocking buffer 

for 1 h. The IRRAS results of these two steps are shown in spectra 3 and 4 in 

Figure 3.05.  

 

 

 

Figure 3.05. IRRAS results of chemsorption of anti-g-IgGs on phenylacetic acid 

(dPAA) diazonium salt modified CNC films. Spectrum 1: modification of CNC films 

with phenylacetic acid diazonium salt. Spectrum 2: EDC/NHS activation of dPAA 

modified CNC films. The activated dPAA modified CNC films exposure to 670 nM 

anti-g-IgG solutions for 2 h (spectrum 3) and incubated with blocking buffer for 1 h 

(spectrum 4). 
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Table 3.1. Absorbance of 1741 cm
-1

 bands for spectra 2, 3 and 4 in Figure 3.05. 

Spectrum Absorbance of bands at 1741 cm
-1

 (a.u.) 

2 3.9 (±0.4) × 10
-2

 

3 2.2 (±0.8) × 10
-2

 

4 1.8 (±0.3) × 10
-2

 

 

 

 

The absorbance of peaks at 1741 cm
-1

 for spectra 2, 3 and 4 are listed in 

Table 3.1. The absorbance decreases by the addition of protein solutions, and 

new peaks which can be assigned to amide I bands are observed at 1666 cm
-1

 

in spectra 3 and 4. This observation is accounted to the reaction of protein 

primary amine groups with the NHS esters, as illustrated in Figure 3.01 C. 

However, the 1741 cm
-1

 peak in spectrum 4 indicates that there are unreacted 

NHS groups that cannot be accessed by proteins. 
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At this point both physical and chemical antibody immobilization 

approaches on CNC films have been studied. A comparison of physisorption 

and chemisorption of antibodies onto CNC films based on IRRAS is shown in 

Figure 3.06. The result for antibody immobilization based on the amide I 

intensity as a measure of antibody coverage is shown in Table 3.2. 

Physisorption results in much higher surface density of antibody adsorption 

than chemisorption. The chemical adsorption has a relatively more 

complicated experimental process and reaction in each step can be incomplete, 

resulting in a significant reduced amount of antibody immobilized. In addition, 

not all of the activated NHS ester groups within the thick CNC film (~25 nm) 

can have protein immobilized. A normal IgG molecule has a diameter of 

approximately 15 nm in solution and 20-40 nm on a surface due to protein 

unfolding.
[36]

 It is unlikely that such a large protein will penetrate very deep 

into the CNC layers to react with NHS ester groups in bottom layers. 

Therefore, the protein binding capacity will be highly reduced. In addition, the 

height of the dPAA islands formed on CNC films in chemisorption method can 

reach more than 100 nm, which will significantly decrease the sensitivity in 

surface plasmon resonance (SPR) studies. Considering all the aspects 

discussed above, physisorption of antibodies on CNC films is selected for the 

following SPR studies. 
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Figure 3.06. Comparison of physisorption (red spectrum) and chemsorption 

(blue spectrum) of anti-g-IgGs on CNC films using IRRAS. 

 

 

Table 3.2. Absorbance of amide I bands for spectra 1 and 2 in Figure 3.06. 

Spectrum Absorbance of amide I bands (a.u.) 

1 1.4 (±0.2) × 10
-2

 

2 0.84 (±0.04) × 10
-2

 

 

 

 

3.3.2 SPR-based Immunoassays Using CNC Films as a Platform 

Initial attempts to observe antibody immobilization on CNC films by 

IRRAS have achieved success. SPR is employed to observe the dynamic 

events in antibody-antigen binding process.
[13,37-39]
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The spin coated CNC film was formed on the SPR chip and antibodies 

were physisorbed onto the CNC films by exposure to 670 nM anti-g-IgG 

solutions in phosphate buffer for 2 h. The high antibody concentration results 

in a high antibody surface density, which will lead to a larger observed signal. 

To minimize the non-specific adsorption, a mixture of LYZ and BSA was 

used to block the surface prior to antigen exposures. BSA is a ubiquitous 

blocking agent in surface assays.
[40]

 Drawing from the previous results in 

chapter 2, large amounts of LYZ can readily adsorb on dense CNC films due 

to electrostatic attraction. A mixture of these two small proteins is capable of 

covering most of the exposed CNC nanoparticles which are not bound with 

antibodies.  

The SPR chip was incubated in phosphate buffer for 10 minutes to 

equilibrate prior to exposure to antigens. The performance of the antibody chip 

was then evaluated by flowing a series of goat IgG antigen (g-IgG) solutions 

from low to high concentrations and monitoring the response with SPR. The 

surface was then rinsed with phosphate buffer for 10 minutes to remove any 

unbound proteins. The whole process was recorded in a sensorgram of the 

SPR intensity units vs. time (sec) as shown in Figure 3.07. The SPR intensity 

change (Ip) can be obtained by calculating the difference between the signal 

after buffer rinsing and the baseline as labeled in Figure 3.07. 
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Figure 3.07. Sensorgram of SPR reflected intensity vs. time by flowing a series 

of goat IgG antigen (g-IgG) solutions from low to high concentrations as labeled. 

 

 

The changes in percent reflectivity (Δ%R) can be calculated from the Ip 

values using equation 3.1. The binding curve of Δ%R as a function of antigen 

concentrations was constructed as shown in Figure 3.08. The curve was fit 

with a one-site saturation ligand binding model using equation 3.2. This model 

is the same as Langmuir model. It assumes monolayer coverage, all adsorption 

sites are equivalent, and that the adsorbing molecules do not interact with each 

other. 
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where Δ%Rmax is an asymptotic saturation value obtained from the regression 

analysis, [C] is the concentration of protein in solution, and Kd is the 

dissociation constant. As Ka and Kd values are typically ascribed to solution 

based measurements we will refer to these values as Kads and Kads
-1

, a more 

physically correct nomenclature for surface based bioassays.
[41]

 In our study 

the adsorption constant Kads, which is the reciprocal of the Kd value (Kads = 

1/Kd), will be reported and is characteristic of the adsorption strength. All the 

fitting parameters are listed in Table 3.3.  

Figure 3.08 shows that the amount of adsorbed g-IgGs increases sharply 

at low concentrations and reaches a plateau at approximately 200 nM. It has 

been shown for constant angle SPR imaging that Δ%R is linear with surface 

concentration when Δ%R is 10-20% or less.
[42, 43]

 Although the magnitude of 

Δ%R at the spot of 670 nM g-IgG slightly exceeds 20%, the trend of the 

isotherm that the amount of captured antigens increases with the concentration 

of antigen solutions is valid.  The Kads value determined from the isotherm 

fitting is 1.8 (±0.4) × 10
7
, which can be used to compare to Kads values in 

similar systems.
[41]

 Comparison of the Kads value with other values obtained 

using different surface chemistry
[31,44]

 shows no significant differences with 

values in the low 10
7
 M

-1 
range. 
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Figure 3.08. The circles are the data points and the lines through the data are 

both fitted with a one-site saturation ligand binding model. (Filled circles) Binding 

curve of g-IgGs with anti-g-IgGs that are physisorbed on spin coated CNC films. The 

control group (open circles) describes the non-specific binding of g-IgGs with CNC 

films adsorbed by anti-fibrinogens. The error bars represent the standard deviation of 

the mean for a minimum of 2 separate bioassays. 

 

Table 3.3. Curve fitting parameters using a one site saturation ligand binding model 

for the antigen binding curve obtained by SPR on spin coated CNCs that are 

physisorbed with anti-g-IgGs  

R
2
 Kads (M

-1
) Δ%Rmax 

0.966 1.8 (±0.4) × 10
7
 23 ± 1 
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A control experiment to measure nonspecific adsorption was conducted 

using physisorbed anti-fibrinogen and the same g-IgG sample solutions. The 

binding curve for the non-specific binding is also shown in Figure 3.08. 

Compared with the binding of anti-g-IgG and its complementary antigen, 

signals due to non-specific adsorption are very low. It suggests that the 

nonspecific interaction will not have much effect on the assay. 
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Figure 3.09. Binding curve of g-IgGs with anti-g-IgGs that are physisorbed on spin 

coated CNC films. The circles are the data points and the line through the data is 

fitted with a one-site saturation ligand binding model. The magnified area highlights 

the lower end of the concentration range and fitted using a linear least squares 

analysis. The error bars represent the standard deviation of the mean for a minimum 

of 2 separate bioassays.  
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To determine the limit of detection (LOD) for the CNC-based bioassay, a 

series of g-IgG solutions with low concentrations were also run and the data 

points were added to the binding curve, which is illustrated in Figure 3.09. The 

magnified area in the figure highlights the lower end of the concentration 

range and is fitted using a linear least squares analysis 

 

3 blankLOD blank
                                                                          (3.3) 

According to equation 3.3, the LOD can be approximately obtained by 

three times the standard deviation of the background plus the signal for blank. 

When buffer is flowed through, the signal is zero. By converting this value to a 

concentration using the linear fit obtained from least squares analysis shown in 

Figure 3.09, the instrumentally limited LOD is calculated to be 7.0 (±1.3) nM. 

It is understood that in these types of assays non-specific adsorption as 

measured by the control experiment will govern the LOD. So if using the 

signal detected for 16.75 nM in the control group for the blank, and by 

converting the value to a concentration using the linear fit in Figure 3.09, the 

LOD is calculated to be 17 (±3) nM. The error was determined by propagating 

the error associated with the blank measurement through calculations. Though 

it may not be the lowest LOD reported for surface based immunoassays,
[45,46]

 

the CNC films still successfully provide a platform for immunoassays. Since it 

has shown that the affinity between immobilized antibodies and their antigens 
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increases at high surface density
[1]

, it is expected that antigens bind more 

readily on antibody adsorbed CNC films. 

 

3.4 Conclusion 

The work presented in this chapter looked at using CNC films as a 

platform for immunoassays and a detailed investigation on the impact of 

antibody immobilization chemistry on assay performance was presented. A 

new method of functionalizing CNC films by phenylacetic acid diazonium salt 

(dPAA) using ascorbic acid was reported. AFM and IRRAS results confirmed 

the surface functionalization of CNC films with carboxylic acids. Antibody 

immobilization was achieved through non-specific adsorption and through 

covalent attachment to the NHS/EDC activated CNC surface. Based on 

IRRAS results, antibody immobilization through physical adsorption provided 

a substrate with higher surface density of antibody compared to the 

performance of covalent attachment. The CNC-based immunoassay with 

physisorbed antibodies was further evaluated by SPR, which confirmed the 

ability of the immunoassay to detect antigen binding with an instrumental 

LOD of 7.0 (±1.3) nM and a non-specific adsorption governed LOD of 17 (±3) 

nM. 
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Chapter 4 Conclusion and Future Work 

 

4.1 Conclusion 

This thesis has for the first time studied the effect of cellulose nanocrystal 

(CNC) films on protein adsorption to evaluate new biosensing substrates. The 

work presented in Chapter 2 detailed the formation and characterization of, 

and studied the interactions between CNC films and a variety of proteins 

(bovine fibrinogen, bovine serum albumin and chicken lysozyme) by infrared 

reflection absorption spectroscopy (IRRAS) and atomic force microscopy 

(AFM). Both spontaneous and spin coating processes were used to form a 

uniform CNC film via physisorption to an amine-terminated thiol layer on 

gold. The CNC film thickness was well controlled by the CNC suspension 

concentration. The spin coating produced a much thicker film which could be 

as thick as 50 nm when using 3 wt% CNC suspensions.  

Both of the films were utilized for CNC-protein interaction studies. CNC 

films do not generally inhibit protein adsorption as we expected. The major 

driving force responsible for the interaction between proteins and CNC films 

is electrostatic in nature due to the negatively charged CNC surface. The 

amount of protein adsorption highly depends on the iso-electric point of the 

proteins. CNC films have a strong interaction with cationic proteins such as 

lysozyme, while exhibiting weak affinity for anionic proteins such as bovine 

serum albumin. Other factors that influence the protein adsorption on CNC 



111 

 

films include protein molecular weight and charge distribution.  

In addition, the thin CNC films prepared by immersion contain gaps in 

the CNC network, resulting in the exposed ammonium/amine groups also 

contribute to the non-specific protein adsorption. This unwanted protein 

adsorption to exposed ammonium/amine groups can be prevented by using 

thicker spin coated CNC films. Comparing the protein adsorption on CNC 

films prepared by immersion, LYZ adsorption on spin coated CNC films 

increased significantly while the BSA adsorption was inhibited, which further 

confirms that electrostatic forces play a key role in interactions between CNC 

film and proteins. 

A thorough understanding of protein adsorption has laid the foundation 

for the use of CNC films in biosensing applications. In Chapter 3 a CNC film 

based immunoassays was developed and evaluated. Both physisorbed and 

covalently bonded IgG antibodies were studied on spin coated CNC films. 

Importantly, we reported a novel method to modify CNC surfaces with 

phenylacetic acid diazonium salt imparting a carboxylic acid terminated 

surface to the CNC films. The diazonium salt reduction was carried out with 

the addition of a reducing agent L-ascorbic acid to form radical intermediates 

that can bind to the CNC surface. Antibodies can then covalently attach to 

NHS activated CNC films which were pre-functionalized by phenylacetic acid 

diazonium salt. Compared to the performance of covalent attachment, 

antibody immobilization through physical adsorption provided a substrate with 
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higher surface density of antibody, indicating the CNC functionalization 

process needs to be further optimized. The CNC-based immunoassay with 

physisorbed antibodies was further evaluated by SPR, which confirmed the 

ability of the immunoassay to detect antigen binding with a detection limit of 

17 (±3) nM. 

Overall, the proposed platform based on CNC films with physisorbed IgG 

proteins is expected to open new pathways for deployment in new CNC 

applications such as drug delivery, biodetection, filtration of pathogens, and 

bio-sensing platforms that utilize green-material substrates. At present, 

nanoscience and nanotechnology are disciplines that have been highlighted for 

special focus by many funding agencies and government strategies. Many 

novel products have been created and further developed with the help of 

nanotechnology. Undoubtedly, the exploitation of CNC will become a bridge 

between nanoscience and natural resource products, which could play a major 

role in reviving the forest industry in Canada and countries with abundant 

forest resources. 

 

4.2 Future Work 

The immobilization of proteins is important for practical processes and 

analytical applications based on the specificity of biochemical recognition. 

Commonly, proteins are immobilized on hard substrates, such as glass, silica, 

metals or magnetic particles. 
[1]

 However, a major problem in protein 
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immobilization is the preservation of the native conformation and activity of 

proteins on the solid support.
[2]

 The use of natural polymers as a support has 

received considerable attention because of their high biocompatibility.
[3]

 CNC 

as a natural polymer has the potential to preserve the native conformation and 

activity of proteins. Therefore, investigating the interaction between CNC 

nanoparticles and proteins in an aqueous environment is expected to be useful 

for preparing protein-based functional materials for industrial and biomedical 

purposes.  

Some important information can be drawn from previous studies on 

interactions between polysaccharides and proteins.
[4,5]

 A series of forces are 

dominant in the interactions of polysaccharide and protein complexes in 

aqueous solutions, such as hydrogen bonding
[6]

, hydrophobic interactions
[7]

, 

electrostatic interactions 
[8]

 and repulsive interactions
[9]

. Drawn from our 

conclusion, the interaction between CNCs and proteins is dominantly driven 

by electrostatic forces. Besides the parameters that influence the interactions 

between proteins and CNC films including pH, molecular weight, iso-electric 

point and protein concentration, CNC-protein ratio should be another 

important factor that influences the CNC-protein interactions in aqueous 

solutions. A maximum protein adsorption yield is obtained for a specific ratio 

for each system. Schmitt et al. have shown that the specific ratio for the 

formation of complexes between acacia gum and h-lactoglobulin is 1:4.
[10] 

A 

wide variety of techniques have been used for studying polysaccharide-protein 
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interactions, such as UV-vis
[11]

, fluorescence
[12]

 and zeta potential
[13]

. They are 

all applicable to further studies on the interaction of CNCs with proteins in 

suspensions. 

Furthermore, the functionalization of CNC surface needs to be optimized. 

Though the AFM and IRRAS results show successful modification of CNC 

films with phenylacetic acid diazonium salt (dPAA), some important 

information on the functionalization, such as the dPAA attachment mechanism 

and binding site, needs to be determined. In addition, it was noticed that 

irregular shaped islands, which are probably due to the accumulation of dPAA 

molecules, have formed on CNC films. A new method of preparing a smooth 

CNC film with terminal carboxylic acid groups needs to be developed for 

further SPR studies. 
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