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ABSTRACT 

Amorphous carbon is a very promising material for biocompatible devices. It can be made 

by a variety of plasma-assisted deposition techniques and is readily doped with other elements, 

such as nitrogen, which allows tuneable mechanical and tribological properties, including high 

hardness, low coefficient of friction, and high chemical resistance. It has also been applied to 

polymer surfaces like poly(tetrafluoroethylene) which gives it the potential for coating applications 

to hemocompatible devices such as vascular grafts.  

Although advances in biomaterials used in both surgical and biomedical applications have 

steadily improved over the past 30 years, improvements towards their biocompatibility and 

longevity are still needed. Proteins immediately adsorb to the biomaterial interface when it is 

exposed to bodily fluids such as blood, and this protein layer mediates cellular adsorption on the 

biomaterial, ultimately playing a major role in the overall success of the biomaterial. Despite 

advances over the past 40 years in understanding protein interactions at biomaterial interface, there 

is still a lack of understanding on many of the mechanisms and factors affecting protein adsorption. 

The main objective of the work presented in this thesis is to (1) develop a surface plasmon 

resonance (SPR) assay to measure the initial binding kinetics of two major serum proteins, human 

serum albumin (HSA) and fibrinogen (Fib), to amorphous carbon films prepared with different 

amounts of nitrogen incorporation. The nitrogen incorporation was controlled by adjusting the 

%N2 plasma discharge gas during plasma enhanced chemical sputtering using a graphite target 

onto a Au sensor surface. The initial binding kinetics measurements from SPR experiments found 

the dissociation kinetics (kd) for both Fib and HSA were comparable onto fullerene-like carbon 

nitride films (FL-CNx). The association kinetics (ka) was determined to be an important factor for 

protein adsorption, and the ka was an order of magnitude larger for Fib than HSA. In addition, 

nitrogen incorporation into the FL-CNx initially decreased ka for both Fib and HSA. However, 

increasing the nitrogen incorporation due to higher %N2 plasma discharge gas ratios during FL-

CNx film deposition increased the ka values for both Fib and HSA. Atomic force microscopy, 

Raman spectroscopy, and sessile contact angle measurements on the FL-CNx films indicated that 

the surface hydrophobicity, and the film structure played roles in the changes in protein binding 

kinetics. 
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The FL-CNx films prepared in the original deposition chamber were also found to contain 

trace amounts of metals, mainly Fe, incorporated into the films during the deposition process. A 

second objective (2) of the thesis was to characterize the trace Fe in FL-CNx films deposited onto 

poly(tetrafluoroethylene). X-ray photoelectron spectroscopy, Fe L-edge x-ray absorption near 

edge spectroscopy, and electron spin resonance spectroscopy were used to elucidate the Fe 

structure in the FL-CNx films. The Fe was found to exist in different Fe(III)-oxide and Fe(II) oxide 

forms, and the Fe valency and concentration was dependent on the %N2 plasma discharge gas 

during film deposition, and differences were observed for the Fe in the surface and bulk regions 

of the film. 

A third objective (3) of this thesis was to design a “metal free” plasma deposition chamber. 

The films generated using this new chamber were amorphous carbon nitride (a-C:N), and the 

nitrogen incorporation was controlled by changing the %N2 plasma discharge during a-C:N film 

deposition. The SPR measurements on the a-C:N films found that the kd values were very similar 

for HSA and Fib, indicating that the protein/surface interaction is very stable and independent of 

the protein. The ka(Fib) > ka(HSA) by and order of magnitude. The incorporation of nitrogen into 

a-C:N film initially decreased the ka for both HSA and Fib, but incorporation of nitrogen using 

higher %N2 plasma discharge gas during a-C:N film formation increased the ka values for both 

HSA and Fib. Film characterization suggested that changes in the a-C:N film surface wettability, 

the type of nitrogen functionalization within the film matrix, and the electronic workfunction may 

play a role in the changes in ka values measured for HSA and Fib. In addition, it was found that 

Fe-doping (1.3 at.% Fe) into a-C:N film did not change the HSA and Fib binding kinetics compared 

to the “metal-free” a-C:N film. 

Overall, a SPR assay was successfully developed and the initial binding kinetics of HSA 

and Fib onto amorphous carbon surfaces prepared with different amounts of nitrogen incorporation 

are reported for the first time. The kinetic results show that the major differences in the binding 

strength between the two different proteins are the differences in the protein’s ka (recognition rate) 

towards the surface. This fundamental assay can be expanded in future experiments to study 

specific surface properties and quantitatively measure the effects of protein binding. 
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CHAPTER 1 - INTRODUCTION 

1.1. Biomaterials and Biocompatibility 

Biomaterials are man-made materials and devices used to replace/repair parts of the human 

body in order to extend the longevity and/or improve the quality of life.1 These materials are 

broadly referred to as biomaterials, since they are involved in a wide range of applications, 

including drug delivery, tissue regeneration/compatibility, medical devices, and surface coating 

applications. Advances in biomaterials have steadily increased over the past 30 years for both 

surgical and medical applications. This is evidenced by the global market being approximately $30 

billion in 2000. 

Biomaterials are generally classified into 3 categories: (1) metal and alloys; (2) ceramics 

and glasses; (3) polymers.2 Mechanical properties dictate the types of applications, and the 

biomedical devices in which they are used. For instance, metals like titanium-alloys and stainless 

steel have strong mechanical properties which make them suitable materials for hip and knee 

replacements. Ceramic materials such as aluminum oxide or hydroxyapatite are used for dental 

and bone repairs. Some polymers are flexible and mouldable, and thus suitable for applications in 

vascular grafts, blood vessel prosthesis, and intraocular lens. 

Although a newly synthesized material may have desirable mechanical properties for a 

biomedical application, the material must be biocompatible. The interactions between a 

biomaterial’s surface and a host organism are extremely complex, and the biomedical device must 

not cause any adverse effects to the host organism. There are many different types of adverse 

effects ranging from short term to long term or chronic effects. It is therefore of high importance 

to evaluate a new biomedical device from a wide spectrum of tests before approval. A more recent 

ISO 10993-1 guideline was recently updated in 2018 by the International Organization of 

Standardization (ISO).3 This guideline outlines the standard practises used to for the “biological 

evaluation of medical devices Part 1: Evaluation and testing within a risk management process”. 

The suggested test-specific considerations when evaluating a new biomedical device are shown in 

Figure 1.1. Depending on the final application of the finished biomedical device product, some or 

all of the suggested tests will have to be completed. 
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Figure 1.1. Suggested tests for new potential biocompatible devices as recommended by ISO 10993-

1:2018.3 

These tests mainly measure the response of the host to the foreign biomaterial, and include 

inflammation, coagulation, mutagenicity, carcinogenicity, immune surveillance, and healing. 

However, the specific testing for the biomedical device will depend on its intended use, and the 

duration and types of biological interactions that may be encountered during the biomedical 

device’s contact with surface and bodily fluids. The present research will be focussed more 

towards the hemocompatibility of materials. 

1.2. Blood Material Interactions 

Blood is a very important and complex substance within the body. The major components 

include important cells such as erythrocytes (red blood cells), lymphocytes (white blood cells), 

and platelets (thrombocytes). The other major component in blood is the plasma which is the 

aqueous component that contains major proteins, electrolytes, nutrients, lipids, and dissolved 

gases. The circulatory system plays a significant part in maintaining homeostasis within the body 

and can be thought of a closed network of blood vessels that transports blood throughout the body, 

delivering nutrients and transporting wastes away. 

In the event of vascular injury, hemostasis may be initiated in the event of a damaged or 

broken lining within a blood vessel. Vasoconstriction immediately occurs near the injury to reduce 
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the amount of blood flow. Thrombosis almost immediately begins with platelets binding to freshly 

exposed collagen in surrounding tissue outside the endothelial cells forming the blood vessel. The 

platelets aggregate and form a temporary plug at the damaged region. A second step initiates the 

coagulation cascade in thrombosis using fibrinogen, a naturally occurring protein in blood plasma. 

Within the damaged region, the coagulation cascade activates thrombin, which interacts with 

fibrinogen and activates it to fibrin. The activated fibrin units polymerize in an end-to-end fashion, 

interacting with the platelets, and forming a complex network which strengthens the temporary 

platelet plug and causes a blood clot. 

The assessment of the hemocompatible characteristics of a new biomaterial device that will 

be in contact with blood is very important. The ISO 10993-4:2017 provides the most recent 

guidelines for biological evaluation of medical device interactions with blood.4 It is applicable to 

devices with either an indirect (cannulae, blood storage bags, etc.) or direct contact (guidewires, 

catheters, hemodialysis equipment, etc.) with blood as well as implant device (heart valves, stents, 

endovascular grafts, etc.). There are 5 primary processes that should be tested: thrombosis, 

coagulation, platelet adherence, hematology, and complement system (component of the innate 

immune system that helps eliminate microorganisms and damaged cells by attacking the plasma 

membrane). Ideally, the testing should simulate the clinical conditions for the device as much as 

possible. 

Thrombosis evaluation consists of exposing the device to blood, and evaluating adhered 

platelets, leucocytes, aggregates, fibrin, etc. on the surface through light microscopy or scanning 

electron microscopy. This evaluation is suggested for both in vitro and in vivo assessments, 

although in vitro testing may be only performed if it is properly justified (blood contact time and 

clinical use of material). Coagulation can be measured in vitro by determining the rate of clot 

formation or partial thromboplastin time of plasma exposed to the biomaterial during a set 

incubation period. Platelet studies can be measured using electron microscopy or light microscopy 

by counting the number of platelets adhered to a surface and how many are activated, or irregular 

shaped (pseudoactivated) after a set incubation time. Hematology evaluation may involve 

measuring leucocytes and activation, hemolysis, and cell counts. Complement activation typically 

measures small proteins that can be used to monitor the activation of the complement system. This 

is typically done using enzyme-linked immunosorbent assay measurements. 
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An important feature that is not mentioned in the recommended tests mentioned above is 

that upon exposure to bodily fluids, proteins will adsorb onto a biomaterial’s surface within 

seconds.5 It is this protein adsorbed interface that will initiate platelet and other cell adhesion onto 

the biomaterial surface. This protein/interface adsorption is extremely complex and will be 

influenced by several factors outlined in Figure 1.2 Surface properties such surface tomography, 

crystallinity, roughness, hydrophobicity, and composition have a large influence on protein 

adsorption. On the other hand, proteins have charged surfaces (charged side chains) and 

hydrophobic patches on its surface, so the interaction with surfaces will be governed by 

electrostatic interactions, hydrophobic interactions, hydrogen bonding, and Van der Waals forces 

as well as solvent composition (ionic strength, salt ions, pH, etc.). 

 

Figure 1.2. Schematic representation of the protein/film interface in a biological system. 

When blood serum proteins are exposed to a fresh biomaterial surface, blood serum 

proteins will interact with the surface. The general theory, commonly referred to as the Vroman 

effect, is that proteins will associate and dissociate continuously with the surface, and the highest 

mobility proteins, such as serum albumins, will generally adsorb first. The less mobile proteins 

(higher molecular weights), such as fibrinogen, fibronectin, and high molecular weight kininogen, 

tend to have a higher affinity for the surface and will displace the smaller proteins.6 

Protein adsorption is generally accepted to be a 2-step process, where the first step (order 

of minutes) involves the protein adsorbing onto the surface through non-covalent interactions 

(electrostatic, hydrophobic, hydrogen, and Van der Waals). This is followed by a reorganization 

step (minutes to hours) where the protein may alter its conformation (changes in secondary, tertiary 

structure), undergo a denaturing process, and spreading. 

The platelet adherence, and other cells that are used to evaluate the blood compatibility 

tests outlined in ISO-10993-4 are not directly interacting with the biomaterial surface. The blood 

cells are interacting with the adsorbed protein film, and therefore any platelet activation, etc. will 

be as a result of the proteins adsorbed onto the biomaterial surface, and not a direct interaction 
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with the biomaterial surface. Thus, understanding the roles of the various surface properties on 

protein binding will ultimately aid the development and design of better biocompatible materials. 

Blood plasma contains approximately 90 mg mL-1 protein that includes hundreds of 

different proteins. These proteins include serum albumins (55%), globulins (38%), fibrinogen 

(7%), and other regulatory proteins. In general, protein-surface interactions have been focused on 

2 major proteins found in the blood plasma: (1) human serum albumin (HSA) and (2) fibrinogen 

(Fib). The HSA:Fib ratio is approximately 10:1 in serum. 

HSA is small globular protein (66 kDa, pI = 4.8, 4 nm x 4 nm x 14 nm) that is the most 

abundant protein in serum plasma (approximately 40 mg mL-1). It’s mainly responsible for 

transporting fatty acids and small molecules around the body. The secondary structure of HSA is 

approximately 60% α-helix, 40% β-sheet, β-turns and has 16 disulfide bonds. HSA has been 

generally seen as a good protein for surface adsorption due to its minimal interaction with 

platelets.7 

Fib is a large elongated glycoprotein (340 kDa; pI = 5.8; 5 nm x 5 nm x 47 nm) that is the 

highest abundance protein (approximately 3 mg mL-1) involved in the coagulation process. Fib is 

converted to fibrin by the enzyme thrombin during a vascular injury event. Fib is composed of 2 

sets of 3 non-identical polypeptide chains referred to as the Aα, Bβ and C. The amino termini of all 

6 chains are disulfide linked forming its central region. After cleavage of fibrinopeptides, the A 

domains become untethered (aa392-610) which can promote lateral fiber assembly and endothelial 

cell adhesion. 

1.3. Surface Plasmon Resonance  

Surface plasmon resonance (SPR) is a biophysical technique that measures real-time 

kinetic interactions between two species. In this technique, outlined in Figure 1.3, polarized 

incoherent light is totally internally reflected off a dielectric-dielectric interface, such as glass-

water, in which a thin film of Au is located. Under these conditions, the p-polarized component of 

the light penetrates the Au film, and the energy is transferred to the metal electrons, creating 

surface plasmon polaritons. The surface plasmon wave propagates in all directions and enhances 

the evanescent wave in the z-direction and penetrates the lower refractive index medium (water). 

This evanescent field is very sensitive to refractive index change (as much as 10-6 refractive index 

units) at the metal-dielectric interface, where adsorption/desorption of molecules changes the 
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refractive index at the metal-dielectric interface, resulting in a change in the minimum SPR 

deflection angle. 

 

Figure 1.3. (a) General overview of SPR instrumentation. (b) Typical designs of micro-fluidics for 

commercially available instruments. Commercially available Biacore® SPR instruments use a serial flow 

cell design where liquid delivery flows through each flow cell in a serial manner. The Proteon XPR36 

instrument from Biorad Laboratories uses a 6 parallel flow channel that can be rotated in the horizontal 

(A1-A6) and vertical direction (L1-L6). 

Commercially available SPR instrument have become common place in research 

laboratories, and they are an integral part in pharmaceutical drug discovery. The common 

advantages of SPR instruments include low sample consumption due to the use of microfluidics, 

real-time biomolecular interaction monitoring, and there is no need to fluorescently label 

biomolecules. Commercial SPR instruments use micro-fluidic channels and pneumatic valves to 

deliver liquid to sensor surfaces in a very consistent and reliable way. Different manufacturers 

have different sensor surface design outlined in Figure 1.3(b). The serial flow channel design is 

used by Biacore® instruments. Here, a single liquid injection is delivered to the flow channels and 

flows across each flow cell in a serial manner. There is a small dead volume between each flow 

cell, and there are generally 2-4 flow cells depending on the instrument model. For each solution 

injection, 1-3 sensorgrams can be obtained (1 flow cell is used as a reference surface). The Biorad 
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Proteon XPR36 instrument uses 6 independent flow channels that can be rotated both horizontally 

and vertically. This allows for 36 sensorgrams to be measured during one sample cycle. 

A typical sensorgram is shown in Figure 1.4(a). In a typical experiment, running buffer is 

continuously flowing through the flow cells (A). A protein would have been previously 

immobilized on the surface, and commonly referred to as the ligand. A solution containing a 

second biomolecule, referred to as the analyte, is injected into the flow cells and marks the 

beginning of the association phase (B). An increase in the response signal corresponds to a change 

in refractive index at the surface due to the mass increase at the surface due to protein binding. At 

the end of the association phase (C), the analyte solution stops flowing over the flow channel, and 

it is replaced by the running buffer. This marks the start of the dissociation phase (D), where a 

decrease in the response signal is associated with the desorption of the analyte biomolecule from 

the surface. After a suitable dissociation time, the remaining analyte can be removed using various 

types of regeneration solutions (E). The type of regeneration solution used will depend on the type 

of binding interaction present. For example, an electrostatic interaction can be disrupted by a large 

concentration of salt solution (ex. 4 M NaCl). 

 

Figure 1.4. (a) General overview of an SPR sensorgram. (b) SPR sensorgrams of showing the changes in 

binding kinetics (ka, kd) profiles for different biomolecular interactions having the same affinity (KD = 5.0 

nM) and same analyte concentration (50 nM). 

The dissociation constant (KD) is generally used to assess the strength of a biomolecular binding 

interaction. However, the association (ka) and dissociation (kd) kinetics for a biomolecular 

interaction can be extracted from SPR measurements and they provide meaningful information. 

The KD is related to ka and kd by Equation 1.1. 

𝐾𝐷 =
𝑘𝑑

𝑘𝑎
       (1.1) 
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In Figure 1.4(b), the SPR sensorgrams for a simulated biomolecular interaction that has a 

KD of 5.0 nM, but different ka and kd kinetics for a single injection of analyte (50 nM). The SPR 

sensorgram lineshapes look very different depending on the of ka and kd values. The ka will 

measure how fast the biomolecular species recognize each other, where larger ka values show an 

increase in the rate of response and reach a maximum when the analyte solution and the surface 

are in dynamic equilibrium. On the other hand, the larger kd value measures the stability of the 

biomolecular complex. The larger kd curves shown in Figure 1.4(b) show a sharp decay back to 

the baseline. However, as the kd values decrease, the rate of decay decreases until the dissociation 

curve looks comparable to a straight line. 

1.4. Amorphous Carbon 

 Carbon Properties 

Carbon is a unique element in the periodic table in that carbon has three different bonding 

configurations and results in the existence of many different carbon allotropes, as shown in Figure 

1.5. In the sp3 configuration, each of the 4 valence electrons form a tetrahedral sp3 hybridized 

orbital with the adjacent carbon atoms, resulting in the formation of 4 very strong σ-bonds. These 

four σ-bonds are responsible for diamond’s high hardness and large band gap (5.5 eV). On the 

other hand, the sp2 configuration contains three σ-bonds that adopt a trigonal in-plane structure. 

The pz orbital contains the last valence electron, and it remains unhybridized and slightly higher 

energy compared to the 3 sp2 orbitals. This orbital is generally referred to as the π-orbital and it is 

arranged perpendicular to the plane of the sp2 σ orbitals. It is involved in a weaker π-bond due to 

side-to-side overlap with another π-orbital on an adjacent C atom, resulting in the π-electrons to 

be delocalized between the adjacent C atoms. Graphite is an example of a trigonal sp2 network that 

forms 6-membered rings containing alternating single and double bonds. Strong intermolecular 

forces, from the delocalized electrons of the π-bonds between the sheets or planes give rise to a 

zero bandgap. Fullerenes and carbon nanotubes are other examples of carbon allotropes containing 

sp2-networks of carbon. The sp1 configuration is composed of 2 σ bonds directed along the x-axis, 

and the py, pz orbitals for π-bonding. The resulting C≡C bond has recently been found in a newer 

allotrope of carbon called graphdiyne, which is a flat material composed of sp2- and sp1-hybridized 

carbon atoms with a high degree of π-conjugation and uniformly distributed pores.8 
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Figure 1.5. (a) Carbon has 3 different types of hybridization: sp3-hybridization contains 4 s-bonds; sp2 

contains 3 sp2 bonds, and a weaker p-bond; sp1-hybridization contains a s-bond and 2 π-bonds. (b) Different 

allotropes of carbon can contain an exclusive type of carbon hybridization (ex. Diamond, graphite) or a 

combination of hybridizations (ex. Graphdiyne, amorphous carbon). 

 Amorphous Carbon Synthesis 

Amorphous carbon (a-C) films can have a mixture of sp3 (diamond-like), sp2 (graphite-

like), and even sp1 bond hybridizations, and the resulting combinations can lead to some interesting 

forms of a-C microstructure, some of which are outlined in Table 1.1.9-10 In addition, the disorder 

within a-C films also allows other impurities/dopants to be built into the microstructure, which 

may further alter the physical properties of the film. The key parameters that will highly influence 

the properties of an a-C film includes the sp3 content, the clustering and orientation of the sp2 
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phase, the cross-sectional nanostructure, and the H content.11 The common types of amorphous 

carbon are summarized in the ternary diagram shown in Figure 1.6. 

Table 1.1. Physical properties for different types of crystalline allotropes and amorphous carbon thin 

films.9-10 

Carbon Material Hardness 

(Gpa) 

sp3 

(%) 

Optical Bandgap 

(eV) 

Density 

(g cm-1) 

H 

(at. %) 

Diamond Hard 100 5.5 3.515 0 

Graphite Soft 0 0 2.1-2.3 0 

Diamond-Like Amorphous 

Carbon 

20-40 40-60 0.8-4.0 1.8-3.0 20-40 

Tetrahedral Amorphous Carbon 40-65 65-90 1.6-2.6 2.5-3.5 0-30 

Polymer-Like Amorphous 

Carbon 

Soft 60-80 2.0-5.0 0.6-1.5 40-65 

Graphitic Amorphous Carbon Soft 0-30 0.0-0.6 1.2-2.0 0-40 

Nanocomposite Amorphous 

Carbon 

20-40 30-80 0.8-2.6 2.0-3.2 0-30 

 

Figure 1.6. Ternary diagram of a-C composed of different sp2, sp3, and H content.11 

The a-C film surface coatings are generated from the vapour phase using either chemical 

vapour deposition (CVD) or physical vapour deposition (PVD) methods and are summarized in 

Figure 1.7. The simplest CVD methods typically involve high temperatures which are used to 

decompose chemicals and then recombine to form on the hot substrate. The use of high 

temperatures limits the type of substrates to be used for a-C surface coating. Plasma enhanced 

chemical vapour deposition is a hybrid process in which energetic electrons (100-300 eV) are 
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activated within a plasma, allowing for lower substrate temperatures (100-600 °C) and high 

vacuum pressures (0.01-5 Torr).12 Plasmas can be generated using direct current (dc), radio 

frequency (rf) (13-56 MHz) or microwave (2.45 GHz) fields. 

 

Figure 1.7. Common plasma deposition methods for a-C. 

The PVD deposition techniques include sputtering, evaporation, ion beam assisted 

deposition, cathodic arc, and pulsed laser deposition processes. These techniques all include the 

condensation of a vapour onto the substrate under a relatively high vacuum. PVD techniques will 

only deposit films that are within “sight” of the vapours, so substrates with complex geometries, 

holes, etc. may have difficulties obtaining uniform coatings. This research will be using sputtering 

deposition, so this PVD method will be discussed in more detail. 

Plasma assisted sputtering is one of the most widely used deposition methods for a-C due 

to its versatility ease of use. The general configuration is shown in Figure 1.8. In this method, an 

inert gas, typically Ar, is ionized by electrons emitted from a cathode target normally composed 

of graphite. The graphite target is biased with a dc voltage or a rf source. The Ar+ then accelerate 

and ablates the graphite surface, producing C+ and Cn
+ ions. The ions can have a wide energy 

distribution (up to 101 eV) which can then move towards the substrate. Depending on their energy, 

the ions may adsorb (stick) onto the substrate, reflect off the surface (too low of energy), or sputter 

the surface (too high of energy). Once on the surface, the ions may undergo chemical reactions 
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with other ions forming more complex structures. In general, graphite has a low yield for sputtering 

(ratio of energetic ions to neutrals is < 1%). In some cases, magnets may be added behind the 

substrate to increase the mean-free path of the ions, increasing the number of ions within the 

plasma. In addition, a dc bias may be applied to the substrate, resulting in changes in the film 

properties due to the alteration of the ratio of ions, electrons, neutrals, etc. bombarding the 

substrate. 

 

Figure 1.8. Basic configuration of plasma-assisted sputtering. 

 Amorphous Carbon Clustering 

The evolution of sp2 clustering has been proposed to occur in 3 different stages of 

amorphization as outlined in Figure 1.9.13-14 All of these stages can be identified by Raman 

spectroscopy in the so-called D and G regions. The first stage begins with well-ordered, large 

crystallites of graphite. Graphite will be broken down into smaller crystallite sizes (La) of 

nanocrystalline graphite materials, eventually reduces to 1-2 nm sp2 clusters. Stage 2 introduces 

disorder within the sp2 structure as the nanocrystalline graphite transforms into a-C. Bond lengths 

will change and the bond angles within aromatic structures will become more strained. There will 

also be a loss of %sp2 content within the material (down to approximately 80% sp2). The third 

stage shows a dramatic increase in the sp3 content as the aromatic rings are transformed to more 

chain configurations, eventually forming tetrahedral amorphous carbon (ta-C) also known as 

diamond like carbon (DLC). 
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Figure 1.9. There are 3 stages of amorphization of carbon from graphitic state. Stage 1 finds the graphitic 

crystalline size (La) decrease until small 1-2 nm clusters are formed. Stage 2 sees the conversion of the 

small sp2 clusters to amorphous carbon. Some sp3 content will be introduced. Stage 3 sees the aromatic sp2 

clusters are converted to chains, and the %sp3 content dramatically increases to approximately 100%. 

 Amorphous Carbon Doping  

The physical properties of a-C coatings doped with different elements has been extensively 

studied and reviewed.11, 15 The addition of different elements has added an additional dimension 

to controlling the a-C coating properties while maintaining its amorphous structure. The different 

types of elements studied can be subdivided into metals (Ti, Cu, W, Nb, Au, Cr, Ni, Mo, Ta, etc.) 

and light elements (B, N, Si, O, F, P).16 

Metal doping into a-C has been mainly formed by magnetron sputtering metallic targets in 

the presence of Ar/hydrocarbon gas17-18 or simultaneous sputtering of graphite and metal targets.19 

The metals have been generally observed to be dispersed within the a-C network as small nano-

crystallites of pure metal, or metal carbides.16, 19-20 The general coating properties that are altered 

include the internal stress, adhesion, as well as tribological properties like friction and wear. For 

instance, Ti and Cr have been used as an interlayer to improve a-C/DLC adhesion onto different 

steel alloys.21-22 In addition, the inclusion of Cr into the a-C matrix was found to decrease the 

internal stress within the coating which ensured sufficient adhesion strength by developing a strong 

chromium carbide interface.23 Another study found that the incorporation of Ta and W into DLC 

reduced their frictional coefficients and had a better wear resistance compared to TiN and TiAlN 

surfaces under the same conditions.24 
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Incorporating lighter elements (B, N, Si, O, F, P) into a-C matrix has been extensively 

studied. In most cases, the lighter element incorporation improves specific properties of the a-C 

films.16 These include field emission and electrical conductivity,25-27 surface energy,28 friction and 

wear,29-30 and biocompatibility.28, 31-35 The present research is focused on nitrogen incorporation 

into the amorphous carbon. 

1.4.4.1. Amorphous Carbon Nitride (a-C:N) 

Nitrogen incorporation into a-C films is interesting due to the many different possible 

bonding configurations it can adopt with carbon and is outlined in Figure 1.10. Bonding 

configurations include sp3-like amino structures, chain terminating sp1 nitrile groups, and sp2-like 

bonding found in ring systems (pyridine, pyrrole) and/or double bonded olefinic variants. In 

addition, some bonding configurations may contain lone pair electrons and represent possible 

substitutional doping configurations. Nitrogen can incorporate into aromatic carbon clusters 

through pyridinic and pyrollic aromatic rings. In addition, nitrogen can incorporate through 

graphitic substitution and pyridinic oxides. 

Nitrogen and carbon have a very similar atomic size, so nitrogen incorporation does not 

induce a significant lattice mismatch. In addition, the additional electron in nitrogen provides an 

opportunity of a n-type electronic modification of the carbon structure. Several research studies 

have shown that the a-C:N properties (tribological, biocompatibility, electrical, etc.) generally 

show an improvement compared to the equivalent prepared a-C. For example, a-C:N films have 

been shown as a potential protective coating for magnetic storage disks.36-37 Nitrogen incorporation 

has also been shown to reduce the internal stress of the a-C:N coating without significantly altering 

the tribological properties compared to undoped a-C.38 the improved adhesion has led to potential 

coating for biomedical devices/materials.31, 39-42 
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Figure 1.10. Nitrogen has many different bonding configurations in the sp3, sp2, and sp1 hybridization. 

Nitrogen incorporation into the aromatic a-C matrix may be pyridinic, pyrrolic, and graphitic nitrogen 

substitutions. 

1.4.4.2. Fullerene-Like Amorphous Carbon Nitride (FL-CNx) 

Fullerene-like carbon nitride (FL-CNx) is a subclass of a-C:N that is characterized by its 

high at.% N concentration (>15%), and its high degree of sp2 bonding from the graphite plane 

bending and cross-linking which gives these films its fullerene-like character.29, 43 Some of the 

unique characteristics include its flexibility and high hardness for materials composed of a high 

degree of sp2 carbon.44 These films have also been found to provide better thermal stability 

compared to DLC films, but its thermal stability is dependent on the substrate temperature and 

type of nitrogen bonding within the coating during synthesis. Other tribological properties such as 

wear and friction have also been evaluated.45 The frictional coefficient was dependent on the 

nitrogen content within the coating, where a general increase of the friction coefficients increased 

with increase nitrogen content within the film. It was also found that the wear rates of the FL-CNx 

was generally lower compared to a tungsten carbide/carbon reference. The wear rates were also 

dependent on the humidity. 
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1.5. Research Proposal 

To date, low temperature isotropic carbon (LTIC), glassy carbon, and ultralow-temperature 

isotropic carbon (ULTIC) have been very successfully applied in biomedical devices, including 

mitral and aortic heart valves, blood access devices, Dacron and Teflon vascular grafts, and blood 

oxygenator microporous membranes.46 There has been much research to improve upon LTIC and 

ULTIC success by using a-C coated materials. It is biocompatible in vitro and in vivo in simple 

orthopedic applications.47-48 It has also been found to promote less platelet activation than metallic 

substrates used for cardiovascular applications.49 In addition, there have been some positive results 

showing nitrogen incorporation into the a-C films improves its biocompatible properties.41, 50 

However, it was found that films prepared with too much N2/Ar plasma discharge gas actually 

decreased the film’s biocompatibility properties.41 

One major issue regarding the biocompatibility of a-C films is the inconsistent results 

found in the literature. Some of the biocompatibility results for some a-C materials have been 

positive.31, 51-52 However, there have been instances where biocompatibility results have been 

worse than that obtained for LTIC.53 Most biocompatible studies have focussed on cellular 

adhesion to the a-C film. Hemocompatible studies have also focussed on evaluating the number, 

size and shape of adhered red blood cells. More recently, there have been some studies on protein 

adsorption onto a-C films.54 

It is well known that protein adsorption onto implant devices happens immediately upon 

exposure to biological fluids.55 there has been much gain in the understanding regarding protein 

adsorption at the surface.6, 56-58 However, there still remains some unanswered questions. It was 

recently suggested that rather than chase the holy grail of a perfect hemocompatible biomaterial, 

efforts should be focussed on answering some of the basic unknown questions surrounding blood-

biomaterial interactions.59 It was suggested that these questions could be achieved using existing 

techniques using good experimental models. 

 Thesis Objectives 

The main objective of this thesis is to (1) develop an SPR assay to measure the initial 

surface interactions of 2 major proteins found in serum, HSA and Fib, to a-C films prepared with 

different amounts of nitrogen incorporation. Nitrogen incorporation into the films was varied by 
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changing the %N2 plasma discharge gas during plasma assisted chemical sputtering using a 

graphite target. 

The original plasma deposition chamber produced FL-CNx films that contained trace 

amounts of metals, mainly Fe. A second objective was to determine (2) the metal composition and 

whether it influenced the FL-CNx film structure/properties. 

The third objective was (3) to design a “metal-free” deposition chamber to prepare used to 

was designed, and different %N2 plasma discharge gas from plasma-assisted chemical sputtering 

deposition using a graphite target. Films were prepared at a lower temperature and were regular  

a-C:N films. The “metal-free” a-C:N films were prepared on SPR sensor chips and the film 

properties were characterized using various spectroscopic techniques. In addition, an a-C:N film 

was purposely doped with Fe in order (4) to investigate whether the incorporation of Fe into the a-

C:N films changed the binding interactions with HSA and Fib.  

The FL-CNx and a-C:N films were characterized using a variety of techniques, including 

atomic force microscopy, Raman spectroscopy, sessile contact angle measurements, x-ray 

photoelectron spectroscopy, ultraviolet photoelectron spectroscopy, x-ray absorption near edge 

spectroscopy, electron spin resonance spectroscopy, and Fourier transform infrared spectroscopy. 
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CHAPTER 2 - LITERATURE REVIEW 

2.1. Biocompatibility Studies of Amorphous Carbon 

Carbon materials such as LTIC, glassy carbon, and ultralow-temperature isotropic carbon 

ULTIC have been successfully applied to biomedical devices, including mitral and aortic heart 

valves, blood access devices, Dacron and Teflon vascular grafts, and blood oxygenator 

microporous membranes.46 The biocompatible properties of LTIC has been known for some time. 

It has been used in prosthetic heart valves since 1969, and it had greatly reduced the incidence of 

thrombogenic incidences and mechanical failures.60 In addition, it has been used successfully in 

some upper limb joint prostheses such as the metacarpophalangeal joint and the proximal 

interphalangeal joint.61 

LTIC biomedical devices have provided good hemocompatibility results, but they do 

eventually fail over time. Plasma-generated a-C coatings, with their ability to alter the 

physical/mechanical properties and ease of doping additional elements into the a-C matrix, has 

been a highly researched area. One of the main issues that has limited the commercialization of  

a-C coatings are that the biocompatibility results in the literature are inconsistent. Some studies 

have revealed improved biocompatible results compared to other materials while other studies 

have shown no difference and/or reduced biocompatible results. Several studies have been 

summarized in literature reviews on the biocompatibility of a-C coatings.15, 51-52, 62-65 

 Clinically Tested a-C Devices for Hemocompatible Applications 

There have been some a-C coated materials using in blood-interfacing applications that have been 

clinically tested with some that are commercially available, and they are summarized in Table 2.1. 

In general, the main goal for blood-interfacing devices is to prevent biomaterial associated 

thrombosis. This will critically depend on the biomaterial’s surface composition, surface texture, 

local flow conditions, etc. It has been generally observed that the high ratio of albumin/fibrinogen 

adsorbed at the surface correlates with a lower platelet adherence, which reduces the chances of 

thrombus formation. 
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Table 2.1. Summary of Commercially Available Biomedical Devices using a-C Coatings. 

Device/Company Instrument Type Comments 

Phytis Medical Devices GmbH, 

Germany 

DiamondFlex AS™ (stent)  

PlasmaChem GmbH., Germany BioDiamond™ (stent)  

Sorin Biomedical, Italy (<2008) 

CID, Italy (2008-2013) 

Alvimedica, Turkey (2013-) 

CarbonStent™ (stent) 

Chrono™ (stent) 

Avantgard™ (polymer-free drug eluing stent) 

Cre8™ (polymer-free drug eluing stent) 

 

Coated with 0.5 mm CarboFilm™ coating 

described as turbostratic structure 

Avantgard and Cre8TM  

Bekaert, Belgium 

Blue Medical Devices BV, 

Netherlands (2004-2013) 

Dylyn™ (stent) 

XTRM-FIT (stent) 

Nanocomposite consisting of a-C and 

amorphous silicon oxide coated on stent. 

ENDOCOR GmbH, Germany SEQUENCE™ (drug eluting stent) “Inert Carbon Technology” is a plasma 

assisted a-C coating…. 

Japan Stent Technology Co Ltd., 

Japan 

MOMO® (Stent) Uses a 35nm DLC coating on stent 

Sun Medical Technology Research 

Corporation, Japan 

Centrifugal ventricular blood pump device  

Sorin Biomedical, Italy Biocarbon™ mechanical heart valve CarboFilm™ turbostratic carbon structure 

Ventracor Pty Ltd., Austrailia VentraAssist™ (ventricular assist device) DLC coated cardiac devices 

Cardio Carbon Company Ltd.,  

United Kingdom 

‘Angelini Valvuloplasty’ ring valve repair 

‘Angelini Lamina-flo’ mechanical heart valve 

DLC coated Ti implant 
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2.1.1.1. Cardiovascular Stents 

Phytis Medical Devices GmbH (Germany) was cofounded in 1997 by Dr. Alexei Kalachev 

and Dr. Franz Herbst in 1997 and was a distributor of DLC coated stents which were created 

according to the owner’s patented plasma deposition process.66 This process deposited a uniform 

DLC coating on both the inside and outside surfaces of the stent. The initial in vitro tests found 

that the DLC coating reduced the amounts of Ni, Cr, Mn, and Mo over a 96 hr period in human 

plasma compared to uncoated stainless steel stents.67 Flow cytometry analysis for CD62p and 

CD63 antigens (platelet activation markers) showed a higher fluorescent intensity compared to the 

DLC-coated stents. The study suggested that the DLC coating reduced the metal release and had 

a lower overall platelet activation compared to the uncoated stainless-steel stents. However, a 

clinical trial study involving the Diamond Flex AS™ stent and stainless steel stent randomly 

compared in 347 patients (520 lesions) found that there was no differences observed for in-hospital 

major cardiac events.68 During the 6-month follow-up, both the Diamond Flex AS™ and stainless-

steel stents showed a similar rate of binary restenosis and cumulative major adverse cardiac events 

(31.8%/30.5% and 35.9%/32.7%, respectively). Their conclusions were that the DLC-coating did 

not provide statistically significant improvements over the stainless-steel stents with the same 

design. Furthermore, an additional randomized study of the DLC-coated stent manufactured from 

Phytis Medical Devices GmbH was compared to an uncoated stent for patients diagnosed with 

coronary artery disease.69 Their conclusions also found that there were no differences in the 

restenosis and major cardiac event rates after 6 months. 

Kalachev and Herbst also cofounded another company called Biodiamond in 1999 which 

was the exclusive licensee for the technology and distribution for their DLC coated stents. The 

BioDiamond™ stent as well as a BioDiamond™ urinary tract stent was distributed by PlasmaChem 

GmbH, Germany (owned and managed by Dr. Alexey Kalachev). A clinical trial centred at CHP 

Beauregard, Marseille, France had 163 patients undergo 248 implants for 233 coronary lesions.66 

The Biodiamond™ (PlasmaChem GmbH, Germany) corornary stent was effective in 98% of the 

coronary lesions, showing a minimum lumen increase from 0.76 mm to 2.57 mm after the 

procedure. The 6-month follow-up revealed that 98.6% of patients did not have a major adverse 

clinical event. 

The CarboStent™ (Sorin Biomedical, Italy) is a balloon-expandable stainless steel tubular 

stent with a turbostratic carbon coating. A clinical study involving 112 patients and 132 coronary 
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lesions underwent CarboStent™ implantation.70 The preliminary clinical study showed a high 

procedural success rate, and a low rate of angiographic restenosis and clinical related results. There 

was no observed stent thrombosis, and a 6-month follow-up found the restenosis rate was 11%, 

and 10% of the patients had repeat revascularization. This clinical study was limited to the 

Carbostent™, and it did not compare it to other commercially available stents. Another pilot clinical 

study looked at the effect of aspirin alone treatment given post-operation of a Carbostent™ 

intracoronary implantation.71 This study included 110 patients and a total of 129 lesions showed 

no stent thrombosis during in-hospital stay, and no adverse events were observed within 30 days 

despite the reduced antiplatelet regimen. 

The Carbostent™ and vascular therapy business from Sorin Biomedical became an 

independent company called CID (Carbostent & Implantable Devices) in 2008. They continued to 

develop the CarboFilm™ onto Co-Cr alloyed stent called the Chrono™.72 In 2013, CID and 

Alvimedica (Turkey) merged and continue to develop new medical devices. A more recent carbon 

coating called iCarbofilm™ is less than 300 nm thickness and is marketed as a “Bio Inducer 

Surface”. 

The Dylyn™ coated stent manufactured by Bekaert (Belgium) is a nanocomposite coating 

consisting of amorphous carbon and a amorphous silicon oxide network.73 promising DLC 

nanocomposited coatings (single layer and double layer). Initial animal studies were performed on 

porcine coronary arteries using 2 different Dylyn™ coatings (single and double coating) and 

compared to uncoated stents.74 After a six week period, the pigs were sacrificed, and the results 

found that the stenosis area was lower for the Dylyn™ coated stent compared to uncoated stents. 

In addition, the thrombus formation was significantly decreased and the neointimal hyperplasia 

was also decreased but not significantly different from the uncoated stent. Overall, the second layer 

of DLC offered not additional advantage over the single layer. Initial clinical tests for the Dylyn™ 

coated coronary stents found excellent short-term results, but the amount of angiographic 

restenosis at 6 months was comparable to other non-drug eluting stent systems.75 No further studies 

were found for this device. However, Blue Medical Devices BV (Netherlands) has marketed a 

Dylyn™ coated stent called XTRM-FIT. Unfortunately, Blue Medical Devices BV declared 

bankruptcy in 2013, and was incorporated into Wellinq Holding BV (Switzerland). The XTRM-

FIT is not available. 
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The MOMO® coronary stent manufactured by the Japan Stent Technology Co Ltd. (Japan) 

uses a 35 nm DLC coating deposited on a Co-Cr stent. It has been clinically tested, and preliminary 

results suggest that it has a lower target vessel failure rate after 9 months compared to uncoated 

metal stent.76 Drug-eluting stents have become an important advance that shows large potential in 

preventing restenosis. Typically, drugs are contained within a polymer film deposited onto a stent 

and then released over a time period, reducing adverse effects from the stent. More recently, 

ENDOCOR GmbH (Germany) has marketed the SEQUENCE™ which is a drug eluting stent using 

a biodegradable polymer carrier. It uses a carbonized stainless steel surface formed by C+ ion 

implantation, so that after the biodegradable polymer carrier is removed, the carbonized surface is 

more biocompatible. Alvimedica (Turkey) has a very effective polymer-free drug-eluting stent 

called the Cre8TM EVO. It uses the iCarboFilm™, marketed as a “Bio Inducer Surface”, that 

ensures effective neointima suppression and rapid endothelialisation. It was found to have 

equivalent efficacy in both the general population and diabetics.77 

2.1.1.2. Heart Valves and Pumps 

The Sun Medical Technology Research Corporation (Japan) developed a centrifugal blood 

pump that was composed of a Ti-alloy which contained a DLC coating (ion beam sputtering) in 

areas of blood-contact.54 The pump demonstrated excellent hemocompatibility in the long-term in 

vivo experiments performed in calves. The device showed good success rates in clinical trial 

studies situated in Japan.78-79 More recently, Evaheart Inc. was established in the United States to 

gain regulatory approval and commercialize the EVAHEART®2 Left Ventricular Assist System. 

This device is currently undergoing pre-clinical trials.80-81 

 The Bicarbon™ mechanical heart valve manufactured by Sorin Biomedical (Italy) uses the 

same tubostratic CarboFilm™ as the Carbostent™ detailed above. This device has been around since 

the early 1990s, and the initial clinical results found no structural deterioration (mechanical 

fracture, non-structural dysfunction) or acute thrombosis of the prosthesis, or other 

thromboembolic events were found.82 this device has been used for many years, and several 

publications after 5 years to 15 years of use have concluded that the device has continued to 

perform satisfactorily over the long term with a low incidence of valve-related mortality and 

morbidity.83-85 

The VentraAssist™ left ventricular assist device was developed by Ventracor Pty Ltd. 

(Australia).86 This device has a DLC coating on all blood-contacting surfaces. The initial animal 
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study indicated that the device showed low levels of hemolysis, and no clinical evidence of renal 

or hepatic dysfunction.86-87 It was determined that the prototype needed some modifications 

regarding the inflow and outflow cannulae. The VentraAssist was eventually implanted into 400 

patients worldwide as of 2009. However, Ventracor ran into financial problems during its final 

stages of clinical testing, and a potential buyout from Siqro (United States), a subsidiary of Orqis 

Medical, fell through and the company was eventually liquidated. 

The Cardio Carbon Company Ltd. (United Kingdom) was formed in the early 1990s and it 

was based on a patent based on a mechanical heart valve composed of vitreous carbon.88 The 

company marketed the vitreous carbon as “Turboform Carbon”.89 A second patent describing the 

use of DLC-coating for Ti medical devices was issued.90 According to the patent, it used a multi-

layered coating that included a TiN, TiC, followed by DLC. Two medical devices called the 

Angelini Lamina-flo™ (a mechanical heart valve) and the Angelini Valvuloplasty™ (a ring valve 

repair) were marketed and clinical trials were underway.91-92 However, there were no supporting 

clinical studies found for these devices, and the company was disbanded in 2001. 

 Amorphous Carbon Plasma Deposition on Polymeric Substrate 

Many biomedical prostheses are made of polymeric materials, and the most common 

polymers used are poly(ethyleneterephthalate) (PET or Dacron®) and poly(tetrafluoroethylene) 

(PTFE or Teflon®). The PTFE is a low cost, machinable fluorocarbon polymer that has low 

chemical inertness, non-biodegradable, and has a low coefficient of friction. Biomedical devices 

such as vascular grafts, catheters, and sutures have taken advantage of PTFE properties. 

Vascular graft prostheses have continued to improve with new techniques and materials. 

For example, larger vascular prostheses with diameters greater than 6 mm have a 5-year survival 

rate of 95%, and their patency rates continue to improve.93 However, the patency rate for vascular 

grafts with diameters less than 6 mm are still very low. The preferred choice for smaller vascular 

grafts is to use autologous blood vessels due to their mechanical stability, low risk of infection, 

and natural antithrombogenic properties of the intima (innermost endothelial cell layer of the blood 

vessel in contact with blood). Unfortunately, many patients have limited autologous veins due to 

pre-existing diseases, damage, etc., making the use of polymeric vascular prothesis the best route 

of treatment. 

The poor long-term patency rates for smaller vascular grafts is due to intimal hyperplasia 

at the anastomotic site (surgical connection between two structures).93-95 Although the mechanism 
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is not understood well, smooth muscle cells tend to migrate and proliferate in these regions. In 

addition, polymer surfaces may be biocompatible in nature during initial blood exposure, but they 

turn inherently thrombogenic in the long-term. Methods to improve PTFE biocompatibility has 

included modifying the PTFE surface through O2 plasma, creating different surface 

hydrophobicity depending on the etching power.96 Another strategy has been to modify the PTFE 

surface through CO2 plasma initiated grafting polymerization of acrylic acid, which was further 

modified with human thrombomodulin, a glycoprotein that is a direct anticoagulant that tightly 

binds to thrombin, preventing Fib to form a clot.97 

One of the more recent strategies to improve the patency rate of polymeric vascular grafts 

has been to seed the inner polymeric surface with endothelial cells.98-99 Since the endothelial cells 

are the innermost cell lining in a natural blood vessel, this would be best case scenario for a 

synthetic vascular graft. However, the rapid loss of endothelial cells due to the exposure to sheer 

stress in vitro100 or in vivo due to a loss in cellular mitogenic proliferation.101 

It was shown that a-C coatings could be deposited onto polymer surfaces by plasma 

deposition methods.102 Today, there are many commercial companies that specialize in a-C coating 

on polymer surfaces for many different applications, including biomedical materials. Some have 

attempted to coat PTFE and other polymers with amorphous carbon layers.103-109 New plasma-

assisted deposition designs have been applied to directly deposit a-C layers within the inner wall 

of a synthetic vascular graft using a cylindrical electrode.110 Recently, the inner wall of a 4 mm 

expanded-PTFE vascular graft was successfully coated with an a-C:H layer.111
 The vascular graft 

was implanted into a carotid artery of a beagle and evaluated after 8 weeks. The pathology analysis 

of the vascular grafts showed that the a-C:H coated graft had a more uniform and thinner vascular 

intima compared to an inconsistent intimal thickening observed for the uncoated expanded-PTFE 

vascular graft. 

One of the concerns during amorphous carbon deposition is the compressive stress that can 

form within films, especially tetrahedral amorphous carbon films, which can lead to films buckling 

under stress or even delamination from the substrate.16 Reducing the compressive stress within 

films can usually be achieved by increasing the deposition temperature or using lower energy 

deposition methods. In addition, doping a-C films with nitrogen has also been shown to relieve 

internal stress within the films,38 making it a potential candidate to coat soft biomaterials. 
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 Nitrogen-Doped Amorphous Carbon Biocompatibility 

There have been no commercial hemocompatible biomedical devices on the market 

containing a-C:N coatings. However, there has been many in vitro studies investigating the 

influence of nitrogen incorporation into the a-C matrix and its influence on cell adhesion and 

overall hemocompatibility. There have been several reviews on biocompatible characterizations 

of a-C:N coatings.40, 53, 112 The biocompatibility and hemocompatibility properties were generally 

assessed by endothelial cell attachment, and platelet adhesion/activation. Other hemocompatibility 

studies have been assessed by serum protein adsorption and will be discussed in Section 2.4. 

The attachment of human endothelial cells has been evaluated for different types of 

nitrogen-doped a-C prepared by different plasma deposition methods. Hydrogen-free a-C:N 

prepared by magnetron sputtering using different N2 partial pressures (5%N2/Ar and 25% N2/Ar 

corresponding to 8.8 at.% N and 14.9 at.% N, respectively) and evaluated for human endothelial 

cells and mouse fibroblast attachement.50 The resulting coatings very smooth and possessed a very 

low coefficient of friction. They observed that the mouse fibroblast cells showed much better cell 

filopodia for the a-C:N coating containing the higher nitrogen content. In addition, both coatings 

showed long filopodia extending from the endothelial cell bodies, indicating good adhesion and 

stability on the a-CNx coating. 

The biocompatible properties of a-C:H coating and hydrogenated amorphous carbon 

nitride (a-C:N:H) were evaluated in vitro.113 The incorporation of nitrogen (12.7 at.% N) into the 

a-C:H matrix increased the surface roughness and hydrophilic character of the surface. Human 

micro-vascular endothelial cells were incubated on the coatings and both films showed well-

polymerized actin skeleton and vinculin adhesion complexes. There were no morphological 

differences for the coatings, although there seemed to be a higher cell density on the a-C:N:H 

coating. The a-C:N:H coating also had approximately half the number of adhered platelets 

compared to the a-C:H coating, but the percentage of inactivated platelets were higher for the 

carbon coatings. The author’s concluded that the biocompatible properties improved with the 

nitrogen incorporation, and it was a factor of surface composition, wettability, and surface 

roughness. 

There have been several studies investigating the hemocompatibility properties of 

nitrogen-doped amorphous carbon. Kwok et al.41 implanted nitrogen into hydrogen free a-C 

coatings by plasma immersion ion implantation. They found that the incorporation of some 
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nitrogen into the a-C coating increased the hydrophilicity of the coating surface, and this also 

correlated with a decrease in the adherent platelet activation compared to LTIC. However, higher 

amounts of nitrogen-doping turned the coating’s surface more hydrophobic, and the resulting 

adherent platelet activation was 4 times higher compared to the LTIC.  

Nitrogen-doped a-C coatings deposited onto PTFE substrates were previously made using 

a hot-filament plasma deposition chamber in the Plasma Physics Laboratory at the University of 

Saskatchewan.114 Initial studies showed that the nitrogen content was uniform throughout the 

deposited film, and the oxygen content was higher near the surface.103 Synchrotron-based X-ray 

Absorption Near Edge Spectroscopy (XANES) analysis of the C1s found that the coatings 

contained high amounts of %sp2, and increased with the incorporation of nitrogen.104-105 

Interestingly, the %sp2 content for the coatings prepared on PTFE was much lower than the Si 

substrate (74% sp2 vs 88% sp2, respectively) for 0% N2 plasma discharge gas. However, the %sp2 

were comparable when the %N2 gas increased (3-20% N2 plasma discharge gas). The 

biocompatibility of the coatings prepared on PTFE prepared by different N2/Ar plasma discharge 

gas ratios were evaluated by platelet adhesion/activation and endothelial cell adhesion.114 In 

general, radio-labelled platelets displayed a much lower radioactive signal for the a-C coatings 

compared to the PTFE substrate, suggesting an overall lower number of platelets adsorbed on the 

a-C coatings. In addition, it was observed that the overall adhered platelets (> 80%) were in an 

inactivated form for the films prepared with less than 10% N2 discharge gas. However, coatings 

prepared with ≥10% N2 discharge gas showed less inactivated platelets (<65%), and the amount 

of spread/pseudo-spread platelet increased to the point where it was larger than the PTFE substrate 

for the coating prepared with 20% N2 plasma discharge gas. 

a-C:N:H films were deposited onto PTFE substrates using an ion-beam beam deposition 

technique.106, 115 Raman measurements showed differences in the coatings prepared on PTFE and 

Si substrate. The wettability of the a-C:H film was also very hydrophobic (contact angle of 130o 

for water) compared to the substrate (89o for PTFE). The incorporation of 10 at.% N into the a-

C:H film decreased the contact angle to 111o, which was still higher hydrophobicity compared to 

the PTFE substrate. The radio-labelled platelet adhesion studies found that both the a-C:H and 

nitrogen-doped a-C:H coatings had more platelets adhered to the surface compared to the PTFE 

substrate. However, the authors indicated that there were less activated platelets on the a-C:H and 

a-C:H:N films compared the PTFE substrate (no statistical analysis completed). 
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Hydrogen-free a-C:N was deposited onto PTFE substrates using inductively coupled 

plasma deposition.108-109 Interestingly, x-ray photoelectron spectroscopy (XPS) measurements 

showed a high at.% O on the coating surface (42 at.% O) for 0% N2 plasma discharge gas and then 

drops with the addition of N2 in the plasma discharge gas (approximately 25 at.% O). At the same 

time, the at.% N increased from 5 to 35 at.% N in the films prepared from nitrogen-free plasma 

discharge gas to 10-40% N2 plasma discharge gas. The XANES measurements for the coatings 

also found that the %sp2 fraction initially decreased from 92% to 81% with the addition of N2 

plasma discharge. However, higher %N2 plasma discharge gas (>20% N2) increased the %sp2 to 

91-94%, indicating a sensitivity to the compositional structure of the coatings with the N2/Ar 

plasma discharge gas ratio. Biocompatible studies showed that the a-C:N coatings had more 

cytotoxic response compared to the PTFE, and there was no apparent difference in blood clotting 

time between the a-C:N coatings and the PTFE substrate. The number of platelets adhered to the 

0%N2 a-C:N coating was approximately 2X lower compared to the PTFE substrate, and the a-C:N 

coatings prepared from 10-20% N2 plasma discharge gas was approximately 3-4X lower compared 

to the PTFE control sample. However, a-C:N coatings prepared from 30-40% N2 plasma discharge 

gas had approximately 2X more platelets adhered compared to the PTFE control. It was concluded 

that the sp2 and sp3 content within the film as well as the %N2 plasma discharge gas value used 

during the coating deposition may play a role in the hemocompatibility properties of the a-C:N 

coating. 

2.2. Protein Adsorption at Biomaterial Interface 

The adsorption of proteins at the interface has been a very active field for many years. 

Despite the advances in the research over the years, the exact process/mechanism is still not 

completely understood, especially when it comes to blood-surface interactions and 

hemocompatibility. In general, proteins-surface interactions have a two-step process outlined in 

Equation 2.1: 

𝑃 + 𝑆 ⇌  𝑃𝑆(𝑎𝑑𝑠)
𝑟𝑒𝑎𝑟𝑟𝑎𝑛𝑔𝑚𝑒𝑛𝑡
→           𝑃′𝑆(𝑎𝑑𝑠)   (2.1) 

where the protein (P) interacts with the surface (S). This interaction is very fast and spontaneous. 

The second reaction involves a protein “relaxation” event where it undergoes a conformational 

rearrangement and will spread itself onto the interface. At this point, the adsorbed protein forms a 

very strong binding complex with the surface (P′S), and it is essentially irreversible. 
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Protein adsorption is for the most part an entropy driven process at the surface interface, 

with the main contributions coming from a combination of electrostatic, dispersion and 

hydrophobic forces.56, 116-117 Electrostatic forces will occur between positive and/or negative 

charged amino acid side-chains on the surface of the protein with oppositely charged surface 

charges. They are most effective within the so-called Debye length which is dependent on the ionic 

strength of solution (ex. 3 nm in a 10mM ionic strength solution). Dispersion forces are the weakest 

intermolecular force, and although they are present in protein surface interactions, their overall 

contribution is small. 

The hydration or water layer plays a significant role for hydrophobic interactions between 

the protein and surface. A water layer will exist on both the protein surface and the interface, and 

the hydrophilic/hydrophobic character will influence the strength of this hydration layer. For 

example, if both the protein and surface are polar, it is likely that some water molecules will remain 

in contact after adsorption (lower entropy gain). In the other hand, protein adsorption is highly 

favored when both the protein and surface are hydrophobic due to the removal of the adjacent 

water layer (high gain in entropy). Given that the Gibbs energy of dehydration of one alkyl group 

is approximately the same as the Gibbs energy of adsorption of one monovalent ion at the surface, 

the hydrophobic interaction will override electrostatic energy barrier and protein adsorption may 

occur.56 

The interior of a protein contains ordered secondary structures (α-helix, β-sheet) linked 

though extended hydron bonding from the more hydrophobic amino acid side chains, whereas the 

surface of the protein may contain more hydrophilic amino acid side chains. After the initial 

contact on the surface, the protein may undergo a structural rearrangement protein that effectively 

shields a portion of the protein surface from the aqueous solution and exposes hydrophobic 

portions near the protein surface without complete unfolding and exposing the hydrophobic 

residues from interior of the protein. In the event that that structural rearrangement causes changes 

that reduce or destabilize the interior secondary structure of the protein which results in hydrogen 

bonding with the surface, this would imply a higher conformational energy and would favor 

adsorption.56 

In general, interfaces cannot easily resist protein adsorption. For a hydrophobic surface, 

the adsorption of any type of protein is very likely due to the loss of a water layer at the interface 

which outweighs the contributions form electrostatic repulsion. Conversely, hydrophilic surfaces 
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may facilitate protein adsorption by electrostatic interactions and/or protein structural changes.56 

Other factors that drive protein adsorption at an interface can be summarized into the following 

categories: (1) Protein properties (size, shape, surface charge, aggregation, etc.); (2) surface 

properties (topography, tomography, surface charge, surface composition, etc.); (3) environmental 

factors (solution composition, pH, temperature, ionic conductivity, salt composition, etc.). 

 The Role of Protein Properties 

Proteins are complex polymers composed of a polyamide backbone and a combination of 

20 different amino acid side chains. These side chains are a combination of cationic, anionic, and 

uncharged groups. Depending on the sequence of amino acids, the polypeptide forms a secondary 

structure (α-helix, β-sheets, β-turns, etc.) which are arranged to form the tertiary structure of the 

protein. Some proteins may contain multiple domains (individual units composed of a tertiary 

structure) and this is referred to as its quaternary structure. 

For proteins in aqueous media such as plasma serum, proteins are folded such that the 

hydrophobic side chains are found in the interior of the protein, shielding these apolar moieties 

from water. The surface of the proteins will contain the cationic and anionic side chains to interact 

with the aqueous media. These surface charges located on the protein surface can electrostatically 

interact with opposite charges located at the surface interface. 

The protein size and its shape contribute to its adsorption behaviour. Proteins have been 

defined as to being “hard” or “soft” structures.58 A “hard” protein has a strong internal cohesion 

that would permit limited structural changes upon surface adsorption, whereas a “soft” protein has 

weaker internal cohesion that makes it more structurally labile and open towards surface-induced 

structural changes. For example, lysozyme (MW 14 kDa) is a small protein which appears to have 

a prolate ellipsoid shape, is generally considered a “hard” protein due to its structural rigidity upon 

surface adsorption. Intermediately sized proteins, such as those found in blood plasma, generally 

have the structural flexibility that would allow surface-induced structural changes. In addition, the 

function of the protein may also provide insight into its adsorption behaviour. For example, 

lipoproteins would be attracted to hydrophobic surfaces and adsorb quite favorably onto the 

surface, whereas glycoprotein adsorption onto a hydrophobic surface would be inhibited due to 

the presence of hydrophilic glycans. 
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 Role of Surface Properties 

The protein-surface interaction will be influenced by the surface properties of the 

biomaterial. There are many surface parameters including the wettability, surface energy, chemical 

composition, charge, polarity, and morphology.117-118 In general, the affinity of proteins towards 

hydrophobic surfaces (surfaces that do not have an extended water layer) is much larger compared 

to hydrophilic surfaces (surfaces that can promote water binding through hydrogen bonding). This 

trend was confirmed by observing higher protein adsorption onto hydrophobic portions of a 

hydrophobic gradient surface.119 The surface composition at the interface will also contribute to 

the wettability property of the surface. It is generally known that surface oxides will exist on 

metallic surfaces under normal conditions. Oxygen functional groups or other types of functional 

groups (depending on the material) are generally present at the surface. The presence of surface 

hydroxyl groups can promote hydrogen binding with water and improve the hydrophilic properties 

of a surface. Similarly, carboxyl or amino functional groups can contribute to the surface charge 

depending on the solution pH. 

The effect of nanoscale surface topographical features has been recognized to play an effect 

over micron scale surface topography.120-121 Rechendorff et al. used quartz crystal microbalance 

measurements to study Fib and HSA adsorption onto Ta thin films with varying surface roughness 

in the 2-33 nm range. They found that Fib adsorption increased as much as 70% with the increase 

in surface roughness and was much larger than the increase in surface area (20%). In contrast, the 

bovine serum albumin (BSA) adsorption increased proportional to the increase in surface area. 

Lord et al. measured Fib and fibronectin adsorption onto substrates treated with different sizes of 

colloidal silica and variable surface roughness.122 There was no significant difference in Fib and 

fibronectin adsorption onto the different colloidal silica samples. However, they did find that the 

colloidal silica treated surfaces reduced endothelial cell attachment, suggesting a conformational 

change of the fibronectin layer and burying the arginine-glycine-aspartic acid (RDG) tag within 

the protein film. 

Protein adsorption and cell adhesion has been improved for some biomaterials by using 

nanopatterning techniques.123-124 Sommerfeld et al. created periodic ripples on Si and TiO2 

surfaces by Xe ion irradiation.125 Fib was found to adsorb onto the surfaces (untreated and 

irradiated) in a globular form, with no aggregation or extended protein networks observed. The 

addition of ripples with varying periodicity showed changes in Fib adsorption behavior, where 
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nanopatterned TiO2 surfaces with periodicity (<50 nm) showed no apparent Fib adsorption. Protein 

adsorption has also been studied on a-C:H surfaces that were nanopatterned using focused ion 

beam milling, and nanoindentation.123 The a-C:H surfaces had similar nanoscale topography, but 

different local composition. In general, both Fib and BSA adsorbed differently onto a-C:H, with 

Fib adsorbing in a rougher and denser layer. BSA-coated AFM tips were used to measure local 

binding adhesion and found that the focused ion beam nanopatterns showed a significantly larger 

adhesion force compared to unpatterned surfaces. 

 Environmental Roles 

The major environmental parameters that can influence protein adsorption include 

temperature, pH, ionic composition, and salt concentration. It is obvious that using standard 

physiological buffers such as phosphate-buffered saline (PBS) at a constant pH and temperature 

can minimize the influence of environmental parameters towards protein adsorption. Temperature 

will influence the adsorption rates of a protein as an increase in temperature will increase kinetic 

rates. Elevated temperatures will also increase the diffusivity of proteins in solution (diffusion 

coefficients are proportional to temperature). The pH of the solution will determine the protein’s 

electrostatic state. The amino acid side chains on the surface of protein will contribute to the 

protein’s overall positive/negative charge at a given pH. The isoelectric point (pI) is the pH at 

which the protein has net neutral charge (number of positive charges equals number of negative 

charges). In addition, the electrostatic repulsion between protein-protein interactions are 

minimized at the pI. This can allow increased packing densities at the surface. Adsorption rates 

are increased with the protein and surface when there is an electrostatic attraction between the 

protein and surface. The ionic strength of the buffer solution and it plays a significant role in the 

double layer present at surfaces (both proteins and surface). The Debye length is characteristic of 

the double layer thickness and increasing the number of ions in solution will compress the double 

layer and increase the electrical potential gradient. The salt concentration and type of salts present 

in a buffer solution will also influence protein adsorption. It is well known in biochemical methods 

that increasing the concentration of kosmotropic (strongly hydrated) ions can accelerate protein 

precipitation (SO4
2-, Ca2+, Mg2+, etc.), whereas other chaotropic (weakly hydrated) ions will 

decelerate protein precipitation (ClO4
-, NH4

+, etc.). 
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 Transient Adsorption Model 

The affinity of single protein adsorption has been generally been presented as adsorption 

isotherms, where a protein adsorbed vs. protein concentration is plotted, yielding an “apparent” 

protein adsorption affinity. Protein adsorption isotherms tend to show a “high affinity” type in 

which a steep initial rise in adsorption is observed and a strong resistance to desorption is observed. 

It would be assumed that the isotherm would not follow the Langmuir type isotherm because this 

model assumes a fully reversible reaction, no lateral interactions, and the surface attachment is 

site-determined. However, in some cases such as globular albumin proteins show defined 

saturation points indicating a closed packed monolayer of protein which suggests a Langmuir type 

isotherm. In order to account for these types of interactions, it is important to note that the evolution 

of the protein’s final state on the surface depends on some preceding events. 

There have been different models developed for the kinetics and dynamics of protein 

adsorption and have been summarized by Norde et al.56 The common theme for the different 

models has been accounting for the generally observed partial irreversibility of the protein 

adsorption process and/or deceleration of adsorption with increasing coverage of the surface.56 The 

most successful (and least popular) description of protein adsorption has been the random 

sequential adsorption model, or slight modifications of it.126 

Protein adsorption at the interface appears to be an overall irreversible reaction over longer 

time scales, but the evolution of the adsorbed protein’s final state depends on some preceding 

events. This was investigated by the Norde research group and outlined in Figure 2.1.58, 127 In 

general, a dynamic equilibrium will be established between the proteins in its native state (PN) in 

both solution and adsorbed at the surface. This equilibrium was observed for Fib adsorption onto 

polymer surfaces where different desorption rates were observed suggesting three populations of 

a non-exchanging, fast exchanging, and slow exchanging processes occurring simultaneously.128-

129 Single molecule fluorescence spectroscopy measurements for BSA adsorption onto fused silica 

revealed that the majority of BSA did not adsorb onto the surface, and desorb within minutes.130 

However, a small fraction (<1%) of BSA adsorbed quite strongly over time, indicating some type 

of protein solution heterogeneity. 
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Figure 2.1. Schematic of protein adsorption that may occur at various stages. Native protein (PN) adsorb 

onto the surface. If given enough time (τr1), the adsorbed protein may structurally relax. This relaxed protein 

intermediate (PRI) may desorb and set up an equilibrium with solution interface. If the adsorbed PRI is given 

enough time, it may structurally relax to the protein’s final relaxed state (PS). 

The overall time needed to fill the protein layer, τf, will be controlled by the flux of proteins 

that arrive at the surface and are able to deposit. This τf is inversely proportional to the protein 

concentration and linearly proportional to the resistance for a protein to reach the surface. If given 

enough time and enough space, the PN can structurally perturb to a relaxed intermediate (PRI). The 

time needed for a protein to convert into its relaxed form, τr1, will be dependent on a protein’s 

resistance against deformation – the so-called hard and soft proteins. This value is also highly 

dependent by the interfacial tension where surfaces having higher interfacial surface tension 

(hydrophobic surfaces) has a higher tendency to spread. 

The PRI also has a potential for the altered protein to desorb back into solution setting up a 

dynamic equilibrium. Circular dichroism and differential scanning calorimetry measurements 

found that BSA released from a hydrophobic polystyrene surface showed an increase in β-sheet 

structure at the expense of α-helix.131 This new structure was found to be more stable than the PN, 

and even more pronounced when pre-adsorbed BSA had undergone more spreading at the surface. 

Similar results were found for BSA on a hydrophobic PTFE surface.127 On the other hand, it was 

found that although BSA had a secondary structure changes upon binding to a hydrophilic silica 

surface, the BSA reverted back to its native secondary structure when exchanged in solution.131 In 

addition, lysozyme tends to regain its native secondary structure regardless of the surface 

hydrophobicity.127 

Figure 2.1 shows that the average protein surface area will linearly increase as τf 

progresses. The protein film will initially resemble PN at low τf. The biological activity of the 

protein film will be higher when more PN proteins are adsorbed and may be achieved by increasing 
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the solution concentration of PN. As τf progresses, the surface heterogeneity will be a mixture of 

PN and PRI/PS. This portion of the interaction is often referred to as the surface jamming, and it 

eventually plateaus as the fully spread final state (PS) is achieved and the major population on the 

surface. Proteins arriving late to the pre-adsorbed protein layer may still deposit in interstitial sites 

which may be still open due to pre-adsorbed protein in their PS conformation. These late arriving 

proteins may have the highest biological activity.56 

 Multi-protein Adsorption 

Biomaterials will encounter multi-protein adsorption upon exposure to biological fluids. 

For instance, blood has been estimated to contain hundreds of proteins, lipoproteins, lipids, ions, 

and other species. For a given protein layer that adsorbs to the biomaterial surface, the exact 

composition of proteins on a given surface is still not exactly known, though partial profiles have 

been compiled using mass spectrometry and gel electrophoresis methods.132-134 It is generally 

believed that limiting the amount of proteins involved in the thrombus cascade (Fib, fibronectin, 

vitronectin, and von Willebrand factor) will reduce platelet adhesion and improve 

hemocompatibility of the biomaterial. 

One early feature that was observed from analyzing the multi-protein adsorption from 

blood onto a surface was that initial protein adsorption was dominated by higher mobility proteins. 

These proteins may be of higher concentration in serum but have a lower affinity towards the 

surface. After a given amount of time, these lower affinity proteins are replaced by larger, less 

mobile proteins that have low concentration in serum, but have a higher affinity towards the 

surface. This is known as the Vroman effect, and it was first observed when adsorbed Fib was 

replaced by the larger plasminogen protein.6 This transient adsorption phenomena was found to be 

diffusion limited, and it was also observed that pre-adsorbed Fib was found to have dissociation 

rates that were considerably slower compared to Fib that was adsorbed in situ during blood plasma 

exposure.135  

More recently, it was suggested that an initial protein layer may interact with a second 

protein layer that forms and/or embeds onto the initial protein layer.136 This interaction may 

involve several proteins that form a complex or multiprotein aggregate with the initial protein 

layer, causing it to structurally turn. This subsequently exposes the initial protein layer to the 

solution phase, resulting in protein desorption from the surface. 
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2.3. Protein Layer Mediates Cell Adhesion 

The initial adsorbed protein layer plays a significant role in cell adhesion. After the protein 

layer has been established, it then directs the subsequent cellular response, particularly platelet 

adhesion and activation in blood.137-138 It is believed that some proteins within the adsorbed protein 

layer are unfavorable due to their involvement in the thrombus cycle. These proteins, commonly 

referred to as the “adhesion” proteins include Fib, fibronectin, vitronectin, and von Willebrand’s 

factor. These proteins which contain the specific RGD amino acid sequence are specifically bound 

by integrin receptors on the surface of cells. These sequences are eventually exposed on the 

adsorbed protein film’s surface allowing platelets and other cells containing integrin receptors 

contact points to bind to a surface. 

Fib adsorption to the biomaterial surface is the typical protein used to assess the 

hemocompatible properties of a biomaterial surface. Since Fib helps mediate platelet adhesion, it 

would be logical to assume that platelet adhesion and the amount of Fib adsorbed on surface would 

be well correlated. However, it was recently found that there was a strong correlation with platelet 

adhesion and the conformational change in adsorbed Fib.139 In the same study, they found 

essentially no correlation with the amount of surface adsorbed Fib and platelet adhesion. In another 

study, Zhang et al. found that Fib bound to both hydrophilic and hydrophobic polymeric 

surfaces.140 However, the hydrophobic surfaces were found to induce Fib to form fibers, and these 

fibers were found to induce platelet adhesion and possible aggregation in isolated areas. In the 

absence of Fib fibers, the platelets would bind uniformly across the surface. It was also reported 

that platelets adsorb to a HSA protein layer, but only under special circumstances.141-142 The 

interaction was found to occur only when the adsorbed HSA had lost at least 34% of its α-helix 

structure, and when HSA concentrations were less than 10 mg mL-1. This is well below in vivo 

concentrations. 

An opposite research strategy has been to promote cellular interactions with the biomaterial 

surface, as it is known that the vascular endothelium is the only known surface that is truly blood 

compatible. The endothelium consists of an integrated layer of endothelium cells that are attached 

to a membrane. The properties of these cells provide the function of this layer, which includes 

regulation of inflammation, thrombosis and fibrinolysis. Therefore, enhancing the growth and 

migration of an endothelial layer onto a vascular graft for example could extend its patency rate. 
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2.4. Protein/Amorphous Carbon Interactions 

The first investigations into protein adsorption from blood plasma was first investigated on 

LTIC.134, 143-146 Interestingly, LTIC has properties that are opposite of commonly accepted blood 

compatibility properties. LTIC has a hydrophobic surface, it is hard (high modulus) and has a 

relatively high surface energy. It is also electrically conductive, and it has a positive resting 

potential (vs NHE). Feng et al. proposed that its biocompatible properties was due to an inactive 

adsorbed protein layer. 

The plasma protein adsorption was studied from LTIC properties. For example, the 

changes in the double-layer capacitance for the LTIC found that proteins adsorbed on more 

negatively charged surface at near neutral or acidic solution, independent of the charge on the 

proteins for a given pH, and variation of the ionic strength did not alter this trend.144 They observed 

that the electrostatic interaction between the protein and surface was not a major significant force 

in the protein-LTIC interaction, but rather hypothesized that the hydrophobic interactions played 

a more critical role and considered it an importance to consider the competitive competition of 

proteins and water for surface sites. 

Radioactively labelling both HSA and Fib was done to study the protein adsorption onto 

LTIC.145 The HSA and Fib adsorption saturated to approximately 5.8 mg m-2 and 23 mg m-2 surface 

concentrations, respectively. They also found that a pre-adsorbed HSA layer on the LTIC 

supressed both HSA and Fib adsorption by 77% and 23%, respectively after 60 min post-

adsorption. However, a more compact layer of HSA using a higher protein concentration was able 

to reduce the Fib binding by 80%, likely due to fewer voids in the HSA protein layer. A comparison 

of single protein adsorption versus diluted plasma also found that competitive protein adsorption 

takes place, and the HSA surface concentration reduced by approximately 55%. Since HSA 

accounts for approximately 50% of the total mass of plasma proteins, it suggests that there is no 

preferential adsorption on LTIC. The Fib surface concentration reduced by approximately 35% 

from single protein to diluted plasma adsorption, which was still rather significant given that Fib 

constitutes about 3% of total plasma proteins. It was suggested that the Fib may adsorb onto the 

HSA layer rather than LTIC surface. Using a constant binary mixture of HSA and Fib, proportional 

amounts of proteins on the surface were found, suggesting the absence of preferential adsorption 

on LTIC. The reversibility of the protein adsorption was also completed in this study. They found 

that there was very little protein eluted off the surface and less than 10% of the adsorbed protein 
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film (HSA, Fib, or diluted plasma) eluted off the LTIC surface. It was found that less than 2 

minutes was enough to stabilize the adsorbed protein. On the other hand, post-adsorbed proteins 

needed much more time to strengthen their adsorption to a protein surface or finding small voids 

in the initial protein film. 

The adsorption of HSA and Fib onto a-C coatings was investigated with spectroscopic 

ellipsometry and atomic force microscopy (AFM) techniques.147-150 A series of a-C and a-C:H 

coatings were prepared with floating and negative biased magnetron sputtering. The spectroscopic 

ellipsometry measurements of the a-C coatings were determined and differences between the 

ellipsometry spectra for adsorbed HSA and Fib contained information regarding the amount and 

density of the adsorbed protein layers. Based on these differences, an HSA/Fib ratio was generated 

and the hemocompatible properties were concluded from this ratio. The highest HSA/Fib ratio was 

found on coatings prepared under floating bias conditions, which also produced rougher protein 

surface layers as measured by AFM. It was also observed that the protein layer thickness for both 

HSA and Fib showed variations in the protein layer thickness, though samples were incubated for 

a period, rinsed and dried with N2. The authors did not comment on any affects this may have 

played with the protein layer measurements. 

Ellipsometry measurements were also used to investigate HSA and plasma adsorption onto 

different types of a-C and a-C:N coatings prepared from magnetron sputtering.151-152 These films 

included a-C, a-C:N, FL-CNx, and graphitic carbon nitride coatings. The ellipsometry 

measurements showed different surface concentrations and thickness of the adsorbed HSA film 

for the different films. The lower surface mass density was correlated with samples that had larger 

surface roughness values. However, radioactive labelled HSA measurements done on the same 

samples found that the surface coverage of adsorbed HSA were very similar. The elutability of the 

adsorbed HSA layer was also very low for all samples, with approximately 60-80% of the original 

HSA remaining on the surface.  

The hemocompatibility suitability of boron carbonitride films were investigated using 

different amounts of nitrogen in the films and compared to a-C:H films and stainless steel.32 The 

incorporation of nitrogen into the boron carbon coatings increased the crystallinity of the films. 

The boron carbonitride films showed a decrease in HSA and Fib adsorption compared to a stainless 

steel reference, as well as a-C:H films, but Fib preferentially adsorbed to all surfaces compared to 

HSA. This study did not demonstrate that the HSA and Fib adsorption was independent of surface 
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energy of the films. It was also determined that the higher Fib:HSA ratio resulted in a higher blood 

platelet adherence compared to stainless steel. However, it seems as though a higher amount of 

adsorbed Fib did not necessarily correlate with a higher blood platelet adherence. 

Kwok et al.41 investigated the hemocompatibility properties of hydrogen free a-C coatings 

prepared by different N2/Ar plasma discharge gas ratios. This study showed that nitrogen 

incorporation improved the hemocompatibility properties of the coating compared to LTIC, but 

excess nitrogen within the coating degraded the blood compatibility. The interfacial energies for 

adsorbed HSA and Fib films were lower for coatings that showed less platelet activation. In 

addition, the ratio of the polar and dispersive components of surface tension was also lower for the 

samples showing better hemocompatibility. It was suggested that protein adhesion was strong 

when both the polar and dispersive components of surface adhesion showed similar contributions. 

The polar to dispersion component ratio for Fib was approximately 5-7 times lower compared to 

the values for HSA, suggesting Fib has much stronger surface adhesion compared to HSA. 

2.5. Initial Surface/Protein Interactions Measured by SPR 

SPR has been a technique used to study protein interactions with different surface 

chemistries prepared from self-assembled monolayers.153-155 SPR uses a Au sensor surface and 

alkylthiolates containing different functional end groups (-CH3, -NH2, -COOH, -OH, etc.) provide 

a means to study the surface chemistry effects on protein adsorption. The different functional end 

groups could be correlated with the surface wettability (ie. interfacial surface energy). In general, 

large proteins such as Fib and γ-globulins were not selective and adsorbed to surfaces with 

different surface energies. Small proteins such as RNAse and lysozyme showed selectivity. BSA 

showed sensitivity towards the different surface chemistries that was intermediate between the 

large proteins and the small proteins. The adsorbed protein surfaces were kinetically stable, and it 

was observed than within 1 hour, less that 5% of protein desorbed from the surface. The wettability 

of the surfaces appeared to have no influence over the stability of the films once they were formed. 

However, the addition of sodium dodecyl sulfate (SDS) in concentrations above its critical micelle 

concentration (1mM) was effective in desorbing the majority (>90%) within a 1 min exposure. 

Carbon based films have been successfully deposited onto metal films. For instance, a-C 

films were deposited onto Au films, hydrogen plasma annealed, and chemically modified to 

successfully immobilize nucleotides for DNA array technology.156 The thickness of the a-C film 

was found to play a role in the SPR surface sensitivity, where increasing a-C film thickness 
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broadens the SPR curve as well as decreases in the photon-plasmon coupling efficiency play a 

role. 

Home-built SPR instruments have also been used to report different types and 

compositions of a-C coatings on Au substrates.157-158 The a-C:H coatings were prepared on Au-

substrates using rf-sputtering of a graphite target. The reflectance at different angles using a 635 

nm laser diode, and the reflectivity minimum shifted to higher incidence angles, indicating protein 

adsorption. One major issue with using a coherent light source is the production of localized 

electromagnetic field enhancement “hot spots” on the SPR active Au film that may occur if Au 

nanoparticles of certain size and shape may be present during Au film formation.159 In addition, 

the home-built SPR system was limited to measuring changes in the SPR angle shifts upon HSA, 

Fib, and lysozyme adsorption, and only positive/negative (yes/no) signal confirmation was 

obtained for protein adsorption on the different a-C surfaces. 

Commercially available SPR instruments offer an advantage for the following reasons: (1) 

SPR sensor chips are manufactured of high quality and consistency (2) the liquid delivery systems 

are generally micro-fluidics with high specifications regarding the rise-time and fall time during a 

liquid injection and (3) data acquisition is high quality. An SPR instrument manufactured by 

Biacore (Uppsala, Sweden) was used to measure the adsorption of blood plasma proteins onto a 

Au sensor chip coated with a “nanocrystalline diamond” surface.160 However, the Raman spectrum 

indicated an a-C like film structure. The preliminary results showed that a small amount of protein 

plasma adsorbed to the a-C coating (<100RU) and there was no noticeable adsorption difference 

compared to the bare Au sensor surface. However, an injection of anti-Fib was followed up after 

the plasma protein adsorption and there was a smaller response on the a-C compared to the Au 

surface. This indicated that the Fib adsorption on the a-C coating was less compared to the bare 

Au. These results demonstrated that commercial SPR instrument were useful for protein adsorption 

measurements on different surfaces. 

Commercial SPR instruments have been used to study the adsorption kinetics of amino 

acid interactions with molecularly imprinted polymer films.161 Quantitative kinetic values were 

extracted from the resulting sensorgrams by fitting the data to a 1:1 Langmuir binding model, 

where biomolecule (P) binds to single and independent site (S): 

𝑃 + 𝑆 ⇄  𝑃𝑆      (2.2) 
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The net rate expression can be expressed by Equation 2.3: 

 
𝑑[𝑃𝑆]

𝑑𝑡
= 𝑘𝑎[𝑃][𝑆] − 𝑘𝑑[𝑃𝑆]     (2.3) 

where ka is the association rate, kd is the dissociation rate, and [P], [S], and [PS] are the 

concentrations of the biomolecule, surface binding site, and biomolecule-surface complex, 

respectively. The integrated forms of the association and dissociation equations can be expressed 

by the forms of Equation 2.4 and Equation 2.5, respectively: 

𝑅 =
[𝑃]𝑘𝑎𝑅𝑚𝑎𝑥[1−𝑒

−([𝑃]𝑘𝑎+𝑘𝑑)𝑡]

[𝑃]𝑘𝑎+𝑘𝑑
    (2.4) 

𝑅 = 𝑅𝑚𝑎𝑥𝑒
−𝑘𝑑(𝑡−𝑡𝑜)     (2.5) 

where R is the surface uptake response, and Rmax is the maximum equilibrium capacity. However, 

the curve fitting to this model showed high Chi2 or goodness-to-fit (χ2) values. The sensorgram 

data was further modelled using a dual-site Langmuir model that offered 2 binding sites on the 

surface. This dual-site Langmuir model allows for 2 independent binding sites on the surface, and 

the sensorgram data showed lower χ2 values, suggesting a better fit using this model. However, it 

has been advisable from SPR application scientists to resist the urge to incorporate more 

complicated kinetic models for specific biomolecular interactions, unless of course it is known for 

the interaction under study. 

Other protein interaction assays have studied HSA and Fib interactions to various metal 

oxide nanoparticles that were directly immobilized onto commercial sensor chips.162 The Proteon 

XPR36 instrument (Biorad Laboratories Ltd) had a 6 x 6 independent flow channels that could be 

run in the vertical or horizontal position. The metal nanoparticles were immobilized in the vertical 

direction. The sensor chip was then rotated 90° and 6 concentrations of Fib or HSA could be 

flowed across the sensor surfaces, resulting in 36 sensorgrams in a single pass. The Fib-metal 

nanoparticle interactions fit well to a 1:1 Langmuir model where ka and kd values were 

approximately 104-106 M-1 s-1 and 10-4 s-1, respectively. The HSA-nanoparticle interaction was 

found not to fit as well to the 1:1 Langmuir model, and it was fit to a conformational change model 

because it was previously found that some of the metal oxide NPs induced conformational changes 

to HSA.163 The ka and kd values for HSA interactions with the metal nanoparticles were in general 

a magnitude lower compared to the Fib values. 
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Both graphene and graphene oxide layers have been found to enhance the SPR signal when 

added to the metal sensor surface.164-166 The addition of graphene oxide/Au composite was flowed 

onto a Au film in PBS. It was found that the wavelength shifts in the detected light were much 

more sensitive to protein binding. The graphene oxide/Au nanocomposite was modified with 

staphylococcal protein A, and its detection of different immunoglobulins was lowered by 

approximately 16-fold with the addition of the graphene oxide/Au compositite.166 In a separate 

study, it was found that a single layer of graphene oxide or reduced graphene oxide enhanced the 

SPR signal, but the addition of multiple layers reduced the SPR signal.164 The deposition of single 

layer graphene via chemical vapor deposition showed an enhancement of the SPR signal.165 In 

addition, non-covalent functionalization using molecules with an extended π-system (ex. Pyrene 

and its derivatives) were used to preserve the unique properties of graphene. The use of pyrene-

NTA layer was further stabilized by electropolymerization of the pyrene groups. The resulting 

layer improved the SPR sensor response by approximately 80%. The limit of detection for anti-

cholera toxin antigen detection was approximately 4 pg mL-1. 

Nanoplasmonic sensing has been recently used to study the protein adsorption of BSA and 

bovine Fib onto a-C prepared surfaces.167 These measurements were conducted on a commercially 

available XNano instrument (Insplorion, Sweden). The sensor chips use very small Au nanodisks 

(~ 50 nm) which incorporates localized surface plasmon resonance due to the incident light 

wavelength interacting with much smaller metal nanoparticles of specific sizes and shapes. 

Interestingly, the surface coverage of Au nanodisks is only approximately 8% of the glass sensor 

surface. There were no kinetic adsorption measurements from this study, but they were able to 

estimate surface concentrations of 3.8 mg m-2 for bovine Fib on both a-C and a-C:H surfaces. The 

BSA surface coverage for BSA was 2.6 mg m-2 and 2.1 mg m-2 for the a-C and a-C:H coatings, 

respectively. The differences in the BSA surface coverages was due to the differing wettability 

property of the coatings, where the a-C coating showed more hydrophilic surface from contact 

angle measurements.  
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CHAPTER 3 - MATERIALS AND METHODS 

3.1. Amorphous Carbon Film Preparation 

 Metal-Containing FL-CNx Films 

The FL-CNx films were prepared by Dr. M. Foursa using a home built hot-wire plasma 

assisted deposition chamber described previously.114 Briefly, a W wire (0.3 mm) glowing white-

hot (1950-2100 K) was biased to -40 V as a cathode emitting electrons. Specific mixtures of Ar 

and N2 gases using a total gas flow rate of 25 sccm and a working pressure of 50 mTorr was used 

as the discharge gas. A graphite target (2.5 cm x 2.5 cm x 1 cm) biased to -250 V was used as the 

carbon source in the sputtering process. 

The FL-CNx films were deposited onto commercially available 60 µm skived PTFE 

substrate (CHEMFILM®, Saint Gobain, USA). The nitrogen content in the FL-CNx films were 

varied by adjusting the N2 flow rate using mass flow controllers in the range of 0-20% N2 of the 

total gas flow rate. The substrate bias was -40 V, and the sample deposition time was 2 hr. The 

substrate temperature was approximately 195 °C ±15 °C during plasma deposition and measured 

by a thermocouple located on the underside of the substrate holder. 

The FL-CNx sample notation is summarized in Table 3.1 for the FL-CNx films are 

described by the %N2 partial flow rate used during film deposition, and it does not necessarily 

reflect or relate to the amount of nitrogen incorporated in the FL-CNx film. 

Table 3.1. Sample notation for FL-CNx samples prepared by hot filament graphite sputtering plasma 

deposition. 

Sample FL-CNx-00 FL-CNx-03 FL-CNx-06 FL-CNx-10 FL-CNx-20 FL-CNx-30 

N2 Flow Rate 

(sccm) 
0 0.75 1.5 2.5 5.0 7.5 

Ar Flow Rate 

(sccm) 
25 24.25 23.5 22.5 20 17.5 

%N2 0 3 6 10 20 30 

 

3.1.1.1. FL-CNx Coated SPR Sensor Chips 

FL-CNx films were deposited onto commercially available SPR Au sensor chips (SIA kit 

Au, Biacore Inc., Pitascaway, NJ). Prior to FL-CNx film deposition, the Au surfaces were cleaned 

in a piranha solution (3:1 H2SO4:H2O2 (v/v)) for 10 min, rinsed with ultra-pure water, and 
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sonicated in ethanol. The nitrogen content in the FL-CNx film was varied by adjusting the N2 flow 

rate to 0-30% N2 of the total gas flow rate. The substrate bias was set at -40 V, and the sample 

deposition time was adjusted between 2-5 min in order to achieve similar film thickness according 

to the deposition rates determined previously.114 The substrate temperature was 195 °C ±15 °C. 

 Metal-Free a-C:N Film Apparatus 

Metal free a-C:N films were prepared using a home built hot-wire plasma assisted 

deposition chamber shown in Figure 3.1. The chamber was constructed from pyrex, and the 

dimensions were minimized to a 2” diameter to minimize the volume inside the chamber (faster 

evacuation). The endcaps were also made of pyrex and they were connected to the main T-chamber 

by an o-ring flange. Each endcap had 2 glass compression feedthroughs. No grease was used on 

the o-rings. The metal parts inside the chamber were all composed of W, Ta, or Mo – metals with 

high melting temperatures and commonly used in vacuum chambers. When possible, the metal 

components were covered with ceramic tubes to minimize their exposure. 

The substrate holder was made of MACOR®, a machinable glass ceramic that is stable up 

to 800 °C and is a good electrical and thermal insulator. The electrical contact to the substrate was 

achieved by a small Ta clip (only exposed metal component in the system). A MACOR® shield 

was also placed on the backside of the graphite target which helped focus the plasma towards the 

substrate. Gas mixtures were premixed (ratios determined by partial pressures) in a 20L air tank, 

and gas flow was maintained by a needle valve. The W filament (10 cm, 0.3 mm diameter) was 

spot welded onto W rods that were also shielded. The W filament was operated at 90o to the target, 

and it was operated at a red glow and used to pump additional electrons into the plasma. The W 

filament was far enough (3-6 cm) as to not to influence the temperature on the substrate. 
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Figure 3.1. (a) Basic design of metal-free deposition chamber. (b) Basic set-up of DC plasma deposition 

chamber with graphite target. 

3.1.2.1. a-C:N Film Deposition 

The a-C:N films were deposited onto commercially available SPR Au-coated sensor chips 

(BioRad, Hercules, CA) and Au-coated Si wafer (Platypus Technologies, Madison, WI) for film 

characterization methods. Prior to a-C:N film deposition, the Au surfaces were cleaned using a 

previously published method to remove organic materials.168-170 Briefly, Au substrates were placed 

in a 0.5 M NaBH4 50% ethanolic solution for 5-10 min, rinsed with Millipore water, and followed 

up with ozone for 5-10min. Au substrates were then stored in a dust free environment until use. 

The a-C:N films were prepared on the SPR Au coated sensor chip using the deposition 

apparatus described in Figure 3.1. The substrate was biased to -40V, and a working pressure of 

900 mTorr in the pre-mixture of Ar and N2 plasma discharge gas. The nitrogen content in the a-

C:N films were varied by premixing N2 and Ar in a manifold which corresponded to 0-30% N2 of 

the total gas flow rate. A graphite target (2.5 cm x 2.5 cm x 0.125 cm) biased to -420 V was used 

as the carbon source in the sputtering process. The sample deposition time was approximately 3-4 

min for SPR sensor chips, and 30-40 min for Au-coated Si wafers. 

The sample notation summarized in Table 3.2 for the a-C:N films are described by the %N2 

partial pressure prepared by pre-mixing the N2 and Ar gases in the storage manifold. The %N2 

does not necessarily reflect or relate to the amount of nitrogen incorporated in the a-C:N film. 
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Table 3.2. Sample notation for a-C:N samples prepared in “metal-free” deposition chamber. 

Sample a-C:N-00 a-C:N-05 a-C:N-10 a-C:N-20 a-C:N-30 

N2 Partial Pressure 

(psi) 
0 5 10 20 30 

Ar Partial Pressure 

(psi) 
100 95 90 80 70 

%N2 0 5 10 20 30 

 

3.2. Characterization Methods 

 Atomic Force Microscopy 

AFM measurements were carried out on a Model 4500 AFM instrument (Agilent 

Technologies, Chandler, AZ) operating in intermittent contact mode. A conical silicon cantilever 

(Applied NanoScience, Tempe, AZ) with a force constant of approximately 40 N m-1, resonant 

frequency of approximately 190 kHz, and a with a curvature radius of <10 nm was used for AFM 

measurements. All measurements were taken with the ratio of the set-point oscillation amplitude 

to free air oscillation amplitude of 0.85, and resonant amplitude in the range of 6-10 V. In addition, 

all measurements were performed at ambient conditions with the instrument mounted in a vibration 

isolation system. The scan rate was 1.0-1.5 Hz (512 pixels per line) for all images. 

 Raman Spectroscopy and FTIR Spectroscopy 

Raman spectroscopy measurements were carried out on a Renishaw InVia Raman 

microscope using an Ar+ laser (Modulaser Spectra Physics, Model 812) operating at 514.5 nm, 

and an 1800 lines mm-1 grating. The microscope was focused onto the sample using a Leica 20X 

N PLAN objective (NA = 0.40) (FL-CNx samples on PTFE substrate) or Leica 100X NPLAN 

objective (NA = 0.85) (FL-CNx or a-C:N films on SPR sensor surface), and the backscattered 

Raman signals were collected with a Peltier cooled CCD detector. Spectra were captured in static 

mode, where the grating was centered at 1400 cm-1 and data points were collected in the range of 

1100-1700 cm-1. The laser was focused onto the sample using the linefocus confocal mode with a 

10 s detector exposure time. The laser power was 350 µW (20X objective), or 22 µW (100X 

objective) measured at the sample. The instrument’s calibration was verified using an internal Si 

(110) sample, which was measured at 520 cm-1. 

FTIR spectroscopy was performed on an IlumminatIR spectrometer (Smith’s Detection, 

MA) attached to a Renishaw Invia Reflex microscope (Renishaw Inc., Chicago, Il). Samples were 
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secured onto borosilicate slides and the IR beam was focused onto the sample using a 36X diamond 

attenuated total reflectance (ATR) objective (NA=∞; Smiths Detection, MA). Minor baseline 

correction and smoothing of the spectra were done with Grams32 V8.1 software. 

 Contact Angle Measurements 

Sessile contact angle measurements were done on a home-built apparatus by dropping 2-3 

µL of water onto the a-C:N or FL-CNx films. Optical pictures of the liquid drops were collected 

by a DynaPro 90X long working distance USB optical microscope, and angles were measured 

using the DinoCaputure V2.0 included with the microscope.  

 X-ray Photelectron Spectroscopy 

3.2.4.1. FL-CNx Films on PTFE Substrate 

XPS measurements were completed at Surface Science Western located at the University 

of Western Ontario. The samples were measured on a Kratos Axis Ultra XPS spectrometer using 

an AlKα source (1486.7 eV). Survey scan analyses were carried out with an analysis area of 300 x 

700 microns and a pass energy of 160 eV. High resolution and valence band analyses were carried 

out with an analysis area of 300 x 700 microns and a pass energy of 20 eV. Survey scans of the 

samples were taken again after a 1 min Ar+ beam sputter etch (4 keV, 15 mA). Data analysis was 

completed using CASA XPS software (V.2.3.16). 

3.2.4.2. a-C:N Films on Au Substrate 

a-C:N samples prepared on Au-coated Si substrates were measured at the Saskatchewan 

Structural Sciences Centre, University of Saskatchewan, using a Kratos Axis Supra-HP X-ray 

photoelectron spectrometer using an AlKα source (1486.7 eV). Survey scan analyses were carried 

out with an analysis area of 300 x 700 microns and a pass energy of 160 eV. Survey scans of the 

samples were taken again after a 30 s argon ion beam sputter etch (500 eV, 15 mA). High resolution 

measurements were carried out with an analysis area of 300 x 700 microns and a pass energy of 

20 eV. Ultraviolet Photoelectron Spectroscopy (UPS) measurements were carried out using a He(I) 

source (20.22 eV) using a 55 µm collimation and a 10 eV pass energy. Data analysis was completed 

using CASA XPS software (V.2.3.16). 
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 Micro-X-ray Fluorescence (µ-XRF) 

Single-acquisition and two dimensional µ-XRF images were collected using Beamline 

07B2-1 ‘Very Sensitive Elemental and Structural Probe Employing Radiation from a Synchrotron’ 

(VESPERS) located at the Canadian Light Source, Saskatoon, Canada.171 A polychromatic ‘pink 

beam’ (5-30 keV) was used as an excitation source and was focussed down in the microprobe setup 

to acquire step sizes of 5 µm x 5 µm in the horizontal and vertical directions. A single Vortex 

Silicon Drift Detector mounted 45o and 80 mm from sample collected the resulting fluorescence 

emission from the samples. The dwell time during image acquisition was 1-2 s. 

 X-ray Absorption Near-Edge Spectroscopy (XANES) 

XANES measurements for the C, N, O K-edge and Fe L1,L2-edge were collected at 

spherical grating monochromator (SGM) undulator beamline at the CLS, Saskatoon, Canada. The 

energy resolution (E/ΔE) is >5000 in the 250-1500 eV region. XANES were obtained using the 

total electron yield (TEY), which measures the sample current, and the X-ray fluorescence yield 

(FLY) using a channel plate detector. Both the TEY and FLY were obtained simultaneously, 

providing the electronic structures of the near-surface (few nm) and bulk (~100nm) respectively. 

All spectra are normalized to the incident photon flux, Io, by using an Au mesh. 

 Electron Spin Resonance (ESR) 

ESR measurements were acquired on a Bruker EMX ESR spectrometer equipped with an 

Oxford cryostat ESR900 operating at 4 K. The typical operating parameters were as follows: 

microwave frequency 9.388 GHz, microwave power 2.00 mW, centre field 3349.88 G, sweep 

widths of 6000.0 and 200.0 G, conversion time 163.84 ms, time constant 81.92 ms, sweep time 

167.77 s, modulation frequency 100 kHz, modulation amplitude 1.0 G, receiver gain 3.56 × 104. 

3.3. Protein Surface Interactions 

 Chemicals 

HSA and Fib were purchased from Sigma (Mississauga, ON), and used as received. All 

other chemicals were reagent grade and used as received. Stock solutions of proteins were made 

in PBS buffer (10mM Na2HPO4, 2mM NaH2PO4, 137mM NaCl, 2.7 mM KCl), pH=7.4, filtered 

with 0.1 M Anodisk filter (Whatman), and stored at -20 °C until use. Concentrations of stock 
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protein solutions were determined from absorbance measurements at 280 nm. Millipore water 

(18.2 MΩ cm-1) was used for all solution preparation. 

 Surface Plasmon Resonance  

3.3.2.1. FL-CNx Protein Interactions 

SPR experiments were done on a BiacoreX instrument (Biacore Inc., Pitascaway, NJ) 

operating at 25 °C. The FL-CNx films were made in the home-built deposition chamber were found 

to have small metal oxide (at.%<1%) contamination, and were subsequently conditioned by 10mM 

HCl injections. Prior to protein binding experiments, the sensor chips were pretreated with 30 s 

injections of 70% EtOH, and 0.5% SDS at 50 L min-1, followed by equilibration with the PBS 

(pH=7.4) running buffer for approximately 60 min before experiments.  

For kinetic binding experiments, HSA (0.1-10 M) and Fib (0.1-500 nM) in PBS, pH=7.4, 

were injected over a single flow cell at a flow rate of 30 L min-1. The protein binding was allowed 

to associate for 120 s, and dissociate for 180 s. The surface was regenerated using 0.5% (w/v) SDS. 

Duplicate injections (in random order) of each protein and a buffer blank were flowed over the 

surface. Data were collected at a rate of 10 Hz and was fit to a simple 1:1 interaction model 

available within the Biaevaluation 4.1 software (Biacore Inc., Pitascaway, NJ). 

3.3.2.2. a-C:N Protein Interactions 

SPR experiments were performed at 25 oC on a Proteon XPR36 instrument (Biorad 

Laboratories, Hercules, CA), which consists of 6 independent parallel flow channels that can be 

run in the horizontal and vertical directions, providing up to 36 individual sensorgrams in a single 

run. Prior to protein binding experiments, a-C:N films were conditioned with 1 min injections of 

0.5% SDS, 50mM NaOH, and 100mM HCl at 30 µL min-1 in both the horizontal and vertical 

directions. A suitable reference surface was created by two 6 min injections of 0.2-0.3% (w/v) 

casein or BSA (1X PBS, pH 7.4) at 25 µL min-1 in the vertical direction. The sensor chip was 

rotated to the horizontal position and 5-6 injections of running buffer (1X PBS, pH 7.4) were 

injected to stabilize the sensor surface. HSA and Fib concentration series dissolved in the running 

buffer were injected over the a-C:N surfaces for 2 min at 30 µL min-1. The instrument then 

switched to running buffer, and the dissociation was monitored for 600 s. The surfaces were then 

regenerated using injections of 0.5% SDS and 100mM HCl. Kinetic parameters were extracted 

using a 1:1 interaction model using the Proteon XPR36 software. 
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 Scanning Transmission X-ray Microscopy (STXM) 

STXM experiments were performed on the 10ID-1 (SM) beamline at the Canadian Light 

Source in Saskatoon, Canada. The beamline is equipped with an APPLE II type elliptically 

polarizing undulator which provides circular polarized or linear polarized light with an E/ΔE > 

3000. Briefly, a monochromatic x-ray beam is focussed by Fressnel zone plate down to 30 nm spot 

on the FL-CNx film. The sample is raster scanned with synchronized detection of transmitted x-

rays in order to generate images. Chemical imaging and Near Edge X-ray Absorption Fine 

Structure (NEXAFS) spectra are obtained using image sequence (stack) scans over a range of 

energies near an element’s edge (ie. 1 image per energy point). The x-ray energy scale at the 

beamline was calibrated with N2 (g) for N1s measurements, and CO2 (g) for C1s and O1s 

measurements. STXM data was analyzed using aXis2000, software developed at McMaster 

University, Canada, and freely available for non-commercial applications 

(http://unicorn.mcmaster.ca/aXis2000.html). 

The FL-CNx films were deposited onto 75nm thick Si3N4 windows (Norcanda, Edmonton, 

Canada) using the original hot filament sputtering deposition apparatus located in the Plasma 

Physics Laboratory. The STXM measurements require a suitable Io region that does not contain 

the FL-CNx film that is measured simultaneously with the region of interest. The most efficient 

way to do this with thin films is at an interface between the Si3N4 substrate and thin film. Carbon 

tape, Si wafer, and KaptonTM tape were tested for potential masks on the Si3N4 window during FL-

CNx deposition, and the resulting Si3N4 coated windows are shown in Figure 3.2. The KaptonTM 

film provided the “cleanest” interface between the FL-CNx film and the Si3N4 window. The sample 

thickness was estimated at approximately 60-100 nm from the film’s interference colours. The C1s 

(280-320 eV), N1s (395-430 eV) and O1s (520-560 eV) NEXAFS spectra had energy step sizes 

of 0.1eV employed around the near-edge, and a 1eV step size in the pre-edge and post-edge 

regions. 
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Figure 3.2. FL-CNx films were deposited onto Si3N4 windows using different masks. Left: Carbon tape; 

Middle: Si wafer; Right: KaptonTM tape. 
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CHAPTER 4 - RESULTS AND DISCUSSION 

4.1. Metal Containing FL-CNx 

 General FL-CNx Films on PTFE Substrate Characterization 

The FL-CNx films were uniform and their adhesion onto the PTFE substrate were 

confirmed by the adhesion tape test.103 The FL-CNx samples were evaluated using AFM, contact 

angle and Raman spectroscopy techniques, and the measurements are summarized in and the data 

is summarized in Table 4.1. 

Table 4.1. AFM, contact angle and Raman spectroscopy data for FL-CNx films deposited on PTFE. 

1 RRMS values were taken from 2 µm x 2 µm areas over n = 3-4 areas. 
2 Contact angles were taken from n = 5-7 measurements. 
3 Peak linewidth at full width half maximum (FWHM) given in brackets. 
4 The standard error for the peak height ratio is given in brackets. 
 

High resolution AFM topography images are shown in Figure 4.1. The samples all reveal 

an aggregated cluster morphology with the smallest measurable cluster was approximately 20 nm. 

However, it is likely that these features are much smaller due to lateral AFM tip-sample 

convolution effects, which are significant when the surface features are smaller than the AFM 

probe curvature of radius (probes used <10 nm). The root-mean square roughness (RRMS) for the 

PTFE substrate was 22.9 ± 3.5 nm, and the RRMS was 22.1 nm for the FL-CNx-00 sample. The 

addition of N2 into the plasma discharge gas decreased the RRMS of the films which were measured 

in the range of 8.7 nm to 14.3 nm for FL-CNx-03 to FL-CNx-20 samples. 

Sample 

AFM1 Contact Angle2 Raman Spectroscopy3 

RRMS 

(nm) 

(Deg) G-Band 

(cm-1) 

D-Band 

(cm-1) 

ID/IG
4 

PTFE 22.9 (±3.5)  107.3 (±2.2) -- -- -- 

FL-CNx-00 22.1 (±3.1) 72.8 (±2.6) 1576 (118) 1361 (237) 0.80 (0.02) 

FL-CNx-03 14.3 (±3.6) 58.7 (±2.6) 1577 (155) 1366 (224) 1.25 (0.01) 

FL-CNx-06 12.5 (±3.7) 53.9 (±3.5) 1575 (160) 1364 (212) 1.20 (0.01) 

FL-CNx-10 8.7 (±2.3) 63.6 (±2.7) 1573 (155) 1367 (229) 1.20 (0.01) 

FL-CNx-20 10.3 (±2.9) 64.8 (±2.6) 1570 (170) 1364 (206) 1.10 (0.01) 
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Figure 4.1. AFM topography images (1µm x 1µm) of FL-CNx films prepared with different amounts of N2 

plasma discharge gas. (a) FL-CNx-00 (b) FL-CNx-03 (c) FL-CNx-06 (d) FL-CNx-10 (e) FL-CNx-20. 
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The wettability can provide information regarding the hydrophilic and hydrophobic 

properties of surfaces. The wettability of the different FL-CNx films was assessed by static sessile 

contact angle measurements. Contact angle measurements using Millipore water on the different 

surfaces are shown in Figure 4.2 and summarized in Table 4.1. The FL-CNx films have a much 

lower contact angle compared to PTFE. The introduction of nitrogen (3-6% N2) into the a-C matrix 

initially decreases the contact angle, indicating a more hydrophilic surface. However, increasing 

the plasma discharge gas to ≥10% N2 during film deposition increases the contact angle revealing 

a more hydrophobic surface. 
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Figure 4.2. Static contact angle measurements using water for FL-CNx films prepared with different N2 

amounts in plasma discharge gas. For each sample, contact angle measurements were replicated 3-5 times. 

Raman spectra for the FL-CNx films are shown in Figure 4.3 and summarized Table 4.1. 

The Raman spectroscopy measurements include 2 large bands at approximately 1575 cm-1 and 

1360 cm-1, which corresponds to the G and D bands, respectively. The G and D bands arise from 

sp2 sites of carbon, where the G band is associated with the symmetrical stretching of all sp2 carbon 

atom pairs in aromatic and olefinic molecules, and the D band is associated with the breathing 

modes of the aromatic ring-like sp2 atoms.172 This mode is forbidden in perfect graphite, and 

become active in the presence of disorder. In addition, nitrogen containing a-C structures tend to 

be delocalized over both carbon and nitrogen sites due to nitrogen’s tendency to sp2 clustering of 

the Raman bands of different types of molecules. It is difficult to separate the -C=N- and -C=C- 
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vibrational modes in the G and D band region, The general bonding trends may be analyzed and 

compared to nitrogen-free a-Cs.173 
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Figure 4.3. (a) Raman spectroscopy (λex = 514.5 nm) of FL-CNx films deposited on PTFE. (1) PTFE (2) 

FL-CNx-00 (3) FL-CNx-03 (4) FL-CNx-06 (5) FL-CNx-10 (6) FL-CNx-20. (b) Peak deconvolution of the 

G-Band and D-Band show differences in the G-Band position (-■-), G-Band peak width at FWHM (-■-) 

and the ID/IG peak intensity ratio (-■-). 

Raman spectroscopy peak deconvolution for a-C materials can be complex, and a generally 

accepted method has been reported by Ferrari et al.172-177 A Lorentzian lineshape is often used for 

crystals and disordered graphite, and arise from finite lifetime broadening of phonons whereas a 

Gaussian lineshape is expected for a random distribution of phonon lifetimes in disordered 

materials. It would be apparent that Gaussian lineshapes would be preferred for a-C. However, 

there are some residual bands that may be present at 1100-1200 cm-1 and 1400-1500 cm-1. To 

account for the residual Raman peaks without performing a 4-peak deconvolution, the most widely 

used alternative to a Gaussian fit is the use of a Breit-Wigner-Fano lineshape for G-band 

deconvolution.178-179 The Breit-Wigner-Fano lineshape appears in Raman scattering through the 

interaction between discrete Raman-active phonon modes and a continuum of Raman-active 

excitations. The Breit-Wigner-Fano lineshape’s asymmetry tails at lower wavenumbers and can 

account for the Raman intensity at 1100 cm-1 and 1400 cm-1 without deconvoluting the spectrum 

with 2 additional bands. The D-band is fit with a Lorentzian lineshape.172 

The G-band peak positions for all of the FL-CNx films suggest that the films are stage 2 

amorphous carbon.172, 176 Initially, the G-band peak position is centered at 1576 cm-1 for FL-CNx-

00 and it fluctuates ± 1 cm-1 with small amounts N2 (3-6 %) in the plasma discharge gas during 

film deposition. This small fluctuation is within the spectral resolution (± 4-5 cm-1) of the Raman 
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instrument. For FL-CNx-10 and FL-CNx-20 samples, there is a measurable downshift of the G-

band peak position to 1573-1570 cm-1. This G-band down shift indicates a small increase in the 

%sp3 carbon, as the trajectory of stage 2 a-C towards stage 3 a-C shows a decrease in G-band peak 

position as well as a decrease in ID/IG peak intensity ratio.172-173 The G-band FWHM is 118 cm-1 

for FL-CNx-00 sample and it increases to 155 cm-1 for the FL-CNx-03 sample, even though the 

peak position does not change. This suggests that the sp2 sites do not order into graphitic-like 

clusters, but the variation of sp2 bonding becomes larger.180 173 The ID/IG ratio, which is 

proportional to the number of ordered aromatic rings as well as the cluster size squared (La
2) for 

Stage 2 a-C,172, 176 increases for the FL-CNx sample. Nitrogen incorporation into a-C generally 

helps cross-linking between graphitic planes, increasing the aromatic clustering size.173 However, 

the ID/IG ratio decreases for the FL-CNx-06 to FL-CNx-20 samples suggesting that the saturation 

of nitrogen into a-C matrix decreases the number of aromatic rings which is also in combination 

with the G-peak downshift. 

ATR-FTIR spectra shown in Figure 4.4 reveal the different functional groups within the 

films. The vibrational assignments for the FTIR bands are summarized in Table 4.2. In the absence 

of N2 in the plasma discharge gas during film deposition, the FTIR spectrum is unrevealing as the 

vibrational bands are small and indicate the presence of oxygen containing functional groups such 

as carboxyl (1730 cm-1) and carbonyl (1630 cm-1) groups. The 1650 cm- 1 and 1570 cm-1 bands 

indicate that the small amount of nitrogen in this film is in the amide form. The broad bands in the 

1750-1300 cm-1 region also increased in intensity with the incorporation of nitrogen into the a-C 

matrix. Although the nitrogen helps break the electronic symmetry of the π system, the more 

significant role in the increased intensity is likely from its contribution to increase the sp2 fraction 

and clustering173 In addition, the N-incorporation increases the O-H band found around 

3000-3300 cm-1, indicating the these films may contain a high porosity and incorporate water and 

an extended H-bonding network.173, 181 
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Figure 4.4. ATR-FTIR spectra of the FL-CNx films deposited on PTFE. (1) PTFE (2) FL-CNx-00 (3) FL-

CNx-03 (4) FL-CNx-06 (5) FL-CNx-10 (6) FL-CNx-20. 

Table 4.2. ATR-FTIR spectroscopy band assignments for FL-CNx samples deposited on PTFE. 182-183 

Vibrational Band 

Assignment 
PTFE FL-CNx-

00 

FL-CNx-

03 

FL-CNx-

06 

FL-CNx-

10 

FL-CNx-

20 

O-H Stretch  3000-3500 3000-3500 3000-3500 3000-3500 3000-3500 

Carbonyl Stretch 1742 1720* 1740 1729* 1740* 1730* 

C=O (Amide)  1665 1653 1650 1644* 1644* 

Amorphous Carbon   1588 1580 1581 1581 

Amorphous Carbon  1420 1395 1392 1380 1372 

C-F2 asymmetric stretch 1210 1200 1199 1199 1199 1199 

C-F2 symmetric stretch 1146 1144 1139 1139 1140 1137 

PTFE-Amorphous 861 861 861 869 863* 871 

PTFE-Amorphous 782 782 788 787 787 786 

PTFE-Amorphous 735* 735* 743* 744* 741* 741* 

PTFE-Amorphous 720 720 720 720 724 719 

PTFE-Amorphous 702 702 703* 704* 704 706* 

I(782cm-1)/I(1146cm-1) (x10-2) 14.6 4.1 1.2 8.8 7.2 11.8 

*peak shoulder 

The large bands located at 1201 cm-1 and 1147 cm-1 are associated with the CF2 stretches 

of PTFE. The addition of the FL-CNx film resulted in the CF2 bands downshift by up to 9 cm-1 

suggesting that the PTFE substrate structure has been altered during the deposition process. The 

bands located in the range of 700-800 cm-1 are associated with amorphous structures within the 

PFTE.182-183 It has been suggested that the CF2 stretch at 1147 cm-1 is independent of the crystalline 
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or amorphous structure of PTFE.184 The I782cm-1/I1146cm-1 peak intensity ratio shown Table 4.2 

shows a lower value for the FL-CNx samples compared to the PTFE substrate, suggesting a loss in 

amorphous structures with the addition of FL-CNx films. This may be a consequence of the higher 

temperature exposure during film deposition as the crystallinity of PTFE for a given molecular 

weight is a function of heat treatment. 

XPS measurements were used to assess the composition of the FL-CNx films. This 

technique is very surface sensitive, and the emitted electrons originate from within approximately 

10 nm from the surface. The XPS survey spectra shown in Figure 4.5 were acquired for the FL-

CNx samples for both with and without surface sputtering. The at.% of different elements observed 

is summarized in Table 4.3. The addition of N2 to the plasma gas discharge shows an increase in 

the N/C ratio, whereas the O/C ratio decreases slightly, but it can be considered constant. The at.% 

O has been previously shown to be slightly higher at the surface, but it is found throughout the 

film.103 Films were sputtered for 1 min, and the O/C ratio was found to decrease by a factor of 2, 

indicating a higher oxide content on the surface. In addition, the N/C ratio slightly increased, likely 

due to the decreased presence of the oxide layer and surface contaminants removed. Small amounts 

of transition metals, mainly Fe and W, were also observed in the FL-CNx films. Other elements 

such as F and Si were identified in the films. The F could be due to small pinholes within the films, 

whereas the Si could be from sputtering Si substrates that were also being used to simultaneously 

deposit FL-CNx films. Another possibility could be from pump oil contamination due to back flow. 

There was no N2(l) trap used in on this coater apparatus. Both Fe and Si signals decreased as a 

function of N2/Ar or decrease of corrosivity of the plasma. 
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Figure 4.5. (a) XPS (Al Kα = 1486.6 eV) survey scans of FL-CNx films “as received” and after surface 

cleaning (1 min 4 keV, 15 mA Ar+ sputtering). (b) The at.% N/C and O/C ratios for “as received” and after 

surface cleaning. 

Table 4.3. XPS survey scans for FL-CNx films deposited onto PTFE substrate. 

a Relative errors in XPS area measurements are approximately 5-10%. 

High resolution XPS for the C1s, N1s and O1s are shown in Figure 4.6 and the 

deconvoluted bands are summarized in Table 4.4.  

Sample XPS (at.%)a 

C N O FF Fe W Si Cr Other 

PTFE 29.1  0.1 70.8      

FL-CNx-00 66.0 2.9 22.0 5.5 0.9 0.1 2.1 0.4 0.2 (Na) 

FL-CNx-03 68.8 9.3 18.7 1.0 0.7 0.1 1.9   

FL-CNx-06 62.0 13.8 19.3 3.5 0.3 0.1 1.9   

FL-CNx-10 59.6 18.0 18.9 3.2  0.1 0.3   

FL-CNx-20 54.4 20.6 18.0 6.4  0.1 0.2   

(b) After 1 min sputter 

PTFE 33.0   67.0      

FL-CNx-00 59.9 3.4 3.7 21.1 8.6 0.1  1.8  

FL-CNx-03 55.2 18.4 7.3 8.0 7.5 0.8 0.9 1.5  

FL-CNx-06 56.8 20.3 9.9 1.8 5.9 0.9 0.1 1.4  

FL-CNx-10 55.6 23.6 5.3 8.1 4.2 1.0 0.3 0.9  

FL-CNx-20 57.3 24.3 4.1 9.6 2.9 0.5 0.1 0.5  
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Figure 4.6. High resolution XPS of the FL-CNx films. (1) PTFE (2) FL-CNx-00 (3) FL-CNx-03 (4) FL-

CNx-06 (5) FL-CNx-10 (6) FL-CNx-20. (a) C1s (b) C1s at.% ratios for different films (c) N1s (d) N1/N2 

and N3/N1 at.% ratios for different films (e) O1s (f) (O3+O4)/(O2+O1) at.% ratio for different films.  
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Table 4.4. High resolution XPS (C1s, N1s, O1s) band deconvolution of FL-CNx films. 

(a) C1sa 

Sample 

C1 

C=C, C-H 

(eV) 

At.% 

C2 

C=N; C-O 

(eV) 

At.% 

C3 

C-N; C=O 

(eV) 

At.% 

C4 

-CF2 

(eV) 

At.

% 

PTFE 284.8 (1.8) 5.8 286.3 (1.8) 0.6 287.9 (1.8) 

288.9 (1.8) 

0.2 

2.0 

292.2 (1.1) 91.4 

FL-CNx-00 284.5 (1.2) 63.6 286.0 (2.2) 25.4 288.6 (1.8) 11.0 -- 0 

FL-CNx-03 284.8 (1.1) 59.2 286.2 (2.4) 23.4 288.8 (1.6) 17.4 -- 0 

FL-CNx-06 284.7 (1.1) 48.1 286.1 (2.2) 28.2 288.6 (1.8) 23.3 292.3 (1.2) 0.3 

FL-CNx-10 284.7 (1.1) 41.8 286.2 (2.3) 33.8 288.6 (1.8) 24.2 292.3 (1.1) 0.3 

FL-CNx-20 284.7 (1.1) 37.1 286.2 (2.1) 36.6 288.5 (1.8) 25.5 292.6 (1.6) 0.9 
a The standard deviation for C1s area is ± 1.0 at.%. 

 

(b) N1sa 

Sample 

N1 

Pyridinic N 

(eV) 

At.% 

N2 

Pyrollic N 

(eV) 

At.% 

N3 

Graphitic N 

(eV) 

At.% 

FL-CNx-00 399.0 (1.7) 28.2 400.2 (1.7) 51.0 401.4 (1.7) 20.8 

FL-CNx-03 399.0 (1.5) 27.7 400.1 (1.5) 64.7 401.2 (1.5) 7.6 

FL-CNx-06 398.8 (1.5) 32.3 400.0 (1.5) 60.2 401.1 (1.5) 7.5 

FL-CNx-10 398.9 (1.5) 35.3 400.0 (1.5) 56.2 401.0 (1.5) 8.5 

FL-CNx-20 398.9 (1.4) 37.7 399.9 (1.4) 48.2 400.8 (1.4) 14.2 
a The standard deviation for N1s area is ± 0.3 at.%. 

 

(c) O1sa 

Sample 

OM 

MxOy 

(eV) 

At.

% 

O1 

Quinone 

(eV) 

At.

% 

O2 

C=O 

(eV) 

At.

% 

O3 

C-O-C 

(eV) 

At.

% 

O4 

C-O;Ar-OH 

(eV) 

At.

% 

FL-CNx-00 
530.2 

(1.2) 

5.9 -- -- 531.9 

(1.6) 

63.6 532.8 

(1.6) 

19.3 533.5 

(1.6) 

11.2 

FL-CNx-03 
530.2 

(1.2) 

2.0 531.3 

(1.5) 

0.5 531.9 

(1.5) 

72.6 532.8 

(1.5) 

10.8 533.5 

(1.5) 

14.1 

FL-CNx-06 
530.2 

(1.2) 

1.2 531.3 

(1.5) 

22.6 531.8 

(1.5) 

53.9 532.8 

(1.5) 

11.0 533.5 

(1.5) 

12.0 

FL-CNx-10 
  531.2 

(1.6) 

23.8 531.8 

(1.6) 

48.8 532.7 

(1.6) 

14.5 533.4 

(1.6) 

13.0 

FL-CNx-20 
  531.2 

(1.6) 

30.4 531.8 

(1.6) 

41.9 532.7 

(1.6) 

15.9 533.4 

(1.6) 

11.8 

a the standard deviation for O1s area is ± 1.1 at.%. 
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The C1s region for carbon materials will contain some level of oxygen-containing 

functional groups on its surface. This region is generally deconvoluted using 4 bands based on the 

XPS of polymeric materials: the C=C band for graphitic material is generally around 284.5 eV; a 

band at 1.5 eV above the C=C band is C-OH and C-O-C groups; a band at 3.0 eV above the C=C 

band is for C=O groups; and a band at 4.5 eV above the C=C band is O=C-OH groups.185 In 

addition, materials that contain a high amount of C=C bonding may also show a C=C shake-up 

band at approximately 290.5-292 eV. Nitrogen-doped carbon materials have reported 2 bands 

around 285.8-286.3 eV and 287-288.3 eV for sp2-N and sp3-N, respectively.186 The C1s spectra 

shown in Figure 4.5(a) were deconvoluted into 4 main bands: C1 (284.7 eV) is attributed to the 

sp2-C (C=C); C2 (286.1 eV) is a mixture of sp2-N (C=N) and sp3-C (C-OH); C3 (287.7-288.1eV) 

is a mixture of sp3-N and sp2-C (C=O, O=C-OH); C5 (292 eV) is attributed to the -CF2 groups 

from the PTFE substrates (this band is not present in all measurements). 

The C1s deconvolution shows that the C=C bonding decreases with an increase in the N-

incorporation into the films. Similarly, the C2 and C3 bands increase with increasing N-

incorporation. In terms of peak area ratios, the C3/C2 band ratio shown in Figure 4.6(b) shows an 

initial increase in this ratio for the films prepared at different %N2 plasma discharge. This ratio 

reaches a maximum for the FL-CNx-06 sample, and the C2/C3 ratio then decreases for films 

prepared with larger %N2 plasma discharge. The C3/C1 ratio scales linearly with the %N2 plasma 

discharge gas. The C2/C1 ratio initially decreased for the FL-CNx-03 film, but the ratio increased 

for somewhat linearly for films prepared with larger N2 plasma discharge gas. 

The band deconvolution for the N1s region for carbon materials has been reviewed, and 

the N1s region is generally deconvoluted up to 4 different bands, but the band assignments have 

not been consistent.187 N1 (398-399 eV) has been generally assigned to pyridinic-N (2-fold sp2-

coordintated); N2 (399.5-400.5 eV) has generally been pyrrolic-N (3-fold sp2-coordinated), 

although this band has also been assigned to nitriles (399.5 eV), amines (399.4 eV), or even 

graphitic carbon. The N3 band (401-402.5 eV) is associated with quaternary N or graphitic N, and 

N4 (403-406 eV)is generally associated with a pyridine-oxide, or adsorbed NO.187 In addition, a 

deconvolution of an element will generally have a similar FWHM for all bands, as the common 

processes that contribute to the FWHM (natural width of incident X-ray source, thermal 

broadening, pass energy of the instrument analyzer, lifetime of the electron hole, etc.) are the same 

for each band (and each sample). 
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The asymmetric band in the N1s region shown in Figure 4.6(c) is centered at approximately 

400 eV. The N1s envelope was deconvoluted into 3 major bands (3 bands were also shown in N1s 

XANES which will be introduced below): N1 was located at 398.9 eV (±0.1 eV) and it is 

associated with pyridinic N; N2 is located 400.0 eV (±0.1 eV) and it has been assigned to pyrollic-

N (Raman spectra for the FL-CNx films did not show the characteristic 2250 cm-1 band for nitriles); 

N3 was located at 401.1 (±0.3 eV) and it is assigned to graphitic-N. The FL-CNx-00 (2.9 at.% N) 

pyridinic-N:pyrollic-N:graphic-N ratio is approximately a 3:5:2 ratio. The addition of more 

nitrogen into the FL-CNx-03 (9.3 at.% N) sample reduced the amount of graphitic-N content and 

increased the pyrrolic-N content (the pyridinic-N remained approximately the same for this 

sample). This causes the N1/N2 at.% ratio to decrease to a minimum while the N3/N2 ratio 

decreased to a minimum as shown in Figure 4.6(d). In addition, the N3/N2 at.% ratio decreased 

significantly. Further increases of %N2 into the plasma discharge gas increased the pyridinic-N 

content, while the pyrrolic-N decreased (ie. N1/N2 at.% ratio increased). The N3/N1 at.% ratio 

was constant for the FL-CNx-03 to FL-CNx-10 samples. The FL-CNx-20 (20.6 at.% N) showed 

that at slight increase in the at.% N compared to the FL-CNx-10 (18.9 at.%N) showed a significant 

increase in graphitic-N content at the expense of the pyrrolic-N content. The pyridinic-N increased 

slightly. 

The O1s band deconvolution can be very complex due to the mixtures of adsorbed and 

bulk oxygen containing species.188 In addition, the binding energies (BE) for different oxygen 

functional groups are very close and are not easily separable without careful measurements. For 

instance, Fe(II/III) oxide/hydroxide surfaces have been found to contain the lattice O2- at 530.0 ± 

0.1 eV, lattice and adsorbed OH- at 531.1 ± 0.1 eV and 532.1 ± 0.1 eV, adsorbed O2 at 531.6 ± 0.1 

eV, and adsorbed H2O at 533.3 ± 0.3 eV.189 The FTIR (Figure 4.2(c)) and the C1s measurements 

indicate the presence of carbonyls (C=O), which have a binding energy of approximately 531.8 

eV, and C-O for non-carbonyl oxygen and aromatic OH groups have a BE of approximately 533.4 

eV.188 Physisorbed H2O and H2O trapped in microporous have been assigned at higher BE, in the 

range or 534-536 eV. 

The O1s carbon surface chemistry was evaluated on a carbon substrate using temperature 

desorption in-situ with XPS and mass spectrometry.188 The use of both XPS and mass spectrometry 

in tandem was able to identify and correlate different oxygen functional groups and their binding 

energy from the O1s region as the sample was subjected to temperature change. The O1s XPS 
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region shown in Figure 4.6(e) was deconvoluted into 5 main peaks: (1) O1 is located at 531.2 eV 

(± 0.1 eV) and is associated with quinone-type structure, (2) O2 is located at 531.8 eV (± 0.1 eV) 

and it is associated with carbonyls, (3) O3 located at 532.7 eV (± 0.1 eV) is associated with C-O-

C structure, O4 is located at approximately 533.2 eV (± 0.1 eV) and is associated with C-O 

(carboxylic acids) and phenols. Brender et al.188 also observed additional peaks in the 534-536 eV 

region associated with adsorbed waster, but this was not observed for the FL-CNx samples. 

FL-CNx-00 to FLCNx-06 also contained a small peak at 530.2 eV and is assigned to the O2
- 

lattice contributions for metal oxides present in the samples. are considered here metal oxides, as 

the more significant amounts of metal content are associated with these samples. The contribution 

of the lattice-O from the metal oxides decreased as the at.% of metal decreased in the films. 

Overall, the at.% O is fairly constant for the different FL-CNx films (18-22 at.%O). The addition 

of nitrogen into the a-C decreased the C-O (ethers, phenols, etc.) to carbonyl (C=O) ratio for the 

FL-CNx-03 and FL-CNx-06 samples. However, this ratio increased for the FL-CNx-10 and FL-

CNx-20 samples. This C-O/C=O ratio trend mirrors the surface wettability relation from the 

contact angle measurements shown in Figure 4.2. The carboxyl and phenol groups are typically 

the functional groups associated with surface wettability. However, the ether group concentration 

seems to have a greater influence on the changes in the surface wettability measurements. 

XANES spectroscopy of the N1s and O1s regions were also obtained and The N1s K-edge 

XANES spectra for the films are shown in Figure 4.7(a). The at.% N for the FL-CNx-00 sample 

was very low, so the signal to noise was very poor, so it is not shown. The FLY is more bulk 

sensitive, and it provides a probing depth on the order of 100nm. The spectral features are the 

result of transitions from electrons in the N1s core level being excited to the π-like final unoccupied 

states. The spectra for all films are very similar, and the 3 major π* bands centered at 398.4 eV, 

399.3 eV, and a small band at approximately 401.0 eV can be attributed to pyridinic, nitrogen 

containing aromatics, and graphitic functional groups respectively. The broad band associated with 

σ* (sensitive to bond lengths) is centered at 407 eV. The relative π*/σ* ratio for the FL-CNx films 

was the range of 0.92-0.98, indicating that there was very little change in the N delocalization 

within the different films. The peak height intensity π*
1/ π

*
2 ratio is shown in Figure 4.7(b) is lower 

for the FL-CNx-03 film, indicating a lower pyridinic N in the film. However, the π*
1/ π

*
2 ratio 

increases for the FL-CNx-06 film and appears to level off for the FL-CNx-10 and FL-CNx-20 
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samples. This was also observed from the XPS measurements shown in Figure 4.6, and suggests 

that the bulk and surface nitrogen configuration is similar. 
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Figure 4.7. XANES FLY spectra of FL-CNx films prepared under different %N2 plasma discharge gas. (2) 

FL-CNx-00 (3) FL-CNx-03 (4) FL-CNx-06 (5) FL-CNx-010 (6) FL-CNx-020. (a)  N1s FLY spectra (b) The 

N1s π*
1/ π*

2 intensity ratio as a function of %N2 plasma discharge gas used during film preparation. (c) O1s 

FLY spectra. (d) Relative K-edge FLY XANES π*/σ* areas for films prepared with different %N2 plasma 

discharge. 

The O1s K-edge XANES spectra for the films is shown in Figure 4.7(c). The O1s π* 

resonances appear around 528-534 eV and the broad σ* resonances appear from 535-550 eV. The 

O1s K-edge was 530.1 eV for the FL-CNx-00 film and shifts to 530.5-530.7 eV for the FL-CNx-

03 to FL-CNx-20 films. This shift could be due to the at.% (N/C) ratio increasing within the films, 

or the decrease in metal oxides within the films. The main band is centered at 531.2 eV and it is 

associated with 1s→π*(C=O). There are gradual shifts to 531.7 eV (1s→π*(O-C=O) carboxyl 

groups) as the %N2 plasma discharge gas increases during film formation.190 The relative π*/σ* 
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ratio is shown in Figure 4.7(d) decreased with increasing nitrogen in the film at.% (N/C) showing 

less π-character contribution from O sites as the at.% (N/C) increases within the film. 

The valence band spectra for the metal-doped FL-CNx films shown in Figure 4.8 provide 

important information of the electronic structure near the Fermi level. Since the Al x-ray source 

was used for measurements, the resulting valence band spectra are a mixture of surface and bulk 

electronic structure. The spectra presented in Figure 4.8 are used for purely qualitative purposes 

and they show that the electronic structure near the Fermi level are different for the FL-CNx films. 

The valence band spectrum of PTFE shows a relatively flat line in the 0-6 eV region, and the large 

band in the 10-12 eV region is associated with the C-F bonding (F2p band). The 15-25 eV region 

also reveals several bands associated C-C bonds.191 
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Figure 4.8. Valence Band XPS (Al Kα = 1486.6 eV) measurements for the FL-CNx films prepared with 

different %N2 plasma discharge gas. (1) PTFE (2) FL-CNx-00 (3) FL-CNx-03 (4) FL-CNx-06 (5) FL-CNx-

10 (6) FL-CNx-20. 

Table 4.5 summarizes the observed valence band peaks for the FL-CNx samples. In general, 4 

different regions have been identified for a-C:N192: (I) 0-6.2 eV is associated with C-C π bonds 

from C 2p electrons as well as sp2 N in a planar graphite structure; (II) 6.2-13.7 eV is a contribution 

of C 2p and N 2p electrons associated with σ bonds; (III) 13.7-20.8 eV is associated with a mixture 

of 2s and 2p electrons (IV) 20.8-30 eV is due to C 2s and N 2s electrons. The valence band 

spectrum for the FL-CNx-00 has a broad increase in intensity to approximately 7.3 eV, and broad 
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peaks centered at 10.8 eV, 13.1 eV, and 19.4 eV and are attributed to s-p hybridized states.192 

There is a broad increase beyond 20 eV which is attributed to the C2s electrons. The introduction 

of nitrogen into the FL-CNx films shows significant changes in the FL-CNx valence band spectra. 

The FL-CNx-03 and FL-CNx-06 films have a new band centered at 1.6 eV that is associated with 

lone pairs from nitrogen. This band disappears for the FL-CNx-10 and FL-CNx-20 films. All of the 

FL-CNx films prepared with nitrogen have a band centered at 4.7 eV. The significant differences 

of the valence band spectra for the FL-CNx films are more pronounced in the >7 eV regions. For 

instance, the FL-CNx-06 film has distinguishing bands at 10.1 eV, 13.2 eV, 16.6 eV, and 19.1 eV. 

There is also a doublet band 25.3 eV and 26.3 eV associated with C2s and N2s electrons. The FL-

CNx-06 to FL-CNx-20 films shows a change in the band structure in areas (II) and (III). For 

instance, the band centered at 10.12 eV for FL-CNx-03 shifts to 10.3 for the FL-CNx-06 film and 

shifts to 10.6 eV for the FL-CNx-20 film. Also, a new band found at 15.1 eV for the FL-CNx-06 

film shifts to 15.5 eV for the FL-CNx-20. In addition, a band appearing as a shoulder around 22.5 

eV shoulder becomes more predominant as the %N2 plasma discharge gas was increased in the 

FL-CNx films. 

Table 4.5. Valence band XPS (Al Kα = 1486.6 eV) for FL-CNx films. 

Valence Band Peaks (eV) Assignment 

FL-CNx-00 FL-CNx-03 FL-CNx-06 FL-CNx-10 FL-CNx-20  

 1.7 1.7   (I) Nitrogen Lone Pairs, 

C-C π bonds, sp2N 

planar graphite 
 4.7 4.7 4.7 4.7 

10.8 10.1 10.3 10.6 10.6 (II) C2p and N2p σ 

bonds 13.1 13.2    

  15.1 15.5 15.5 
(III) 2s and 2p 

electrons 
 16.6    

19.4 19.1    

 22.5* 22.5* 22.5* 22.5* (IV) C2s and N2s 

electrons  25.3, 26.3    

 * Shoulder 

 Metal Incorporation into FL-CNx Matrix 

It was discovered during XANES experiments that there was some additional metal 

incorporation, mainly Fe, during film deposition. XRF is a sensitive technique to measure the 

presence of different metal content within the FL-CNx films, so it was employed to find all of the 

metal present in the films. Samples were mounted on a Si wafer substrate and the spectra were 
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collected with the pink beam (polychromatic) which produces a broad Compton scattering band at 

energies greater than 9000 eV. In addition, 3 large bands centered at approximately 10.4 keV, 14.5 

keV, and 16.5 keV originate from the single crystal Si wafer substrate used to mount the FL-CNx 

films, and the 10.4 keV band was used to normalize the spectra.  Figure 4.1(a) shows the XRF for 

the different FL-CNx samples. The major transition metals found include Fe, Ni, Mn, Cr, Cu, and 

W. The significant bands shown in Figure 4.9(a) show the presence of Fe (Kα1 = 6404 eV, Kβ1 = 

7058 eV), Ni (Kα1 = 7478 eV), W (Lα1 = 8398 eV, Lβ1 = 9672 eV), Cr (Kα1 = 5899 eV), and smaller 

bands show Cr (Kα1 = 5415 eV), Mn (Kα1 = 5899 eV), and Cu (Kα1 = 8048 eV).193 Integration of 

the Kα bands shown in Figure 4.9(b) show that the metal band areas decrease as a function of %Ar 

in the plasma discharge. The Ar+ ions are very commonly used to sputter surfaces to clean metal 

oxides and other contaminants from surfaces. Within the deposition chamber, the Ar+ ions will 

also be attracted to d.c. biased metal surfaces that have been improperly shielded or should not be 

present in plasma discharge apparatus. This includes Cu feed-throughs, W filament, Ni substrate 

holder, stainless steel bolts/nuts (Fe, Mn, Cr). 

 

Figure 4.9. (a) XRF spectra of FL-CNx films indicating the presence of different transition metals within 

the FL-CNx matrix. (b) The distribution of metals within samples decreases as a function of the %N2 

discharge gas used during film deposition. 

High resolution XPS measurements of the W4f region are shown in Figure 4.10. The 

amount of W in the FL-CNx samples was approximately 0.1 at.% for all samples and indicates that 

there are no measurable effects by XPS from the different amounts of N2 in the plasma discharge. 

The FL-CNx-00 and films showed 2 primary bands centered at 35.8 eV (W1) and 38.0 eV (W2) 

correspond to the W4f7/2 and W4f5/2 bands for WO3, respectively.194-195 These two bands of WO3 

shifted to lower energies of 35.5 eV and 37.7 eV, respectively for the FL-CNx-03 film. Two 
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additional bands centered at 33.6 eV (W3) and 35.8 eV (W4) appeared in the FL-CNx-06 film. 

These new bands correspond to the W4f7/2 and W4f5/2 bands for WO2.
195 The relative at.% of the 

WO2 and WO3 content shown in Figure 4.10(b) shows that the concentration of WO2 increased in 

at the expense of the concentration of WO3 within the film as the larger amount of %N2 plasma 

discharge gas used during FL-CNx deposition. There is no evidence of WCx or WNx which would 

appear around 31-32 eV.195 Therefore, it can be concluded that the W incorporated in the FL-CNx 

films are in an oxide state and there is no evidence to suggest some kind of bonding or 

incorporation into the FL-CNx structure. 
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Figure 4.10. High resolution XPS of W4f region shows the presence of WOx in the FL-CNx films prepared 

with different %N2 in the plasma discharge: (2) FL-CNx-00 (3) FL-CNx-03 (4) FL-CNx-06 (5) FL-CNx-10 

(6) FL-CNx-20. (b) The composition of the WOx is dependent on the %N2 in the plasma discharge gas. 

The high resolution XPS measurements of the Fe2p region is shown in Figure 4.11. There 

are many types of Fe-oxides that are known to co-exist within deposits, and quantifying the 

different Fe-oxides, each having overlapping binding energies, can lead to erroneous 

interpretation.196 Therefore, the Fe2p XPS spectral interpretation is used for qualitative purposes 

only. The Fe2p spectrum for FL-CNx-00 film (2) showed asymmetric bands centered at 

approximately 711.4 eV (Fe2p3/2) and 724.8 eV (Fe2p1/2). These bands are very comparable to 

Fe(III) hydroxy-oxides such as αFeOOH (goethite), and γFeOOH (lepidocrocite) which have 

major Fe2p3/2 core lines at 711.4 eV, and 711.5 eV, respectively.197-198  A slight shoulder around 

714 eV has been attributed to an Fe3+ surface band, which has been suggested to arise from changes 

in the crystal field energy of surface versus bulk Fe(III).199 

The addition of N2 in the plasma discharge gas during film deposition changed the main 

band center of symmetry and downshifted the Fe2p3/2 and Fe2p1/2 regions to 709.7 eV and 723.3 
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eV, respectively. These bands P for the FL-CNx-03 and FL-CNx-06 films. These bands are 

consistent with FeO (wüsite - band center of symmetry is 709.5 eV).198, 200 It is also possible for 

the presence of Fe3O4 (magnetite) which contains a mixture of Fe2+ and Fe3+ ions. A second defined 

band centered at approximately 714 eV can be attributed to a Fe2+ satellite band.198, 200 
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Figure 4.11. (a) High resolution XPS of Fe2p region for FL-CNx films prepared with different %N2 in the 

plasma discharge gas: (2) FL-CNx-00 (3) FL-CNx-03 (4) FL-CNx-06. 

The Fe L-edge XANES is a sensitive technique that involves the resonant excitation of 

electrons from a core 2p level localized on the Fe to partially filled and unoccupied density of 

electronic states of the 3d in the material from the 2p1/2→3d (L2) and 2p3/2→3d (L3) transitions. 

The 2p→3d transition is localized on the metal center due to the localized nature of the Fe 2p 

orbital. Therefore, the L-edge intensity is directly proportional to the amount of metal d-character 

in the unoccupied orbitals. The energy positions and intensities have contributions from the 

effective nuclear charge of the metal and the ligand field splitting of its d orbitals. In addition, the 

spectral line shape of the L-edge XANES is sensitive to the ligand field, 2p spin-orbit coupling, 

3d spin-orbit coupling, and multiplet effects. 

The peak positions, peak differences (ΔE), intensity ratios (IA/IB), and the branch intensity 

ratio (IL3/(IL3+IL2)) are summarized in Error! Reference source not found. and measured from t

he Fe L2,3-edge XANES of the Fe present in the films is shown in Figure 4.12(a). The XANES 

measurements were collected in both TEY and FLY detection modes simultaneously. The Fe-L3-

edge spectra for the FL-CNx-00 film is dominated by 2 main bands labelled A (707.6 eV) and B 
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(709.0 eV) and have a similar spectral lineshape found for Fe2O3 or FeO(OH) structure.201-203 In 

an octahedral environment, the 3d orbitals will be split into the lower energy t2g orbitals (band A) 

and the higher energy eg orbitals (band B) which are separated by the crystal field splitting 

parameter (10Dq). The lineshape of (2) in Figure 4.12(a) and the energy difference between bands 

A and B can be accounted for by the strong crystal field splitting parameter (10Dq=1.45 eV) for 

an α-Fe2O3 type structure.203 The FLY and TEY spectra resemble the reference spectra shown in 

Figure 4.12(b) for α-Fe2O3, α-FeOOH, and β-FeOOH. The energy difference for both the TEY and 

FLY spectra are 1.4 eV, but the peak height intensity ratios (IA/IB) and the intensity branching 

ratios (IB) are slightly different (TEY: IA/IB=0.53, IB = 0.78; FLY: IA/IB=0.50, IB = 0.70). This 

slight change in the IA/IB ratios could be due to the presence of hydroxyl ligands near the more 

oxygen rich surface. The presence of hydroxyl ligands in the FeOOH structure was found to lower 

the IA/IB ratio values relative to pure oxide phases.204 The higher band ratio for the TEY indicates 

higher unoccupied 3d states of Fe3+ near the surface compared the bulk. 

Table 4.6. Fe L-edge XANES analysis for FL-CNx films prepared with different %N2 plasma discharge 

gas. 

Sample 

Fe L3 Edge 

A 

(eV) 

B 

(eV) 

ΔE 

(eV) 
IA/IB 

Branch Intensity Ratio 

IL3/(IL3+IL2) 

TEY 

FL-CNx-00 707.6 709.0 1.4 0.53 0.78 

FL-CNx-03 707.4 708.9 1.5 1.32 0.77 

FL-CNx-06 707.3 709.2 1.9 1.41 0.76 

FL-CNx-10 707.3 709.2 1.9 1.80 0.74 

FL-CNx-20 707.3 709.2 1.9 3.06 0.72 

FLY 

FL-CNx-00 707.6 709.0 1.4 0.50 0.70 

FL-CNx-03 707.4 709.2 1.8 1.03 0.71 

FL-CNx-06 707.3 709.2 1.9 1.20 0.69 

FL-CNx-10 707.3 709.2 1.9 1.37 0.67 

FL-CNx-20 707.4 709.2 1.8 1.36 0.67 
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Figure 4.12. (a) Fe L-edge XANES measurements of FL-CNx films prepared with different %N2 in the 

plasma discharge: (2) FL-CNx-00 (3) FL-CNx-03 (4) FL-CNx-06 (5) FL-CNx-10 (6) FL-CNx-20. The 

XANES spectra were normalized to the L3 region’s inflection point. (b) Electron energy loss spectroscopy 

reference spectra for some different iron oxides.205 (c) The energy difference between band B and band A 

as a function of the peak height intensity ratio IA/IB. (d) the I as a function of N2 in the plasma discharge 

gas. 

The addition of N2 into the plasma discharge gas during film deposition shows very 

different Fe-L3 edge XANES spectra compared to the FL-CNx-00 film. There is a lower energy 

shoulder located at approximately 705.5 eV (band A’) which has been observed in Fe2+ containing 

oxides such as magnetite (Fe3O4) and wusite (FeO).205-207 This shoulder is also present for the 

FeCO3 reference spectrum shown in Figure 4.12(b). This shoulder is more prevalent in the TEY 

compared to the FLY spectra, indicating more surface Fe2+ compared to bulk Fe2+. The high 

resolution Fe2p XPS measurements from Figure 4.11 indicate the major signal near the surface 

was from Fe(II)-oxide. 

The most significant changes in the Fe L-edge spectra for the FL-CN03-20 films are the 

following: (1) the ΔE between the teg and eg bands increases to 1.8-1.9 eV (faster rate increase for 
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the FLY compared to the TEY), (2) the IA/IB ratio increases as a function of %N2 in the plasma 

discharge gas during film deposition. This ratio plateaus for the FLY spectra, but it continues to 

increase for the TEY spectra. The origin of the changing band ratio appears to be a decrease in the 

intensity of band B for both the FLY and TEY. (3) the branching ratio decreases linearly as a 

function of %N2 used in the plasma discharge gas for the TEY spectra, and it decreases and 

plateaus for the FLY spectra. 

The intensity of band A remains relatively the same for both FLY and TEY measurements 

for a particular N2 fraction. On the other hand, the intensity of band B is greatly reduced and is 

different for the FLY and TEY measurements, and it can be the primary cause of the increase in 

the IA/IB ratio. The IA/IB ratio and ΔE have been suggested as a quick evaluation method for iron 

oxide speciation in minerals, where IA/IB > 1 and ΔE = 1.2-1.7 eV are generally observed for 

Fe2+/Fe3+ mixed minerals and pure Fe2+ minerals (IA/IB = 1.5-2.2, ΔE = 2.1-2.8 eV).204, 208 The 

changes in Fe2+ and Fe3+ distributions in the surface and bulk have also been observed for Fe-

doped Bi2Te3.
209 In addition, it was observed that the Fe2+ concentration increased as the sample 

aged after 1 year. 

ESR is a spectroscopic technique that measures the absorption of the electron spin of 

unpaired electrons within a substance. It is very useful for studying 3d transition metals that contain 

unpaired electrons.  In general, The Fe3+ is ESR active when in a 3d5 high spin configuration (6S 

ground state, and S = 5/2). The ESR spectra for the FL-CNx films taken at 10 K are shown in 

Figure 4.13. The ESR signal is a combination of the FL-CNx,
210-211 free radicals trapped within the 

PTFE matrix during plasma deposition,212 and Fe3+ signals.213 Using an X-band frequencies (9.5 

GHz), the Fe3+ typically give absorption bands at g-factor values around 10, 4.3, and 2. These g-

factor values are attributed to the Fe3+ symmetry. For instance, absorption bands at approximately 

g = 4.3 are attributed to Fe3+ in a tetrahedral or octahedral environment with a rhombohedral 

distortion.214 The g=10 signal is generally thought to be due to Fe3+ in an axial distorted 

environment, whereas the g = 2 absorption has been attributed to Fe3+ with high octahedral 

symmetry. 
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Figure 4.13. ESR spectra (6 K) of FL-CNx samples prepared under different %N2 plasma discharge 

environment. (2) FL-CNx-00 (4) FL-CNx-06 (5) FL-CNx-10 (6) FL-CNx-20. 

There are very small absorption bands for the FL-CNx-00 film observed at g = 10 (ΔH = 

143 G) and an asymmetric peak at approximately g = 4.3 (ΔH = 109) shown in Figure 4.13. The 

broad band at g = 2.05 (ΔH = 516 G) also has a sharp peak at g=2.009 (ΔH=24). The broad peak 

for the g = 2 line may be from Fe2O3,
213 from the amorphous carbon matrix,210-211 or from free 

radicals found in the PTFE film from plasma deposition.212 The FL-CNx-06 film shows changes 

in the ESR spectrum with an enhancement of the g = 10 (ΔH = 97) and g = 4.3 (ΔH = 120) peaks. 

The Fe3+ signal enhancement with decreasing concentration has also been observed in Fe3+ doped 

zeolites.213 The g = 4.3 peak also has a broad shoulder at approximately g = 5. The FL-CNx-10 and 

FL-CNx-20 films showed a gradual disappearance of the g = 10 absorption peak as well as a 

decrease in the shoulder (g = 5) on the g = 4.3 absorption band. 

4.1.2.1. FL-CNx Film Discussion 

Doping a-C films has been extensively studied and found to improve biocompatible 

properties of the film. The type of dopant used would depend on the desired improvement. In this 

research, fullerene-like amorphous carbon was doped primarily with nitrogen, and it was later 

found out that there were some residual metals incorporated into the coating. The XPS 

measurements found primarily Fe and W within the coatings (≤ 1 at.%), and the concentration 

decreased as a function of increased N2 in the plasma discharge gas. Other metals, including Ni, 
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Cr, Mn, And Cu were also found using the more sensitive µ-XRF technique. The source of this 

metal contamination is most likely from exposed metal materials that were biased (copper 

feedthrough, threaded bolt, iron nuts to compress W wire, metal substrate holder). The use of Ar+ 

within the plasma discharge gas will attack and etch any metal material that is not properly 

shielded, and these metals can be added within the plasma and ultimately be incorporated into the 

FL-CNx film. 

Incorporation of transition metals into a-C films has been done to improve the tribological 

properties of the coating. This is mainly achieved through decreasing the internal stress within the 

a-C matrix and/or improving the adhesion to the substrate.16 The metal distribution within metal- 

incorporated a-C films prepared by magnetron sputtering a metal (Ti, V, Zr, W) and graphite target 

produced films containing low metal concentrations (< 10 at.%).19 The metal distribution within 

the films was suggested to be atomically dispersed within the film, and carbide particles were 

formed only after annealing the films. Extended x-ray absorption fine structure spectroscopy 

analysis measurements suggested that the Ti was surrounded by oxygen.19 

In the present work, the XPS, XANES, and ESR measurements determined that the metal 

incorporation into the FL-CNx films were in oxide form, and there was no indication in the data 

that suggested there was an interaction with the carbon matrix. The most abundant metal found 

within the FL-CNx films was Fe, and its concentration decreased when the amount of Ar+ in the 

plasma discharge gas decreased. It was interesting to find that the oxidation state of Fe was 

dependent on the plasma discharge gas content. In the absence of N2 in the plasma discharge gas, 

Fe was primarily in the Fe3+ oxidation state as an oxide or oxyhydroxide complex. However, the 

addition of N2 to the plasma discharge gas during film deposition found Fe2+ near the surface, but 

there are still some Fe3+ in the film, as suggested from the ESR measurements. It has been reported 

that iron oxides near the surface of materials can be reduced to Fe2+-oxides during Ar+ 

sputtering.197 Here the Fe3+-oxide loses an oxygen atom during the sputtering process, and reduces 

to an Fe2+-oxide. Others have reported autoreduction of Fe3+ oxide catalysts to Fe2+ oxides in 

reducing atmospheres using H2 or He environments.215-216 In a more recent publication, XANES 

measurements of an Fe-doped topical insulator Bi2Te3 was found to differ in Fe2+:Fe3+ ratio in both 

the surface and bulk region.209 

The %N2 plasma discharge gas used in the preparation of FL-CNx was found to change 

many different properties of the resulting FL-CNx films. The %sp2 content were calculated for 
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these FL-CNx films deposited on PTFE from C1s XANES measurements.105 In general, nitrogen 

doping linearly increased the %sp2 carbon content to a maximum of approximately 92% for FL-

CNx-10 film. However, further increasing the %N2 plasma discharge did not change the %sp2 

content. 

Biocompatible testing on the FL-CNx coatings were summarized in Dr. M. Foursa’s PhD 

dissertation.114 In general, the FL-CNx coatings did not adsorb as much fibrin compared to the 

uncoated PTFE substrate, resulting in reduced red blood cell adhesion. Similarly, the FL-CNx 

coatings had good endothelial cell and fibroblast adhesion and spreading (generally a sign of low 

cytotoxicity), whereas there was no adsorption observed on the uncoated PTFE substrate. A 

quantitative analysis of platelet adsorption and activation was also completed for the FL-CNx 

coatings. The platelet adhesion results presented in Dr. M. Foursa’s dissertation is re-plotted and 

shown in Figure 4.14.114 In general, the FL-CNx-00 to FL-CNx-10 films had a larger fraction of 

non-activated platelets observed on their surface, with a maximum non-activated platelets 

observed on the FL-CNx-03 film. The FL-CNx-20 film had less non-activated platelets compared 

to the uncoated PTFE substrate, but it also had a significant portion of the platelets in the spread 

and aggregated form compared to any other film. The fully spread and aggregated were also 

minimized for the FL-CNx-03 and FL-CNx-06 films. 
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Figure 4.14. The relative indexes of platelet adhesion of uncoated PTFE and FL-CNx films prepared using 

different %N2 plasma discharge gas. Platelets adsorbed onto surfaces were classified as (I) Single 

nonactivated; (II) Slightly activated cells with pseudopodia; (III) fully spread platelets; (IV) aggregated 

platelets. Figure is adapted from results presented in Dr. M. Foursa’s PhD dissertation.114 
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The incorporation of nitrogen into the FL-CNx matrix has shown some biocompatible 

improvements compared to the nitrogen-free counterpart. Incorporation of smaller amounts of 

nitrogen correlate with a smaller %N2 plasma discharge gas during film preparation. These lower 

amounts of at.% N found in the FL-CNx-03 and FL-CNx-06 films increased the hydrophilicity of 

the resulting films (Figure 4.2). However, the FL-CNx-10 and FL-CNx-20 films became more 

hydrophobic and increased the number of activated platelets which were observed for these films. 

The G-band peak position and the ID/IG ratio measured from Raman spectroscopy on the 

FL-CNx films provided some additional insight regarding the changes in platelet adhesion for the 

films prepared with different %N2 plasma discharge gas. The initial nitrogen incorporation used 

low %N2 plasma discharge gas for the FL-CNx-03 and FL-CNx-06 films did not significantly 

change the G-band peak position compared to the FL-CNx-00 film. The ID/IG peak ratio also 

increased to a maximum for the FL-CNx-03 film and further %N2 plasma discharge gas reduced 

this ratio. The ID/IG peak ratio for stage-2 type amorphous carbon represents an increase in order 

as well as an increase in aromatic clusters.173 It was previously reported that there seemed to be an 

optimum fraction of %sp2 content in the films that reduced the amount of activated platelets, but 

too much nitrogen reversed this trend.41 Incidentally, the FL-CNx film that had the maximum ID/IG 

peak intensity ratio also showed the minimum of activated platelets. 

The surface reactivity of the films will be a combination of surface topography, 

microstructure, and functional groups. Understanding the electronic structure may provide insight 

as to why coatings prepared under similar conditions vary in their biocompatible responses. The 

contact angle measurements shown in Figure 4.2 show a general trend in which the decrease in 

contact angle (increase in hydrophilicity) for the small amounts of at.% N in the 3-6%N2 prepared 

films. However, the films prepared with larger amounts of %N2 (10-20%) showed a significant 

decrease in the number of non-activated platelet cells. An increase in hydrophilicity has been 

shown to improve the biocompatible properties for coatings prepared under similar conditions, but 

it is not the sole determining factor. 

 Protein Interactions with Metal Incorporated FL-CNx 

4.1.3.1. SPR 

The FL-CNx prepared with different amounts of N2 plasma discharge gas were deposited 

onto commercially available Au-coated SPR sensor chips. The SPR reflectance curves, commonly 
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referred to as the SPR “dips”, are shown in Figure 4.15. The minimum SPR deflection angle is 

very sensitive to refractive index changes and correlates to changes in mass at the Au/PBS 

interface. The SPR reflectance minimum is centered at 10 pixel units for the bare Au film in PBS. 

The x-axis is given in the location of the SPR detector and could be converted to an SPR angle, 

but the manufacturer does not provide the conversion. The addition of the FL-CNx film shifts the 

SPR deflection angle minima to 28-35 pixel units. The thickness of FL-CNx film was approximated 

by AFM, and found to be approximately 10-15 nm in thickness. 
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Figure 4.15. SPR reflectance curves for Au sensor substrate and FL-CNx films prepared from different 

amounts of N2 plasma discharge gas ratios. 

The FL-CNx film’s surface topography was measured with AFM shown in Figure 4.16. 

The films were very smooth and the RRMS roughness values, summarized in Table 4.7, showed a 

slight decrease for films prepared with N2 in the plasma discharge gas. The size and shape of the 

nanoclusters seemed to vary. The FL-CNx films contained small individual-like and aggregated 

nanoclusters. In addition, there is an appearance that the nanoclusters from a more fibril-like 

structure or a nano-island like structure. 
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Figure 4.16. AFM topography images of FL-CNx films prepared with different amounts of N2 plasma 

discharge gas: (a) FL-CNx-00; (b) FL-CNx-10; (c) FL-CNx-20; (d) FL-CNx-30. Images are 1 µm x 1 µm. 

The FL-CNx sample images are displayed in the same height and color scale. 

Table 4.7. FL-CNx Film characterization prepared with different %N2 plasma discharge gas and deposited 

on Au sensor surfaces. 

Sample 

AFM1 Contact Angle2 Raman3 

RRMS 

(nm) 

(Deg) G-Band 

(cm-1) 

D-Band 

(cm-1) 

ID/IG
4 

FL-CNx-00 2.1 (±0.3) 72.0 (±1.5) 1558 (117) 1395 (210) 0.71 (0.06) 

FL-CNx-10 1.2 (±0.3) 58.3 (±3.3) 1554 (151) 1377 (219) 0.80 (0.07) 

FL-CNx-20 1.6 (±0.2) 68.0 (±1.0) 1558 (139) 1380 (283) 1.09 (0.07) 

FL-CNx-30 1.4 (±0.2) 70.2 (±3.4) 1556 (178) 1377 (230) 0.93 (0.04) 
1 RRMS values were taken from 2 µm x 2 µm areas over n = 4-5 areas. 
2 Contact angles were taken from n = 5-7 measurements. 
3 FWHM values given in brackets. 
4 Standard error from peak height ratios given in brackets. 
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Raman spectroscopy measurements for the FL-CNx films shown in Figure 4.17 and 

summarized in Table 4.7 revealed that the G-Band is approximately 11-17 cm-1 downshifted when 

deposited on Au substrates (1554-1558 cm-1) compared to the PTFE substrate (1570-1577 cm-1). 

This G-band position indicates that the FL-CNx films are stage 2 a-C containing approximately 

10-15% sp3 bonds and the aromatic cluster size (La) decreases to < 2 nm.176 The FWHM of the G-

band also increased with the incorporation of nitrogen into the a-C matrix, and indicates a larger 

variation of sp2 sites within the films.173, 180 The ID/IG ratio summarized in Table 4.7 showed that 

nitrogen incorporation increased the ID/IG ratio, showing that nitrogen incorporation induces 

aromatic clustering.173 However, high amounts of nitrogen in the plasma discharge gas reversed 

this trend. 
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Figure 4.17. Raman spectroscopy of various FL-CNx films prepared with %N2 plasma discharge gas. (2) 

FL-CNx-00; (5) FL-CNx-10; (6) FL-CNx-20; (7) FL-CNx-30.  

The contact angle measurements were performed on the FL-CNx films with water, and the 

results are summarized in Table 4.7. The contact angle for the FL-CNx-10 film decreased compared 

to the FL-CNx-00 film, indicating that the nitrogen incorporation into the films decreased the film’s 

hydrophobicity. This was similarly observed for the FL-CNx films on the PTFE substrate. 

However, the contact angle measurement for the FL-CNx-20 and FL-CNx-30 films increased and 

indicated that these films became more hydrophobic. This was also observed for the FL-CNx films 

deposited on the PTFE substrate. 
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The SPR sensorgrams of FL-CNx surface interactions with HSA and Fib are shown in 

Figure 4.18. The binding kinetics of the protein with the surface were fit with a 1:1 Langmuir 

binding model and summarized in Table 4.8. For a given protein interaction sensorgram, the 

running buffer flows through the flow cell continuously (< t = 0 s). At the beginning of the 

association phase, the protein solution is injected through the flow cell and exposed to the FL-CNx 

surface. An initial response (< 1 s) is dominated by the bulk shift in refractive index due to the 

differences in refractive index between the running buffer and the protein solution. This is followed 

by an increase in response due to the protein/surface interactions which increases the mass at the 

surface and causes an increase in refractive index. After the association phase (0-120 s), the protein 

solution was stopped, and the dissociation phase (120-300 s) is started by flowing the running 

buffer over the flow cell surface. An initial decrease in response is generally observed near the 

beginning of the dissociation phase due to the change from higher refractive index protein solution 

to the lower refractive index running buffer. A slow decrease in the response is observed during 

the dissociation phase due to protein desorption from the flow cell surface. 

Table 4.8. Kinetic analysis of (a) HSA and (b) Fib binding with FL-CNx films prepared with different %N2 

plasma discharge gas. Standard deviations are given in brackets. 

FL-CNx Film 
ka (x 104) 

(M-1 s-1) 

kd (x 10-4) 

(s-1) 

KD 

(nM) 
χ2 

(a)  HSA 

FL-CNx-00 9.1 (5.1) 4.5 (2.2) 4.9 (2.4) 9.5 

FL-CNx-10 2.7 (1.7) 5.6 (2.3) 20.7 (13.5) 4.2 

FL-CNx-20 3.1 (2.4) 2.3 (0.9) 7.4 (3.8) 11.4 

FL-CNx-30 9.2 (2.4) 2.8 (1.2) 3.0 (5.0) 9.4 

(b)  Fib 

FL-CNx-00 203 (21) 1.9 (0.7) 0.1 (0.3) 2.6 

FL-CNx-10 50.6 (20)  8.2 (0.5) 1.6 (0.3) 2.9 

FL-CNx-20 18.8 (8.4) 1.9 (1.1) 1.0 (1.3) 2.4 

FL-CNx-30 80.9 (40) 5.2 (3.3) 0.6 (0.8) 4.0 

 

The lateral protein interactions were minimized by keeping the protein adsorption 

maximum responses to approximately 200-300 RU, which was well below the Rmax for the FL-

CNx surfaces (Rmax > 1200 RU for HSA). The Chi2 (χ2) values provide an accuracy of the curve 

fitting (lower values indicate better accuracy). 
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Figure 4.18. SPR sensorgrams of FL-CNx films interaction with (a-d) HSA and (e-h) Fib. (a,e) FL-CNx-00 

(b, f) FL-CNx-10(c, g) FL-CNx-20 (d, h) FL-CNx-30. 
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For biomolecular interactions, the ka measures the recognition between 2 binding partners, 

whereas the kd measures the strength and stability of the binding complex. The ka and kd values 

for the FL-CNx films prepared with different %N2 plasma discharge gas are shown in Figure 4.19. 

The kd values for the different FL-CNx films interacting with both HSA and Fib are on the order 

of 10-4 s-1, and the kd value for each protein on a specific film are within a factor of 2. The kd values 

are very stable, and the half-life (τ1/2) calculated by Equation 4.1 is approximately 1.6 h for a kd = 

10-4 s-1. 

τ1/2=
ln 2

kd
      (4.1) 

The ka for the protein interactions with the FL-CNx surface showed a more significant 

dependence on both the protein and the FL-CNx surface. The ka for the HSA interaction showed 

an approximate 3-fold decrease from the FL-CNx-00 film to the FL-CNx-10 film. The ka for the 

FL-CNx-20 film is very similar to the FL-CNx-10 film, but a 3-fold increase in ka was observed 

for the FL-CNx-30 film. On the other hand, the ka measured for Fib had an approximate 4-fold 

decrease for the FL-CNx-10 film compared to the FL-CNx-00 film. The ka is approximately 10-

fold larger for the Fib compared to the HSA. The ka for FL-CNx-20 film decreased approximately 

2.5-fold, and the FL-CNx-30 film increased by approximately 4-fold compared to the FL-CNx-20 

minimum. 
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Figure 4.19. SPR kinetics for HSA and Fib for the FL-CNx films prepared with different %N2 plasma 

discharge gas. (a) ka (b) kd. 

The SPR kinetic results indicate that the ka drives the protein surface interaction, and the 

incorporation of some nitrogen in the a-C matrix changes the protein/surface interaction. In 

general, the ka for Fib is much larger compared to HSA (20-fold difference FL-CNx-00 film). The 
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ka for Fib is approximately 15-fold larger compared to the HSA interaction with the FL-CNx-10 

film. However, the ka for the FL-CNx-20 film was reduced to a 6-fold difference between Fib and 

HSA, but this difference increased to 9-fold difference for the FL-CNx-30 film. These differences 

were still lower compared to the FL-CNx-00 film. 

The ka values for each protein appear to have a correlation to the contact angle values of 

the FL-CNx films, as shown in Figure 4.20.  
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Figure 4.20. Comparison of the ka kinetics of Fib and HSA with the wettability of the FL-CNx films 

prepared with different %N2 plasma discharge gas. 

Both HSA and Fib adsorption onto chemically-modified silica surfaces were found to have a strong 

correlation with the surface wettability.217 the Fib was found to adsorb more on hydrophobic 

surfaces, which is a general “rule of thumb”, but it was further found that the Fib adsorption had a 

correlation with the surface chemistry present. It was found that the Fib adsorption increased for 

surfaces with the presence of sulfur (sulfonates), but the Fib adsorption decreased with the 

presence of nitrogen (amine groups) (chemical composition was evaluated from XPS). A detailed 

correlation for HSA adsorption and surface chemistry was not studied. Both proteins will adsorb 

onto both hydrophilic and hydrophobic surfaces, but they both preferentially adsorb onto 

hydrophobic surfaces.218 In another study, competitive binding studies found that Fib had a higher 

affinity to surfaces compared to HSA, regardless of the surface wettability.219 However, increasing 

the Fib:HSA ratio to 1:10, which is approximately similar to ratios found in plasma, the Fib 

adsorbed onto the surface decreased for all surfaces, with the exception of the most hydrophilic 
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surface. They found that the surface adsorption of Fib was independent of the Fib:HSA ratio, and 

the Fib was close to 100% adsorbed. 

HSA is considered to be noninteracting towards platelets, and surfaces containing HSA 

bound layers have been found to contain less platelet adhesion. Figure 4.21 shows the Fib binding 

on the FL-CNx-00 film, as well as the same surface pre-treated with HSA (1200 RU immobilized). 

The untreated surface shows the typical association kinetics of Fib and the FL-CNx surface, and 

the dissociation kinetics shows approximately 1750 RU (1.75 ng/mm2) remaining on the surface 

after the 2 min injection. The dissociation of the Fib is very slow and the Fib/FL-CNx interaction 

is very stable. The same concentration of Fib was then injected over a HSA saturated surface (1200 

RU), and the resulting sensorgram looks very similar a bulk refractive index shift. The association 

kinetics is very fast and reaches equilibrium quickly.  At the end of the injection, the signal quickly 

dissociated and the baseline shifted by 20 RU, indicating that approximately 20 pg/mm2 of Fib 

remained on the surface. Compared to the untreated FL-CNx surface, the HSA-treated sample 

reduced the Fib capacity on the surface by 88-fold. It is unclear from this measurement on whether 

the Fib adsorbed to the FL-CNx surface (pinholes in the HSA film), or whether the Fib adsorbed 

to the HSA layer. Regardless, quantitative ka/kd measurements revealed the significance of the 

initial protein binding layer and its protective nature towards Fib binding and the possible 

longevity of the film in a serum environment. 
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Figure 4.21. SPR sensorgrams of Fib (500 nM) binding to FL-CNx-00 film for the unmodified surface (red) 

and HSA saturated FL-CNx-00 surface (1200 RU HSA immobilized). 
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4.1.3.2. Scanning Transmission X-ray Spectroscopy (STXM) 

STXM measurements had been successfully applied to measuring HSA and Fib binding 

onto polymer blend films.220-222 This technique was applied to study the protein binding onto the 

FL-CNx surfaces and relate the film’s electronic structure with the protein binding. The C-Kedge, 

N-Kedge, and O-Kedge NEXAFS spectra for the FL-CNx films are shown in Figure 4.22 and the 

electronic states observed are summarized in Table 4.9. Integration of the carbon, nitrogen and 

oxygen signals shown in Figure 4.22(d) reveals that the addition of N2 into the plasma discharge 

gas increases the at.%N to 25-27%, while the at.%O is approximately constant at 9-11%.  

 

 

Figure 4.22. NEXAFS for (a) C1s (b) N1s (c) O1s for FL-CNx films prepared with different N2/Ar plasma 

discharge gas ratios. (d) The at.% of N and O within the films are determined by the integrated area ratios 

for different films. 

The NEXAFS spectra shown in Figure 4.22 are given in optical density (OD) so that the 

prominent bands for a given film are proportional to the C-C, C-N, C-O bonding. The N-Kedge 
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NEXAFS spectrum shown in Figure 4.22(b) identified 3-major π* resonance bands as pyridinic 

(N1), pyrrolic (N2), and graphitic-N (N3) centered at 398.7 eV, 399.9 eV, and 401.2 eV, 

respectively.223 In addition, the FL-CNx-20 film shows an additional band at approximately 403 

eV which is attributed to an oxidize graphitic-like N site. A broad band centered at approximately 

405eV for the FL-CNx-00 film shifts to 407 eV for the FL-CNx-10 to FL-CNx-30 films and 

corresponds to the σ* resonance.  

The O-Kedge NEXAFS spectra shown in Figure 4.22(c) show 2 prominent features located 

at 531-532 eV and 539-540 eV corresponding to the π*(C=O) resonance and σ* resonance. It is 

interesting to note that the O-edge shifts upon high nitrogen incorporation into the a-C network, 

and the π* resonances appear to be a convolution of 2 bands which most likely correspond to 

different O-containing functional groups (carboxyl oxygen, ketones, etc). Although it is expected 

that a higher concentration of O-containing functional groups are present on the surface, EELS 

measurements on low N-containing films made from the deposition chamber found small amounts 

of oxygen throughout film, but the concentration was higher near the surface.103 

The C-Kedge NEXAFS spectra for the FL-CNx films are shown in Figure 4.22(a). The 

0%N2 prepared FL-CNx film shows prominent bands located at 285.1 eV, 288.5 eV, and 293 eV 

which are assigned to aromatic carbon (1s→π*(C=C)) and carboxylic acid (1s→π*(C=O)), and 

1s→σ* (C=C) transitions, respectively. With the addition of high at.%N to the film matrix, a new 

prominent shoulder appears at 285.6 eV(C1), and 3 discrete bands centered at 286.7 eV (C2), 

288.1eV (C3), and 289.4 eV (C4) appear in the π* resonance region. In addition, the broad 1s→σ* 

band increases in overall band intensity and the major band shifts to approximately 295 eV for 

high nitrogen containing films. The C1 band is assigned to N-incorporated aromatic rings 

(pyridinic rings). The C2 band has been assigned to sp2(C=N) bonding in a-CNx films224, 

oligonucleotide heterocyclic rings225, peptides,226 and sp(C≡N) 190, 224. However, the observed 

C≡N bands in Raman or FTIR studies for FL-CNx films deposited onto PTFE was not observed. 

Other oxygen-containing functional groups resonances (π*C=O) also occur in this region.190 The 

C3 resonance band can be assigned to a sp3(C-N). The (π*N-C=O) transition has been commonly 

found in the amide backbone of peptides and protein materials.222, 226 The C4 resonance band has 

been attributed can be attributed to sp2(C=N) in pyridinic rings,224 or ring systems containing 

multiple N, similar to that found in nucleotide heterocyclic rings,225 or tryptophan peptide side 

chains.226  
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Table 4.9. NEXAFS bands for C1s, N1s, and O1s for FL-CNx films prepared with different %N2 plasma 

discharge gas. 

 Energy (eV) Assignment 

FL-CNx-00 FL-CNx-10 FL-CNx-20 FL-CNx-30  

C1s 

1 285.1 285.1 285.1 285.0 1s(Cring)→π*
C=C 

2 -- 285.6 285.6 285.6 1s(C-N)ring→π*
C=C 

3 286.5 286.7 286.7 286.7 1s(C-C) fused ring→π*
C8 (tryptophan 

side chain) 

4 288.5 288.1 288.1 288.1 1s(C=O)→π*
COOH; 1s(C=O) →π*

O=C-N 

5 -- 289.4 289.4 289.4 1s(C=N)→π*
N-C=N; 1s(C=N)→π*

N-CO-N 

6 293 295 295 295 1s→ σ* (C-C); 1s→ σ* (C-N) 

N1s 

1 398.1 -- -- -- 1s→π*
C-N=C (pyridinic N) 

2 399.0 399.0 399.0 399.0 1s→π*
C-N=C (pyridinic N),(multiple N) 

3 399.9 399.8 399.9 399.8 1s→ π *pyrrole-type 

4 401.1    1s→ π *graphitic N; , 1s→ π *N-C=O 

5 -- -- 403.0 -- 1s→π*
N2 

6 406.7 407.3 407.4 407.4 1s→σ* 

O1s 

1 531.2  -- -- 1s→π*
C=O (ketone) 

2  531.8  531.8 1s→π*
C=O + 1s→π*

O-C=O (carboxyl) 

3 532.3  532.1  1s→π*
O-C=O (carboxyl) 

4 538.9 539.5 539.9 539.6 1s→ σ* 

 

The FL-CNx-10 film was exposed to HSA for 2 minutes, rinsed and dried. The C1s, N1s, 

and O1s NEXAFS spectra of the HSA-treated FL-CNx-10 film, HSA, and the untreated FL-CNx-

10 film are shown in Figure 4.23. NEXAFS mapping using STXM typically involves each pixel 

of the stack to be fit to known NEXAFS reference spectra by a singular value decomposition 

method, which is an optimized method of least square analysis.227 In addition, each reference 

material should ideally have a distinguishable unique band signature that is not found in other 

reference materials. In Figure 4.23(a), the C1s NEXAFS spectrum for the FL-CNx-10 film has an 

unique bands centered at 286.7 eV and 289.4 eV. However, the major bands found in the HSA 

spectrum are the 1s(Cring)→π*
C=C and 1s(C=O) →π*

O=C-N centered at 285.1 eV and 288.1 eV, 

respectively, are also present in the FL-CNx-10 film spectrum. It would be difficult to distinguish 

between the HSA and the FL-CNx-10 film using the bands found in the C1s spectrum. 
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Figure 4.23. NEXAFS of HSA immobilized on FL-CNx film prepared with 10% N2 plasma discharge gas. 

(a) C1s (b) N1s (c) O1s. An HSA solution (0.1mg/mL in PBS, pH7.4) was dropped onto the FL-CNx film 

for 2-3min, gently rinsed with PBS, then water, and then dried.  

The N1s NEXAFS spectra of the HSA-treated FL-CNx surface, untreated FL-CNx-10 film, 

and HSA are shown in Figure 4.23(b). The major band found in HSA consists of the 1s→ π *N-C=O 

amide band located at 402.1 eV. Unfortunately, the FL-CNx-10 film also has a small feature in this 

region, so this band is not suitable for distinguishing between the HSA and the FL-CNx-10film. 

Similarly, The O1s NEXAFS spectrum for HSA shown in Figure 4.23(c) is centered at 532.5 eV, 

but the FL-CNx-10 film band is broad and slightly shifted at 532.4 eV. However, the HSA-coated 

FL-CNx-10 film spectrum has very similar lineshape to the untreated FL-CNx-10 film, and it would 

be very difficult to distinguish between HSA signal and FL-CNx signal.  

Overall, the major bands found in the FL-CNx films (Table 4.9) also overlap with the HSA 

bands, so the STXM NEXAFS imaging technique was determined to be not suitable. The possible 

exception could be the FL-CNx-00 film. In this case, the major band in the C1s NEXAFS spectrum 

is the 1s(C=O)→π*
COOH band centered at 288.5 eV, which is 0.4 eV higher compared to the 

1s(C=O) →π*
O=C-N band centered at 288.1 eV found in HSA. With careful energy calibration of 

the beamline, it may be possible to image the HSA on the FL-CNx-00film. However, the other 

drawback for this technique would be the small spectral signature of HSA (2-4 nm) for a single 

layer compared to the thicker FL-CNx film (approximately 100 nm). The HSA signal could be 

enhanced by depositing a thinner FL-CNx film, as the STXM technique has been able to measure 

single layer graphene.228 Unfortunately, the synchrotron facility experienced disruptions, several 

peer reviewed shifts were lost and additional beamtime could not be secured through the peer 

review process in the following cycle. It was ultimately decided to discontinue this part of the 

research. 
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4.2. Metal Free a-C:N Films 

 Verification of Metal-Free a-C:N Deposition 

The original plasma assisted graphite sputter chamber was built with spare parts. Although 

the chamber worked very well, there were some fundamental design flaws in which lead to the 

incorporation of metals into the amorphous carbon films. These included improperly shielded 

metal components, lack of a N2(l) trap on the vacuum line to reduce backflow contamination, etc. 

An attempt to correct these measures on the original sputtering chamber was made, but a multi-

user environment made it difficult to keep the deposition chamber clean and operational. 

A new deposition chamber was designed, and details are summarized in Section 3.1.2. 

However, the W filament was placed further away from the substrate as to not heat the sample 

during film deposition. The deposition temperature (estimated using an infrared temperature gun) 

was approximately less than 50-70° C. Therefore, the deposited films were a-C:N type film. The 

verification of the metal-free a-C:N films were assessed with µ-XRF and XPS survey scans and 

are shown in Figure 4.24.  

 

Figure 4.24. (a) µ-XRF of a-C:N-00 prepared film deposited on Si from new chamber is compared to the 

FL-CNx-00 film prepared from the old chamber. (b) XPS survey scans for the a-C:N films deposited on Si 

shows no additional metals co-deposited into a-C:N films. 

The µ-XRF spectrum of the a-C:N-00 is compared to the FL-CNx-00 film prepared from the 

original deposition chamber. The FL-CNx-00 film was found to contain the highest amount of 

metals, but the µ-XRF spectrum for the a-C:N-00 films prepared in the new chamber does not 

show any metal fluorescence. Similarly, XPS survey scan measurements for a-C:N films prepared 

in the new chamber show the major elements present were C, N, O, and a small amount of Si was 
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also present. It was unclear if the source of the Si was a result of Si etched off the substrate surface 

during the deposition process or coming from the pyrex plasma chamber. It was also possible that 

there was Si contaminated particles on the surface from cutting the samples for XPS 

measurements. 

 a-C:N Film Characterization on Au Substrate 

The “metal-free” a-C:N films were prepared in a new chamber, and prepared in the new 

chamber at a lower temperature. In addition, an Fe-doped a-C:N-00 (a-C:N-00Fe) was also 

prepared in order to investigate any effects from the Fe during film deposition. The AFM, Raman 

spectroscopy, and contact angle measurement results for the different a-C:N films are summarized 

in Table 4.10. The surface topography of the a-C:N films was measured with AFM and shown in 

Figure 4.25. The films were very smooth and revealed a small nano-cluster morphology on the 

surface. There was not a significant difference in RRMS surface roughness which varied from 1.8-

2.3 nm for the metal free a-C:N films. The a-C:N-00Fe film had a slightly higher RRMS roughness 

value of 2.7 nm, but it was not statistically significant. 

Table 4.10. Film Characterization of metal-free a-C:N films prepared with different N2% plasma discharge 

gas and deposited on Au sensor surfaces.  

a-C:N Films 

AFM1 Raman Spectroscopy2 Contact Angle3 

RRMS 

(nm) 

G-Band 

(cm-1) 

D- Band 

(cm-1) 

ID/IG
4 (Deg) 

a-C:N-00-Fe 2.7 (±0.3) 1561 (156) 1350 (229) 0.51 (0.04) 56.2 (±1.8) 

a-C:N-00 2.2 (±0.2) 1558 (143) 1309 (301) 0.70 (0.11) 55.9 (±1.7) 

a-C:N-05 2.1 (±0.1) 1550 (135) 1348 (368) 1.41 (0.09) 49.5 (±1.3) 

a-C:N-10 2.3 (±0.4) 1548 (145) 1348 (326) 1.26 (0.09) 51.8 (±1.3) 

a-C:N-20 2.3 (±0.1) 1550 (140) 1353 (372) 1.10 (0.08) 51.7 (±1.1) 

a-C:N-30 1.8 (±0.4) 1558 (157) 1360 (358) 0.88 (0.12) 56.1 (±1.0) 
     1 RRMS values were taken from 2 µm x 2 µm areas over n = 4-5 areas. 
     2 FWHM values given in brackets. 

   3 Contact angles were taken from n = 5 measurements. 

   4 Standard error calculated from peak height ratio given in brackets. 
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Figure 4.25. AFM topography images of a-C:N films prepared with different amounts of N2 plasma 

discharge gas: (a) a-C:N-00Fe (b) a-C:N-00; (c) a-C:N-05; (d) a-C:N-10; (e) a-C:N-20, (f) a-C:N-30. 

Images are 2 µm x 2 µm. 
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The Raman spectra for the Fe-doped and “metal-free” a-C:N films are shown in Figure 

4.26(a), and the band positions and widths are summarized in Table 4.10. The G-band and D-bands 

were deconvoluted according to Ferrari.172, 176 Comparing the Fe-doped and “metal-free” a-C:N 

films, the G-band for the Fe-doped a-C:N film was upshifted slightly to 1561 cm-1 compared to 

the 1558 cm-1 for the “metal-free” a-C:N film. However, the ID/IG peak intensity ratio was smaller 

for the Fe-doped a-C:N film (0.51) compared to the “metal-free” a-C:N film (0.70). This would 

suggest that the addition of the Fe within the plasma reduced the amount of 6-membered aromatic 

clusters within the film matrix. The G-band for the a-C:N-05 film down-shifted to 1550 cm-1, 

indicating a slight increase in %sp3 character in the film and the ID/IG peak intensity increased to 

1.39 suggesting more order and 6-membered aromatic clusters within the film. The a-C:N-10 film 

had a slight G-band downshift to 1548 cm-1 and slight ID/IG ratio decrease to 1.26. Further addition 

of %N2 plasma discharge gas for the a-C:N-20 and a-C:N-30 films showed slight upshifts for the 

G-band to 1550 cm-1 and 1558 cm-1, respectively. However, the ID/IG ratio declined to 1.10 and 

0.88 for the a-C:N-20 and a-C:N-30 films. 
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Figure 4.26. (a) Raman measurements (λex = 514.5 nm) of a-C:N-00Fe (1) and metal-free (2-6) a-C:N films 

prepared with different %N2 plasma discharge gas. (2) a-C:N-00; (3) a-C:N-05; (4) a-C:N-10; (5) a-C:N-

20; (6) a-C:N-30. (b) The ID/IG peak intensity ratio and the contact angle measurements for the Fe-doped 

and “metal free” a-C:N films. 

The wettability of the different a-C:N films was assessed by static sessile contact angle 

measurements. Contact angle measurements using Millipore water on the different surfaces are 

shown in Figure 4.26(b). The a-C:N films prepared in the “metal-free” apparatus have a much 

lower contact angle compared to the FL-CNx films prepared in original chamber and described in 

Section 4.1. However, the contact angle for the a-C:N films showed a similar trend. The 
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introduction of N2 into the plasma discharge gas showed a decrease in contact angle from 55.9o to 

49.5o for the a-C:N-00 and a-C:N-05 films, respectively. The a-C:N-10 film had a slight increase 

in the water contact angle to 51.8o. The a-C:N-20 and a-C:N-30 films showed a further increase in 

the water contact angles of 51.7o and 56.1o, respectively. The a-CN-00Fe film showed a very 

similar water contact angle of 56.2o compared to the 55.9o value obtained for the a-C:N-00 film. 

This suggested that the addition of Fe into the a-C:N matrix did not significantly change the surface 

energy of the a-C:N film. 

The XPS survey scans and UPS workfunction measurements of the sputtered a-C:N films 

are summarized in Table 4.11. It should be noted that there was a small amount of Au detected 

from the survey scans. It was possible that this was due to small pinholes within the a-C:N films, 

but it was later determined that the Ar+ ion sputtering gun was not sputtering samples evenly and 

hot spots were evident in other samples. Therefore, the presence was not necessarily from pinholes 

in the films. The XPS survey scans of sputtered films showed a large incorporation of nitrogen 

into the a-C matrix, even for the lowest value of % N2 in the plasma discharge gas. The N/C and 

O/C ratios as a function of %N2 plasma discharge is shown in Figure 4.27(a). The N/C ratio 

initially has a large increase with the introduction of N2 into the plasma discharge gas, and it 

plateaus around N/C = 0.6-0.7. The O/C ratio was small for the a-C:N-00 film (O/C = 0.02), but it 

increased to a range of O/C = 0.05-0.08 for the N-containing a-C:N films. The amount of at.% O 

is relatively low within the films (1.9-4.4 at.%) compared to the surface values (10-12 at.% O). 

Table 4.11. XPS and UPS measurements of a-C:N films prepared on Au substrate. 

a-C:N Film 

XPSa UPSb 

at.% 

C 

at.% 

N 

at.% 

O 

at.% 

Fe 

at.% 

Au 
N/C O/C 

Workfunction 

(eV) 

a-C:N-00Fe 81.8 12.1 4.0 1.3 Au 0.15 0.05 4.1 

a-C:N-00 91.6 6.5 1.9 --  0.07 0.02 4.2 

a-C:N-05 63.5 33.1 3.3 -- 0.1 0.52 0.07 4.8 

a-C:N-10 60.4 35.1 4.1 -- 0.4 0.58 0.07 4.6 

a-C:N-20 54.7 40.7 4.4 -- 0.1 0.74 0.08 4.1 

a-C:N-30 59.4 37.0 3.1 -- 0.5 0.62 0.05 4.2 
    a Relative errors in XPS area measurements are approximately 5-10%. 

   b Relative energy resolution for He(I) source used in UPS measurements is 0.02 eV. 

 

The high-resolution XPS measurements of the C1s, N1s and O1s regions are shown in Figure 4.27 

and summarized in Table 4.12.  
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Figure 4.27. High resolution XPS of the a-C:N films prepared with different %N2 plasma discharge gas. 

(1) a-C:N-00Fe (2) a-C:N-00 (3) a-C:N-05 (4) a-C:N-1 (5) a-C:N-20 (6) a-C:N-30. (a) The at.% ratios of 

N/C and O/C as a function of plasma discharge gas during film preparation. High resolution XPS spectra 

were collected for (b) C1s; (c) N1s; (d) O1s; (e) Fe2p. 
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Table 4.12. Peak deconvolution of high resolution XPS measurements of a-C:N films prepared with 

different %N2 plasmas discharge gas. 

(a) C1sa 

a-C:N Film 

C1 

C=C, C-H 

Ar-N 

(eV) 

At.% 

C2 

C=N; C-O 

(eV) 

At.% 

C3 

C-N; C=O 

(eV) 

At.% 

C4 

COOH 

(eV) 

At.% 

a-C:N-00Fe 284.6 (1.4) 57.1 285.6 (1.4) 

286.8 (1.4) 

27.2 

10.0 

288.0 (1.4) 4.0 289.3 (1.4) 1.8 

a-C:N-00 284.6 (1.2) 59.2 285.5 (1.2) 

286.6 (1.2) 

27.0 

8.3 

287.9 (1.2) 3.8 289.5 (1.2) 1.7 

a-C:N-05 284.8 (2.1) 51.0 286.4 (2.1) 36.0 288.0 (2.1)  13.0   

a-C:N-10 284.8 (2.3) 53.0 286.5 (2.3) 35.9 288.0 (2.3) 11.1   

a-C:N-20 284.7 (2.0) 31.6 286.3 (2.0) 43.6 287.9 (2.0) 24.8   

a-C:N-30 284.8 (2.3) 47.9 286.5 (2.3) 39.3 288.0 (2.3) 12.8   

(b) N1sa 

 N1 

Pyridinic N 

(eV) 

At.% 

N2 

Pyrollic N 

(eV) 

At.% 

 

a-C:N-00Fe 398.8 (1.8) 61.3 400.3 (1.8) 38.7 

a-C:N-00 398.7 (2.0) 53.9 400.0 (2.0) 46.1 

a-C:N-05 398.5 (2.3) 71.0 400.0 (2.3) 29.0 

a-C:N-10 398.6 (2.3) 65.6 400.0 (2.3) 34.4  

a-C:N-20 398.6 (2.0) 61.4 400.2 (2.0) 38.6 

a-C:N-30 398.6 (2.3) 68.6 400.2 (2.1) 31.4 

(c) O1sa 

 

O1 

Quinone 

(eV) 

At.% 

O2 

C=O 

(eV) 

At. % 

O3 

C-O-C 

(eV) 

At.% 

O4 

C-O;Ar-OH 

(eV) 

At.% 

a-C:N-

00FeM 

531.3 (1.5) 33.5 531.9 (1.5) 25.7 532.8 (1.5) 20.2 533.5 (1.5) 11.8 

a-C:N-00 531.1 (2.0)  26.1 531.7 (2.0) 0.5 532.6 (2.0) 61.7 533.3 (2.0) 11.7 

a-C:N-05 531.1 (2.0) 50.1 531.7 (2.0) 32.9 532.6 (2.0) 0.0 533.3 (2.0) 17.0 

a-C:N-10 531.1 (2.0) 71.8 531.7 (2.0) 5.2 532.6 (2.0) 18.0 533.3 (2.0) 4.9 

a-C:N-20 531.3 (1.8) 66.6 531.9 (1.8) 20.6 532.8 (1.8) 0.3 533.5 (1.8) 12.5 

a-C:N-30 531.1 (2.0) 53.9 531.7 (2.0) 32.7 532.6 (2.0) 0.0 533.3 (2.0) 13.4 
a Standard deviation for C1s, N1s, and O1s areas are approximately 0.8 at.%, 1.1 at.%, 1.6 at.%, 

respectively. 

*FWHM peak widths are shown in brackets. 
M An additional peak located at 530.2 eV (1.0 eV, 8.8 at.%O) was deconvoluted from FexOy presence in 

film. 
 

The C1s region shown in Figure 4.27(b) shows a peak envelope centered near 285 eV 

which broadens significantly with nitrogen incorporation. The binding energies for both carbon-
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oxygen and carbon-nitrogen functional groups are very similar. Deconvolution between the 

different binding groups is very difficult unless a well calibrated instrument and good standards 

are used. When standards are not available, peak deconvolution can be performed on one sample, 

and the optimized peak deconvolution can be used for the remaining samples. The C1s region for 

the a-C:N-00 and a-C:N-00Fe samples were deconvoluted into 5 peaks. The C1 centered at 284.6 

eV which is attributed to graphitic sp2 carbon. A second peak centered at 285.6 eV (C1b) has been 

attributed to aromatic carbons containing sp2-nitrogen.186 The C2 peak centered at 286.6 eV is 

attributed to sp2 bonded nitrogen, C-OH and C-O-C groups. The C3 peak centered at 287.8 eV is 

attributed to C=O and O=C-N groups. The C4 group centered at 289.5 eV is attributed to the 

COOH functional group. The a-C:N-00 and a-C:N-00Fe peak positions and FWHM peak widths 

were very similar. The nitrogen containing a-C:N films were deconvoluted into 3 main peaks. The 

C1 peak shifted to higher energy and broadened with nitrogen incorporation into the a-C matrix.229 

The C2 peak was centered at 286.4 (±0.1) eV and the peak area increased to > 30 at.%C. This peak 

is attributed to the aromatic carbon containing sp2-nitrogen. This peak shifted from the from that 

observed in the a-C:N-00 film, possibly due to the large nitrogen incorporation in the films. The 

C3 peak was centered at 288.0 (±0.1) eV is attributed to sp3-nitrogen from amide functional groups. 

The asymmetric N1s peaks shown in Figure 4.27(c) is centered at 399 eV and can be 

deconvoluted into 2 major peaks: N1 peak located at 398.6 (±0.1) eV is associated with 2-fold 

coordinated sp2-hybridized N (pyridinic N) and the N2 peak centered at 400.1 (±0.2) eV is 

attributed to 3-fold coordinated sp2-hybridized N (pyrrolic N). There was no apparent peak or 

shoulder located in the 401 eV region like that observed in the FL-CNx samples. 

The O1s XPS region shown in Figure 4.27(d) was deconvoluted into 4 peaks188: (1) O1 is 

located at 531.2 (±0.1) eV and is associated with quinone-type structure, (2) O2 is located around 

531.8 (±0.1) eV and it is associated with carbonyls, (3) O3 located at approximately 532.7 (±0.1) 

eV is associated with C-O-C structure, O4 is located at approximately 533.4 (±0.1) eV and is 

associated with COOH and phenols. There was no peak or shoulder around 535 eV which is 

associated with adsorbed water. Overall, the amount of oxygen within the a-C:N films was very 

low. For the a-C:N-00Fe film, and additional peak located at 530.2 eV is associated with the 

presence of FexOy. 

The high resolution Fe2p spectrum shown in Figure 4.27(e) shows asymmetric bands 

centered at 710 eV (Fe2p3/2) and 723 eV (Fe2p1/2). There is also a shoulder at 708 eV. Multiple 
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Fe-oxides are known to exist within samples and quantifying the different Fe-oxides is difficult 

and can lead to erroneous interpretation.196 Qualitatively, the Fe2p spectrum is similar to that 

observed for FeO, which has a band center of symmetry is 709.5 eV).198, 200 It is also possible for 

the presence of Fe3O4 (magnetite) which contains a mixture of Fe2+ and Fe3+ ions. The Fe2p XPS 

spectrum for FL-CNx-00 showed the presence of Fe3+. The a-C:N-00Fe sample showed the 

presence of more Fe2+, but it is known that Ar+ sputtering can reduce iron oxides.230 
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Figure 4.28. The N1/N2 at.% peak ratio from N1s spectral deconvolution as a function of a-C:N films 

prepared with different %N2 plasma discharge gas. 

The UPS of the a-C:N films are shown in Figure 4.29. UPS uses low energy electrons (HeI 

= 21.22 eV) to induce the photoemission of electrons from the valence band region. The use of 

low energy excitation photons provides a very shallow penetration depth (<2-3 nm), so this 

technique reveals the electronic surface structure and is highly surface sensitive. In addition to the 

valence band structure acquisition, the electronic workfunction (Φ) (referred to as surface potential 

for non-metals) can also be determined from the spectrum by measuring the difference of the Fermi 

level and the low kinetic energy electron cut-off and subtracting this value from the incident photon 

energy. The Φ is very sensitive to surface structure (different metal crystal faces have different p 

values), doping-levels, and changes in the surface dipoles. The Φ values as a function of the %N2 

in the plasma discharge is shown in Figure 4.29(b). The initial incorporation of nitrogen into the 

a-C matrix increased the Φ value for the a-C:N-05 film. However, further incorporation of nitrogen 
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into the film by increasing the %N2 plasma discharge gas decreased the Φ value for the a-C:N 

films. 
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Figure 4.29. (a) UPS (HeI = 21.22 eV) spectra of the Fe-doped (1) and metal-free (2-6) a-C:N films 

prepared with different %N2 plasma discharge gas. (1) a-C:N-00Fe (2) a-C:N-00 (3) a-C:N-05% (4) a-C:N-

10 (5) a-C:N-20 (6) a-C:N-30. (b) The Φ of each a-C:N film calculated from the secondary electron cut-

off. 

 SPR of a-C:N Protein Interactions 

SPR sensor chips with the a-C:N films were made with the new deposition chamber. The 

a-C:N films did not contain any metals co-deposited in the films, and they were prepared at lower 

temperatures compared to the FL-CNx films. A Biorad XPR36 instrument became available in the 

SSSC which provided a unique experimental feature in that the platform contained 6 independent 

flow channels that could be rotated both horizontally and vertically. This allows for 36 

sensorgrams to be measured during one sample cycle. The basic layout of the Biorad Proteon 

XPR36 sensor chip was shown in Figure 1.3 (pg. 7). 

The a-C:N films were deposited onto clean Au sensor chips. The SPR reflectance curves 

of a cleaned Au sensor chip and a representative a-C:N-10 film are shown in Figure 4.30. The 

clean Au sensor surface has a minimum (SPR dip) at approximately 12 pixel units, whereas the 

addition of the a-C:N film shifts the SPR dip minimum to approximately 5 pixel units. This shift 

represents a change in refractive index at the surface (correlated to an increase in mass), and it 

confirms the presence of the a-C:N film. 
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Figure 4.30. Representative SPR reflectance curves of cleaned Au sensor chip and a-C:N film. 

The Proteon XPR36 instrument has 6 independent flow channels that run simultaneously. 

A “reference” channel was created in the vertical direction of channel 6 by flowing casein or BSA 

over the flow cells to “block” the active sites on the a-C:N surface. The sensorgrams shown in 

Figure 4.31 show how the casein or BSA injection over the a-C:N reference channel saturates the 

surface with over 2000 RU of protein. Both proteins are commonly used for blocking non-specific 

binding sites in biochemical methods like Western blots. The resulting protein-coated reference 

surface provided a suitable reference that has minimal interaction with HSA and Fib and will 

provide correction for minor refractive index changes between the running buffer and the analyte 

protein solutions. If present, minor non-specific binding interactions may also be subtracted. 
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Figure 4.31. SPR sensorgrams of using casein and BSA to block non-specific binding sites to be used as a 

suitable reference surface.  

An example HSA sensorgram concentration series is shown in Figure 4.32 for an a-C:N-

10 film. The HSA 2-fold dilution concentration series (0-178 nM) flows over the horizontal 

channels (1-6), where L1 is an “active” a-C:N surface and L6 is the BSA coated “reference” 

surface are shown in Figure 4.32(a-b), respectively. The HSA sensorgram profile shown in Figure 

4.32(a) is a combination of the HSA interaction with the a-C:N-10 surface, the refractive index of 

the different concentration of HSA solution, and the instrument drift. The HSA sensorgram profile 

for the L6 reference channel shown in Figure 4.32(b) shows a much lower response profile and 

lineshape. The lineshape is very close to a rectangular box, which indicates a minimal non-specific 

interaction with HSA and more dominated by the bulk-refractive index changes between the HSA 

solution and the running buffer. Figure 4.32(c) shows the resulting sensorgrams after the reference 

(L6) sensorgrams are subtracted from the a-C:N-10 active surface (L1) for the HSA concentration 

profile. This HSA sensorgram profile is corrected for the bulk refractive index shift from the HSA 

solutions as well as any minimal non-specific binding interaction. Finally, the sensorgrams shown 

in Figure 4.32(d) are double-referenced sensorgrams after subtracting the HSA concentration 

sensorgrams with a “blank buffer” sensorgram (0 nM HSA). This corrected the sensorgrams for 

any instrumental drift that may be present during measurements. 
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Figure 4.32 SPR sensorgrams for HSA (0-179 nM) interaction with a-C:N-10 film. (a) HSA sensorgrams 

over the a-C:N-10 surface (L1) (b) HSA sensorgrams over the BSA-coated reference surface shown in 

Figure 4.31. (c) HSA “reference” subtracted sensorgrams (L1-L6) will correct for refractive index changes 

from protein solutions (d) double reference subtracted sensorgrams after subtracting the “buffer blank”(A6). 

This concentration profile sensorgrams are ready for kinetics modelling. 

The SPR sensorgrams of HSA and Fib interaction with a-C:N films prepared with different 

%N2 plasma discharge gas are shown in Figure 4.33. The SPR sensorgrams are double referenced, 

and within a typical sensorgram the PBS running buffer is flowed over the surface prior to the 

analyte injection. The response value is close to 0 and stable. At the start of the analyte injection 

(t = 0 s), the instrument switches from the running buffer to the analyte solution and there is an 

observed increase in response (increase in refractive index at the surface) which corresponds to an 

increase in mass at the surface during this association phase. At the end of the association phase (t 

= 120 s), the system is switched back to the running buffer and marks the beginning of the 

dissociation phase. A slow decrease in the response is associated with the protein desorption from 

the surface. 
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Figure 4.33. SPR sensorgrams of HSA (top) and Fib (bottom) interaction with a-C:N surfaces prepared 

with different %N2 plasma discharge. HSA solutions (179 nM, 1X PBS, pH 7.4) were diluted 2-fold, and 

injected for 2 min at 30 µL min-1, followed by a 5-10 min dissociation. Fib (7.5 nM, 1X PBS pH 7.4) was 

diluted 2-fold and injected under the same conditions as HSA. Sensorgrams were evaluated with a 1:1 

Langmuir model to determine kinetic parameters. (a,g) a-C:N-00; (b,h) a-C:N-05; (c,i) a-C:N-10; (d,j) a-

C:N-20; (e,k) a-C:N-30; (f,l) a-C:N-00Fe. 

The sensorgrams for the different a-C:N films interaction with HSA and Fib were fit to a 

1:1 Langmuir binding model and summarized in Table 4.13. The ka measures the recognition 

between 2 binding partners, whereas the kd measures the strength and stability of the binding 
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complex. In general, the ka (Fib) > ka (HSA) by an order of magnitude, and the kd values for both 

HSA and Fib measured on the same a-C:N film were the same magnitude and within statistical 

error of each other. 

Table 4.13. Binding Kineticsa of HSA and Fib onto a-C:N Films. 

a-C:N Film ka 

(x105 M-1 s-1) 

kd 

(x10-4 s-1) 

KD 

(nM) 

χ2 

(a) HSA 

a-C:N-00-Fe 2.2 (±0.1) 2.0 (±0.6) 0.9 (±0.3) 3.1 (±0.3) 

a-C:N-00b 3.1 (±0.6) 4.6 (±2.5) 1.5 (±1.0) 2.6 (±0.6) 

a-C:N-05 1.2 (±0.1) 1.5 (±0.7) 1.3 (±0.7) 12.1 (±2.5) 

a-C:N-10 1.1 (±0.1) 1.6 (±0.3) 1.5 (±0.2) 20.2 (±1.8) 

a-C:N-20 1.8 (±0.3) 0.6 (±0.4) 0.3 (±0.2) 45.3 (±25.2) 

a-C:N-30 1.8 (±0.2) 0.8 (±0.1) 0.5 (±0.1) 9.6 (±1.8) 

(b) Fib 

a-C:N-00-Fe 16.6 (6.2) 3.7 (1.8) 0.3 (±0.21) 3.0 (±0.6) 

a-C:N-00b 15.0 (3.5) 3.0 (2.4) 0.22 (±0.2) 1.8 (±0.1) 

a-C:N-05 7.5 (0.4) 0.6 (0.6) 0.1 (±0.1) 3.3 (±0.1) 

a-C:N-10 12.8 (0.7) 1.1 (0.7) 0.1 (±0.1) 2.4 (±0.1) 

a-C:N-20 10.1 (0.4) 0.9 (0.3) 0.1 (±0.03) 2.5 (±0.1) 

a-C:N-30 11.5 (0.2) 0.6 (0.2) 0.1 (±0.02) 2.6 (±0.1) 
a 1:1 Langmuir Model was used to determine the binding kinetics. Values are averages from 3-5 measurements 

(standard deviations are given in brackets). 
b A 1:1 Langmuir Model with a drifting baseline was used to model binding kinetics. The drift was fitted 

locally, and well below the recommended < 0.05 RU/s drift. 

 

The kinetic data is grouped in an isoaffinity plot (kd vs ka) shown in Figure 4.34. Isoaffinity 

plots are useful for visualization of the different binding interactions on a single plot. Overall, the 

KD values for Fib are stronger compared to HSA for a given a-C:N surface. However, the KD 

values are very similar for the different a-C:N surfaces. The KD values for HSA interaction do not 

show a significant difference for the a-C:N-00, a-C:N-05, and a-C:N-10 surfaces. However, the 

KD values decrease (stronger affinity) for the a-C:N-20 and a-C:N-30 surfaces. In general, it would 

be difficult to distinguish differences in the a-C:N films prepared with different %N2 plasma 

discharge gas if using only binding affinity values alone. 
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Figure 4.34. Isoaffinity plot for the HSA (black) and Fib (red) for a-C:N films prepared with different %N2 

plasma discharge gas. The kinetic parameters for FL-CNx interaction with HSA (blue) and Fib (purple) are 

also shown. 

The ka values as function of a-C:N films show that the ka (Fib) is larger than ka (HSA) by at 

least 5 times. The addition of nitrogen into the a-C matrix shows an initial decrease in the ka by a 

factor of 2-2.5 time for both HSA and Fib, indicating that both proteins show a slower recognition 

towards the a-C:N-05 film compared to the a-C:N-00 film. The ka for the a-C:N-10 film increased 

by approximately 2 times for Fib, but was similar to the a-C:N-05 film for HSA. Further addition 

of nitrogen in the a-C matrix for the a-C:N-20 and a-C:N-30 films did not alter the ka value for Fib 

as it remained fairly constant. However, the ka for HSA did increase slightly. 

The kd values for both Fib and HSA in the 10-5-10-4 s-1 and are very similar for each a-C:N 

film. The protein/surface interaction is very stable, regardless of a-C:N film, and corresponding 

t1/2 for the protein/surface complex with a kd of 0.5-1 x 10-4 s-1 is approximately 1.9-3.9 hr. The a-

C:N-00 film had the highest kd value at 4.7 x 10-4 s-1 and 3.0 x 10-4 s-1 for HSA and Fib, 

respectively. The a-C:N-05 film had a lower kd values of 1.5 x 10-4 s-1 and 0.6 x 10-4 s-1 for HSA 

and Fib, respectively. The kd value for HSA remained relatively the same at 1.6 x 10-4 s-1 whereas 

the kd value for Fib increased slightly to 1.1 x 10-4 s-1for the a-C:N-10 film. Further addition of 

nitrogen into the a-C matrix for the a-C:N-20 and a-C:N-30 films decreased the HSA kd to 0.6-0.8 

x10-4 s-1, and the Fib kd also decreased to 0.9-0.6 x 10-4 s-1. 

The incorporation of Fe into the plasma discharge gas was done for the a-C:N-00Fe film. 

The amount of Fe incorporated into the film was 1.2 at.% Fe, and it was present as Fe(III) oxides 
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according to XPS measurements. The comparison of the ka value for the a-C:N-00 and a-C:N-00Fe 

interaction with HSA and Fib is shown in Figure 4.35. The ka values for both HSA and Fib are not 

statistically significant for both a-C:N-00 and a-C:N-00Fe, and it can be concluded that the small 

amount of Fe(III) oxides did not change the protein binding on the a-C:N surface. 
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Figure 4.35. The comparison of ka values for a-C:N-00 and a-C:N-00Fe film interaction with HSA and Fib. 

 a-C:N Protein Interaction Discussion 

SPR measurements allowed the evaluation of the ka and kd of model blood proteins HSA 

and Fib for a-C:N films prepared with different %N2 plasma discharge gas. The SPR results 

showed that the initial binding of HSA and Fib was a reversible interaction, though they had very 

strong binding affinity. Overall, the kd did not vary significantly for HSA and Fib for a specific a-

C:N film. The kd value had a range of 1-5 x 10-4 s-1 for a-C:N films prepared with a-C:N-00 to a-

C:N-10 films. This indicates that the protein:surface complex is very stable. The a-C:N-20 and a-

C:N-30 films had a slightly lower kd value that was in the range of 5-10 x 10-5 s-1. The SPR results 

show that the protein:surface interaction is not irreversible interaction, but it forms an extremely 

stable protein:surface complex that corresponds to a t1/2 of approximately 1.9-3.7 hr. 

The ka of the protein interaction with an a-C:N surface plays a significant role in the overall 

KD of the protein:surface interaction. The initial addition of nitrogen into the a-C matrix showed a 

modest decrease in the ka value, indicating that the recognition rate for both proteins slowed down 

with nitrogen incorporation into the a-C matrix. Since the kd values are very similar for both 

proteins and assuming that most plasma proteins will have similar kd profiles, proteins will initially 
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populate the surface based on its recognition kinetics, as well as the size and concentration of the 

protein in plasma. Although the ka was lower for HSA compared to Fib, the HSA:Fib ratio in 

plasma is approximately 13:1 and it has a higher diffusion coefficient. It is therefore plausible that 

the reason for the HSA surface concentrations observed by other studies is due to its size and 

plasma concentration. It is relatively small enough to adsorb in uncoated regions that may be more 

difficult for larger proteins such as Fib to effectively adsorb. The larger saturation of nitrogen 

found in the a-C:N-20 and a-C:N-30 films showed a larger ka value and increased recognition rate 

for both HSA and Fib. This along with a very low kd value indicates that the protein adsorption 

layer is very stable. 

The ka (Fib)> ka (HSA) was similarly observed for the FL-CNx film interactions. This trend 

was also observed for HSA and Fib interactions with different metal oxide nanoparticles.162 Fib 

has ka = 3-7 x 106 M-1 s-1 for interaction with TiO2 and CeO2 surfaces. These values are similar 

magnitude compared to the a-C:N films. The HSA kinetic interactions with TiO2 and CeO2 had ka 

= 2-3 x 104 M-1 s-1 and were fit with a 1:1 Langmuir interaction with conformational change, as 

previous spectroscopic measurements in the same lab indicated that HSA underwent a 

conformational change.163 Other studies have suggested that HSA adsorption followed a one-step 

process.231 However, the time needed for HSA to unfold and spread will likely be surface 

dependent, and it is currently unknown for the a-C:N films in this research. The higher 

concentration HSA sensorgrams shown in Figure 4.33 do show deviations from the 1:1 Langmuir 

fit to the raw data, suggesting a second process occurring. However, there is no significant 

deviation occurring between the raw and fitted data for the lower concentration sensorgrams, so 

this could be a possible concentration dependent effect causing an unknown biphasic process. It is 

possible that the increase in surface density at higher concentrations causes lateral interactions 

with neighbors, or it is possible that solution-based HSA are interacting with adsorbed HSA. At 

this time, there is not enough information to confidently fit the data with a more complex kinetic 

model. 

The ka values follow a similar trend to the contact angle measurements in that the ka value 

decreases for both HSA and Fib as the a-C:N films become more hydrophilic (a-C:N-05 and a-

C:N-10 films). The ka value then increased when the a-C:N films become more hydrophobic when 

more nitrogen saturates in the a-C matrix (a-C:N-20 and a-C:N-30 films). Proteins will adsorb to 

surfaces through a combination of electrostatic and hydrophobic interactions on the surface. 
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However, the proteins generally show stronger affinity towards more hydrophobic surfaces.119 The 

stronger affinity towards more hydrophobic surfaces therefore is heavily influenced by its ka, or 

rate of recognition. 

The ID/IG intensity ratio from Raman spectroscopy measurements initially increased and 

the film contains more 6-membered ring clusters and more order within the film which 

corresponded with a decrease in the ka for both HSA and Fib. The average cluster size is slightly 

larger and more ordered, suggesting a slight increase in long range order in the film crystallinity 

may decrease its recognition kinetic rate with proteins.   

The UPS measurements on the a-C:N films showed variation of Φ for the a-C:N films 

prepared with different %N2 plasma discharge gas. The a-C:N-05 film showed an increase in the 

Φ value, but the a-C:N films prepared with larger %N2 plasma discharge gas had lower Φ values. 

The increase in Φ value for the a-C:N-05 film appears to correlate with a decrease in the ka value 

obtained in the SPR measurements, whereas Φ values for the a-C:N-10 to a-C:N-30 films lowered 

while the ka values increased. The relation of surface Φ and surface functional groups on multiwall 

carbon nanotubes found that the Φ value increased with the addition of oxygen-functional groups 

on the surface.232 the addition of surface functional groups and nitrogen incorporation likely 

disrupts the π-conjugation at the surface and introduces surface dipole moments. The larger Φ 

value for the a-C:N-05 film indicates that the surface structure has more surface dipole moments 

compared to the other a-C:N films. 

In general, the a-C:N films had an order of magnitude larger ka values for both HSA and 

Fib compared to the FL-CNx films. The FL-CNx films were prepared at higher temperatures that 

helps anneal the films and give them a more fullerene-like property. The differences in the 2 types 

of a-C are not that straightforward. The a-C:N films are more hydrophilic compared to the FL-CNx 

films, so the hydrophobic character of the given surface is significant, but not the driving factor 

for protein adsorption kinetics. It is most likely a complex combination of film properties that 

contribute to the attractiveness of adsorption for proteins. There are properties from the Raman 

measurements that are different for the 2 types of a-C films. The G-band peak position for the FL-

CNx films were upshifted to the 1566-1575 cm-1 region compared to 1550-1558 cm-1 region found 

in the a-C:N films. This suggests that the FL-CNx films were more graphitic-like, containing less 

sp3 character compared to the a-CNx films. Another distinguishing feature extracted from the 

Raman microscopy measurements is that the D-band FWHM peak widths were >300-370 cm-1 for 
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the a-C:N films compared to the D-band FWHM peak widths of 210-280 cm-1 for the FL-CNx 

films. The D-band represents the number of different 6-fold sp2 aromatic rings clusters and the 

larger FWHM represents a larger distribution of 6-fold sp2 aromatic ring clusters in the a-C:N films 

compared to the FL-CNx films. 

The a-C:N-00 film and the a-C:N-00Fe films did not show statistically significant 

differences in ka values for HSA and Fib surface interactions. There was a small amount of Fe (1.3 

at.%) incorporated into the a-C matrix that appeared to be mainly FeO, but it is possible that Fe2O3 

may also be present. Additional film properties from AFM, Raman, XPS, UPS, and contact angle 

measurements were very similar for the “metal-free” and Fe-incorporated films. It can therefore 

be implied that the metal incorporation found in the FL-CNx films did not alter the FL-CNx films 

regarding protein binding kinetic interactions. However, it is also highly stressed that if any 

additional contaminants are observed, no matter the concentration, they should be removed as to 

avoid any lingering questions. 
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CHAPTER 5 - CONCLUSIONS 

5.1. Summary 

A SPR assay was successfully developed to investigate the initial binding kinetics of HSA 

and Fib to a-C surfaces using 2 different commercially available SPR instruments. Nitrogen 

incorporation into the a-C films was varied by changing the %N2 plasma discharge gas during film 

deposition. Different commercial SPR instruments provide the same results for biomolecular 

interaction assays. They differ in the instrumentation design, liquid delivery, and user experience. 

The BiacoreX instrument is an entry level instrument that provides 2 serial flow channels. The 

assay developed on this instrument for the FL-CNx films used a single flow channel and instrument 

drift was corrected by subtracting a “blank” buffer. Sensorgrams were fit using a 1:1 Langmuir 

model showing that the ka values for the different FL-CNx films depended on the %N2 plasma 

discharge gas during film deposition. The kd values were very similar for all FL-CNx films and for 

both proteins (2-8 x 10-4 s-1). This indicated that the driving force for the protein adsorption was 

the protein recognition kinetics. The FL-CNx sensor films were characterized with Raman 

spectroscopy, AFM, and contact angle measurements. The change in ka for Fib interaction showed 

a similar trend to the hydrophobic character of the surface, where an increase in the hydrophilic 

character of the FL-CNx film correlated with a decrease in the ka value for Fib. On the other hand, 

the hydrophobic character of the FL-CNx film was not as dependent for the ka for HSA interaction. 

Raman spectroscopy measurements showed that the ID/IG intensity ratio showed an increase with 

the nitrogen incorporation into the FL-CNx films, but then decreased for the FL-CNx film. A 

similar trend was observed for the ka(HSA), where it decreased with nitrogen incorporation into 

the film, but the ka(HSA) for FL-CNx-30 increased. 

It was hoped that STXM measurements could help correlate the FL-CNx electronic 

structure with protein adsorption. STXM experiments allow high resolution chemical imaging (30 

nm pixel size) along with its ability to measure under a liquid environment. However, the C1s, 

N1s, and O1s NEXAFS spectra for the FL-CNx films contained peaks that were very similar peak 

positions to the protein. It was very difficult to create image profiles differentiating the protein 

signal and the FL-CNx substrate. In addition, the transmission mode also provides the signal for 

the total FL-CNx film (~100nm) as well the protein layer (2-10 nm). Because the synchrotron 

beamtime was secured through peer-review process, the time allotted was not enough to improve 
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on the original experimental design, and more time could not be secured through the peer review 

process, so this experiment was terminated.  

The metals incorporated into the FL-CNx films using the original deposition chamber were 

determined to be in oxide form. The major metal observed from µ-XRF measurements was Fe, 

and the Fe content decreased proportionally with the increase in N2/Ar plasma discharge gas ratio. 

The Fe-oxides were further investigated using XPS, Fe L-edge XANES, and ESR, and indicated 

that the metal oxides did not interact/couple with a-C surroundings. The Fe2p high resolution XPS 

measurements showed that the oxidation state of Fe was dependent on the N2/Ar plasma discharge 

gas ratio. The FL-CNx-00 film contained mainly Fe2O3 near the surface, but introduction of %N2 

plasma discharge during film preparation showed higher amounts of FeO near the surface. The Fe 

L-edge XANES spectra showed variations for the different FL-CNx films, and changes in the 

surface and bulk electronic structure for a given FL-CNx film. The ESR results also showed that 

the Fe3+ existed in different symmetry environments, which also suggested different types of iron 

oxides.  

A new plasma deposition chamber was successfully designed and constructed to produce 

“metal-free” a-C:N films, and verified from µ-XRF and XPS measurements. The a-C:N films were 

prepared with different %N2 plasma discharge gas were deposited onto SPR sensor surfaces at 

lower temperatures (50-70 °C) compared to the FL-CNx films (195+15 °C). The SPR 

measurements performed on the Proteon XPR36 instrument allowed a full concentration series to 

be completed in a single injection. The HSA and Fib interactions with the different a-C:N surfaces 

were modeled using a 1:1 Langmuir model. The kd values for both HSA and Fib were similar for 

the a-C:N surfaces, and the a-C:N-00 to a-C:N-10 films were comparable (1-5 x10-4 s-1), whereas 

a-C:N-20 and a-C:N-30 films were slightly lower (kd = 0.6-0.9 x 10-4 s-1). The ka(Fib) was larger 

by an order of magnitude compared to ka(HSA) for a given a-C:N surface. Nitrogen incorporation 

into the a-C:N-05 film decreased ka, but a continual increase to the %N2 plasma discharge gas 

during film deposition actually increased the ka(Fib) and ka(Fib). Correlation of the changes in ka 

with a-C:N film property was not apparent, and the protein initial binding kinetics with a given 

surface is likely a combination of several properties. The decrease in ka for the a-C:N film was 

correlated with an increase in the hydrophilic character of the surface, as well as an increase in 

ID/IG intensity ratio from Raman spectroscopy measurements, and increase in the pyridinic/pyrollic 

at.% ratio within the film, and an increase in the Φ value.  
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The incorporation of Fe into the a-C:N-00 film matrix was done by purposely adding a 

small % Fe target to the graphite target, resulting in 1.3 at.%Fe incorporation into the a-C:N matrix. 

The initial binding kinetics for HSA and Fib from SPR measurements did not show a statistically 

significant difference in the ka value between the a-C:N-00 and a-C:N-00Fe films. This showed 

that the small amount of iron oxide did not change the binding kinetics. In addition, other a-C:N 

film properties measured from AFM, Raman spectroscopy, contact angle measurements, XPS, and 

UPS were very similar. Ultimately, trace impurities should be eliminated from the a-C:N films, 

regardless of their reactivity. 

The success of a potential biocompatible device is likely to be significantly influenced by 

the protein layer that is deposited onto the biomaterial interface. How this protein layer interacts 

with cellular materials such as endothelial cells in synthetic vascular grafts, or platelet adhesion 

during thrombosis events will play a role for the suitability of a potential biomaterial. In addition, 

the dynamic changes of the protein layer that may occur in vivo are still not well understood. 

However, the SPR assay developed in this work may provide new insights towards the initial 

protein adsorption onto the a-C interface, the stability of the protein layer, and how this protein 

layer interacts with other plasma proteins. In addition, the SPR assay may also study additional 

surface properties and environmental factors that may influence the protein layer stability may also 

be studied. Ultimately, better understanding towards the major factors for creating a stable protein 

layer at the biomaterial interface will ultimately aid in the design of better biomaterials and 

biocompatible devices. 

5.2. Proposed Future Work 

The development of an SPR assay for initial protein binding kinetics onto a-C surfaces 

provides several interesting research directions. For example, recent publications showed different 

chemical routes to change the functional groups on carbon film surface.156 The ability to change 

the functional groups on the a-C:N surface in different vertical flow channels using the Proteon 

XPR36 instrument allows real-time measurements on the changes in surface functional groups on 

the same sensor surface in a single concentration series. Other types of experiments may include 

passivating the a-C:N surface with different surface densities and measure changes in the initial 

binding kinetics of the heavier proteins kininogen, Factor VII, etc. that are implicated in the 

Vroman effect and the potential removal of smaller proteins like HSA. 
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The relaxation/conformational changes in the protein spreading on the a-C:N surface can 

be measured using AFM imaging techniques. Newer AFM instrumentation has the ability of video 

rate imaging speed, and protein/DNA binding has been observed. Other imaging techniques such 

as tip-enhanced Raman spectroscopy combines the imaging capabilities of AFM with Raman 

spectroscopy. This technique could correlate the Raman spectrum of the a-C:N surface with the 

protein adsorption. It may also be possible to measure the secondary structure of the adsorbed 

protein by deconvolution of the protein’s amide I band. Other surface sensitive techniques such as 

time of flight-secondary ion mass spectrometry allow surface imaging (10 nm depth) via mass 

spectrometry fragments. This technique also has sub-50 nm pixel resolution, which could provide 

very high resolution imaging at the interface. 
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