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Abstract 

 

Protein adsorption on synthetic surfaces is an important and widely studied phenomenon in 

biomaterials research. Despite its importance, it is still poorly understood. Therefore, the ultimate 

goal of this thesis is to contribute toward a better understanding of the protein-biomaterial 

interface, with application toward the next generation of biomaterial implants. Narrowing this 

broad objective down to something more specific, this thesis represents a body of work focused 

on the interaction of blood plasma proteins with sodium styrene sulfonate (NaSS) grafted 

surfaces. The approach to achieving this objective is straightforward. 

First, proof-of-concept must be established that NaSS can be successfully grafted to a given 

surface. A thorough characterization of NaSS films grafted from titanium and silicon oxide 

surfaces using atom transfer radical polymerization (ATRP) is presented herein. 

Next, the grafting procedure must be optimized and scaled in order to reliably produce 

sufficient quantities of NaSS-grafted samples to meet the demands of protein adsorption studies. 

Using a 24 factorial experimental design and “activators are continuously regenerated by 

electron transfer” (ARGET) ATRP chemistry, an optimized NaSS grafting procedure was 

developed. The findings here may be generally applied as a starting point for grafting other 

polymers to a variety of surfaces. 

The last step is application—to use the NaSS films for their intended purpose. Surface 

analysis techniques were applied to characterize changes in adsorbed bovine serum albumin 

(BSA), bovine fibrinogen (Fgn), bovine immunoglobulin G (IgG), and bovine plasma films 

between bare and NaSS-grafted gold surfaces. All three proteins and plasma adsorb more readily 

to, and have a higher affinity for gold than NaSS surfaces. However, at higher concentrations 

NaSS adsorbs similar amounts (for plasma) or more (for BSA and Fgn) total protein than gold. 

The only protein that NaSS surfaces adsorb less of than gold is IgG, because IgG adopts a highly 

denatured conformation on NaSS. Each adsorbed IgG molecule takes up more space on NaSS 

compared to gold surfaces, resulting in less total protein adsorbed at all concentrations. Still, 

with the exception of BSA and plasma on gold surfaces, neither surface appeared to have 

saturated at the highest protein solution concentration studied. Using principal component 

analysis (PCA) of just the amino acid ToF-SIMS mass fragments, it was determined that all three 

proteins and plasma adsorb differently on NaSS and gold surfaces, and that the structure of the 

adsorbed protein films change with surface concentration. One difference between adsorbed 
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films on both surfaces, determined using peak ratios for buried/surface amino acids for each 

protein, is that adsorbed proteins denature more on NaSS than gold. Also, using peak ratios of 

non-uniformly distributed amino acids, small differences in average orientations were found 

between the two surfaces for BSA and IgG films. Finally, principal component (PC) modeling, 

was used to track changes in adsorbed plasma films with time. On NaSS surfaces the plasma 

films appear to be more BSA-like at short adsorption times, and more Fgn-like at longer 

adsorption times. Similarly, on gold surfaces the plasma films on appear to start out more IgG-

like and become more Fgn-like with increasing adsorption time. However, the PC model 

included only the three proteins studied here, where plasma is a complex mixture of hundreds of 

proteins. Therefore, while both gold and NaSS appear to adsorb more Fgn with time, further 

study is required to confirm that this is truly representative of the final state of the adsorbed 

plasma films. 
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1. Introduction 

1.1. Motivation 

Protein adsorption on synthetic surfaces is arguably the most important and widely studied 

phenomenon in biomaterials research today. It effects a variety of fields including protein chip 

microarrays,
1-4

 protein purification by affinity chromatography,
5, 6

 enzymatic bioreactors,
7, 8

 and 

most important to this body of work, biomedical implants.
9-11

 Despite its importance, the 

protein-biomaterial interface is still poorly understood. What is known is that biomaterial 

surfaces are covered with a random assortment of proteins almost immediately after contacting a 

protein-containing solution, such as blood plasma.
9, 11

 These proteins adsorb to the surface in a 

variety of orientations and conformations, resulting in a haphazardly formed monolayer film. In 

the case of biomedical implants, the body, which can only “see” the biomaterial surface, fails to 

recognize the protein film, and attacks and attempts to digest the implant. Since most implants 

are too large to digest, the body gives up and instead walls off the foreign object in a fibrous 

capsule. This prevents intimate contact and integration with the surrounding tissue, potentially 

leading to implant failure, and even severe, antibiotic-resistant bacterial infections that are often 

curable only by surgically removing the implant. The cascade of events from nonspecific protein 

adsorption to fibrous encapsulation is known as the foreign body response, and is seen as the 

main enemy of progress in biomaterials research.
11

 

Since proteins mediate many important cell interactions, and the foreign body cascade 

begins with nonspecific protein adsorption, the protein-biomaterial interface is a natural place to 

focus to “defeat” the foreign body response. One main strategy is to engineer materials that resist 

protein adsorption altogether. To this end poly(ethylene glycol) (PEG) and plasma-deposited 

tetraglyme films have been developed, which do a wonderful job resisting protein adsorption in 

vitro. Once in vivo, however, these materials still elicit a foreign body reaction.
12

 Also, relatively 

little long-term testing of these materials has been done, and it is unclear if they would remain 

protein resistant after extended periods in vivo.
12

 A second strategy is to concede that proteins 

will adsorb and—rather than try to avoid it—engineer biomaterial surfaces to control the 

adsorbed film composition, and individual protein orientation and conformation.
13

 Not only can 

negative outcomes be avoided with this strategy, but positive responses elicited, such as wound 

healing. Thus, the ultimate goal of this work is a better understanding of the protein-biomaterial 

interface with application toward the next generation of biomaterial implants. This objective is 
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admittedly a bit broad and ambiguous; therefore, the specific focus of this work is narrowed to 

the interaction of blood plasma proteins with sodium styrene sulfonate (NaSS) grafted surfaces. 

Since, upon implantation, biomaterial surfaces are immediately covered with a 

nonspecifically adsorbed layer of blood plasma proteins, they are an important class of proteins 

to study if this work is to be applied toward next-generation biomedical implants.
6, 9

 NaSS-

grafted surfaces were chosen as the system of interest since NaSS has shown promise in recent 

studies investigating the osseointegration of NaSS-grafted implants. Specifically, in vitro studies 

have shown increased proliferation and adhesion of fibroblasts,
14

 MG63 osteoblast-like cells,
15-17

 

and human mandibular osteoblasts
18

 on NaSS-modified titanium and poly(ethylene 

terephthalate) (PET) surfaces. Promising results have also been obtained in vivo for the same 

surfaces.
18-20

 Since the foreign body response begins with non-specific protein adsorption, and 

cell function on surfaces is mediated by adsorbed proteins, NaSS-grafted implants are 

hypothesized to preferentially adsorb certain plasma proteins in an orientation and conformation 

that modulates the foreign body response and promotes formation of new bone. Beyond the 

potential application of NaSS, the biomaterials community still has a limited grasp of how 

adsorbed protein film properties are altered with controlled changes in surface chemistry. 

Polymer grafting is an excellent way of making controlled changes to surface chemistry and 

NaSS is an interesting system as it allows us to study the effect of introducing negatively 

charged sulfonate groups to the surface. Therefore, the specific aims of this work revolve around 

the successful fabrication of NaSS-grafted surfaces; optimizing and scaling the grafting method 

to reliably produce enough samples to study protein adsorption; and using surface analysis 

techniques to contrast protein adsorption on bare and NaSS-grafted gold surfaces. 

1.2. Specific Aims 

Specific Aim #1: Characterization of NaSS films grafted from titanium and silicon substrates via 

surface initiated atom transfer radical polymerization (ATRP). 

Objective: Using surface analysis techniques such as time-of-flight secondary ion mass 

spectrometry (ToF-SIMS) and atomic force spectroscopy (AFM) requires smooth and chemically 

uniform substrates are required. ATRP is a living polymerization method known for producing 

low polydispersity polymer chains ( 1.3)w nM M   in solution, which translates to uniform films 
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when grafted from a surface. Therefore, the goal is to use ATRP to graft thick, uniform NaSS 

films from titanium surfaces. 

Methodology: ATRP was used to graft NaSS from trichlorosilane/10-undecen-1-yl 2-bromo-2-

methylpropionate functionalized bare and titanium-coated diced silicon wafers. The bare silicon 

substrates were used to examine NaSS film uniformity. The titanium-coated substrates were used 

to examine the suitability of the ATRP method for grafting NaSS from the surface of titanium 

implants. The composition, molecular structure, thickness, and topography of the grafted NaSS 

films were characterized with X-ray photoelectron spectroscopy (XPS), time-of-flight secondary 

ion mass spectrometry (ToF-SIMS), variable angle spectroscopic ellipsometry (VASE), and 

atomic force microscopy (AFM), respectively. This work can be found in chapter 3 and results 

have been published in the Journal of Vacuum Science and Technology A, 2013 (31): 06F103. 

 

Specific Aim #2: Optimization of and scaling of activators regenerated by electron transfer 

(ARGET) ATRP grafting of NaSS from titanium surfaces. 

Objective: While ATRP can be used to graft chemically uniform and smooth polymer films from 

surfaces, it is procedurally difficult to scale to both larger batches and sample sizes. In ARGET-

ATRP, the traditional ATRP is modified to make the procedure much more scalable. Much of 

the ARGET-ATRP literature, however, focuses on solution-phase polymerizations; not much 

work has been done optimizing polymer grafting conditions. Therefore, the goal is to optimize 

reaction conditions for ARGET-ATRP grafting of NaSS from titanium surfaces. 

Methodology: XPS and AFM were used to characterize and optimize the grafting of NaSS from 

trichlorosilane/10-undecen-1-yl 2-bromo-2-methylpropionate-functionalized titanium surfaces in 

hopes of discovering principles broadly applicable to the optimization of ARGET-ATRP grafting 

of polymer films in general. To this end a 2
4
 factorial design was performed to study the 

following variables: (A) ATRP initiator surface functionalization reaction time; (B) grafting 

reaction time; (C) CuBr2 catalyst concentration; (D) reducing agent (vitamin C) concentration. 

This work can be found in chapter 4 and results have been accepted in the Journal of Vacuum 

Science and Technology A. 

 

Specific Aim #3: Characterization of single-component and blood plasma protein films adsorbed 

on bare and NaSS-grafted gold substrates. 
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Objective: Specific Aims #1 and #2 established a scalable and reliable method of making 

controlled changes to the surface chemistry of a variety of substrates. The goal of this Specific 

Aim is to utilize that framework to study changes in the properties of adsorbed protein films on 

bare and NaSS-grafted gold substrates. 

Methodology: Single-component adsorption isotherms were measured at three different solution 

concentrations of bovine serum albumin (BSA), bovine plasma fibrinogen (Fgn), and bovine 

immunoglobulin G (IgG) on both bare and NaSS-grafted gold. Adsorption of bovine blood 

plasma was also studied at a single concentration and times varying from 5 to 120 minutes. 

Protein surface concentrations were determined via XPS nitrogen content. Protein orientation 

and conformation were characterized with ToF-SIMS. A principal component analysis (PCA) 

model, constructed from the ToF-SIMS data, was used to interpret spectra collected from bare 

and NaSS-grafted samples exposed to bovine blood plasma. 

 

1.3. Organization of this document 

Chapter One provides an overview of this dissertation and the topics covered within. 

 

Chapter Two provides an extended background on ATRP, protein adsorption, and the surface 

analysis techniques used in this work. 

 

Chapter Three describes the fabrication and characterization of NaSS-grafted substrates, as 

summarized in Specific Aim #1. This work has been published: J. Vac. Sci. Tech. A, 31(6), 

06F103-109 (2013). 

 

Chapter Four describes the optimization of and scaling of ARGET-ATRP grafting of NaSS from 

titanium surfaces, as summarized in Specific Aim #2. This work has been accepted in the J. Vac. 

Sci. Tech. A (2015). 

 

Chapter Five describes the characterization of single-component and blood plasma protein films 

adsorbed on bare and NaSS-grafted gold substrates, as summarized in Specific Aim #3. 
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Chapter Six recapitulates the conclusions reached in this thesis and proposes future directions for 

continuation of this work. 
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2. Materials and Methods 

This chapter was written with two goals in mind. First, to lay a foundation so that someone 

not intimately familiar with surface analysis, but with a sufficiently technical background, can 

understand this thesis. As such, the use of overly technical jargon, acronyms, and unnecessary 

details was avoided whenever possible. Second, to satisfy my curiosity and deepen my 

knowledge of the inner-workings of the instruments used in this work. Each instrument is both 

immensely complicated and extremely fascinating. And while only superficial knowledge of 

XPS, for example, is absolutely necessary to obtain and analyze data, misinterpretation and false 

conclusions often come of such a “black box” approach. That being said, this chapter is not 

intended to be an exhaustive resource. Entire books have been written on the inner-workings and 

theory of each instrument. In fact, unless otherwise cited, the sections below are simply 

distillations of the material found in various chapters throughout Surface Analysis: The Principal 

Techniques (2
nd

 Ed.). This book is recommended as a resource should further detail be desired 

for any of the instrumental techniques broached below. 

2.1 Sample Preparation 

All samples were prepared on 1×1 cm
2
 silicon substrates (Microelectronics Inc., San Jose, 

CA). A 100 nm thick layer of titanium was electron-beam deposited onto the silicon substrates at 

room temperature and pressures < 1x10
-6

 torr. When necessary, samples were cleaned by 

sonicating twice for five min. in each of the following solvents: 18-Ω deionized water, 

dichloromethane, acetone, and methanol. Additional sonication steps and UV-ozone cleanings 

were also occasionally used. 

2.2 Atom Transfer Radical Polymerization (ATRP) 

Why ATRP? 

There are multiple methods to chemically graft a polymer to a surface. The simplest of these, 

procedurally, is free-radical polymerization, which begins with the introduction of an unsaturated 

functional group to the surface.
21-23

 For surfaces bearing hydroxyl groups, silane chemistry is a 

convenient way of achieving this.
24-26

 The procedure consists of soaking a clean substrate in a 

silane solution for a period of time. Substrates were soaked overnight in this work, but complete 

surface coverage is likely achieved sooner.
26

 The surface functionalization is a self-limiting 

reaction, and after the minimum time to achieve monolayer coverage, soaking longer does not 

substantially alter the silane film quality.
24, 27
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Following the silane reaction, unbound silane is cleaned from the surface, and the sample is 

transferred to a solution of monomer dissolved in an appropriate solvent. After adding a free-

radical initiator—azobisisobutyronitrile (AIBN) being a popular choice—the mixture is heated 

under vacuum. Upon heating, the initiator decomposes into free-radicals that then propagate in 

solution in a polymer-forming chain-reaction.
22, 23

 This must be done under vacuum, because 

oxygen scavenges free-radicals killing the polymerization reaction.
28

 Grafting occurs when one 

of the reacting polymer strands catches a surface-bound double-bond. When run in this 

manner—using a solution-phase initiator—free-radical polymerization is considered a “grafting-

to” reaction, since polymer strands form in solution and then graft themselves to the surface. 

Again, the advantage of free-radical polymerization is its procedural simplicity. The 

disadvantage is the lack of control over the reaction.
28

 Polymer chains can grow to any length in 

solution before grafting to the surface. Or, two active polymer radicals may react together in 

solution, terminating the propagation of those chains.
23, 28

 Both may result in patchy surface 

coverage if termination reactions expend a significant portion of monomer in solution, or simply 

if a long chain grafts to the surface and then flops over blocking unreacted double bonds (i.e., 

steric effects). In short, a controlled polymerization reaction is needed to create uniform grafted 

films.
21

 

There exists a class of controlled grafting reactions known as living polymerizations. These 

reactions are considered “living” because they can be quenched, the samples removed from 

solution, re-immersed in a fresh reaction solution—even one containing a different monomer—

and the polymerization will resume where it left off. Often, living polymerizations are classified 

as “grafting-from” reactions because, instead of growing a polymer chain in solution and then 

grafting it to the surface, as with free-radical grafting-to reactions, the polymer chains are grown 

from the surface one link at a time. Of the living polymerization reactions, atom transfer radical 

polymerization (ATRP) is among the most controlled.
21, 28

 

How does ATRP work? 

Procedurally, ATRP begins much like free-radical polymerization in that a functional group 

must be introduced onto the surface—using silane chemistry for oxide and other hydroxyl-

bearing substrates, and thiol chemistry for any oxide-less metal surfaces, namely gold.
21, 29, 30

 

However, rather than an alkene functionality, a halide-terminated ATRP initiator is introduced.
31

 

This is a fundamental difference between ATRP and free-radical grafting-to reactions: ATRP 
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initiators are surface-bound, whereas grafting-to initiators are in the solution phase.
31

 Once the 

surface has been successfully functionalized with the ATRP initiator, the substrate is immersed 

in a solution of monomer dissolved in an appropriate solvent. Next is added a solution of 

CuX/CuX2, where X is a halide, and a ligand—2,2’-bipyridine (bpy) being one of the more 

popular choices.
28, 32

 The ligand coordinates with the CuX, electronically stabilizing it so that it 

can remove the halide from the ATRP initiator, oxidizing the CuX to CuX2, and generating a 

surface-bound radical at the end of the initiator where the halide was removed (figure 2.1, A and 

B).
31

 However, the system is in a dynamic equilibrium that favors the singly oxidized CuX, 

rather than the doubly oxidized CuX2.
28

 Therefore, the radical is briefly exposed for just long 

enough to react with any monomer in the immediate area. In doing so the radical is transferred 

from the initiator to the monomer, which is then capped by the halide from the initiator as the 

catalyst is reduced from CuX2 to CuX (figure 2.1, C and D).
31

 This process is what provides 

ATRP the control over polymer chain propagation, because radicals are only generated long 

enough to react with one monomer chain link at a time.
21

 Thus, ATRP can be used for the 

grafting of thick and uniform polymer films to any surface to which an initiator can be 

immobilized.
31

 

 

 

Figure 2.1. Schematic representation of a generic ATRP reaction. (A) Bpy-copper ligand 

removing the halide from the surface-bound ATRP initiator. (B) Exposed surface-bound radical 

reacting with nearby monomer. (C) Radical is propagated from the initiator to the grafted 

monomer. (D) Halide is transferred from the bpy-copper, which is once again reduced from 

CuX2 to CuX. 
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What are the difficulties associated with ATRP? 

The main difficulty associated with ATRP is that the CuX, which is critical to the reaction, is 

rapidly and permanently doubly oxidized in the presence of oxygen. Put another way, oxygen 

kills ATRP,
33

 and must therefore be rigorously excluded from the reaction. This usually involves 

a complicated schlenk-line procedure that is nearly impossible to scale up, though another 

alternative is to run the reaction is a glove box. However, most glove boxes are designed to be 

not only oxygen-free, but also moisture-free, and NaSS monomer is essentially only soluble in 

water. Therefore, for ATRP reactions employing aqueous solvents, the use of a glove box is 

often not an option. 

In 2007 Matyjaszewski et al.
33

 found a way to circumvent the need for an oxygen-free 

environment. The new procedure, known as “Activators aRe continuously reGenerated by 

Electron Transfer” (ARGET) ATRP, calls for the addition of a reducing agent, such as vitamin 

C, to the reaction.
31

 The reducing agent regenerates poisoned CuX, effectively scavenging 

dissolved oxygen. What was once a complicated schlenk-line procedure becomes as simple as 

mixing a few reagents together in solution, adding a reducing agent, and capping the reaction. 

The amount of reducing agent added must be in large excess over the amount of oxygen present. 

In order to minimize the amount of reducing agent required the amount of oxygen and therefore 

the headspace in the reaction vessel should also be minimized. There is some concern about loss 

of control for ARGET-ATRP vs. traditional ATRP, but Matyjaszewski et al.
33

 found that 

polydispersitiy indices of 1.1 can be achieved by both procedures. 

What is the ATRP grafting procedure? 

A detailed ATRP grafting procedure is found in chapter 3. However, a brief synopsis is as 

follows: the first step is the surface-immobilization of an ATRP initiator. The reaction is 

performed in toluene, which was dried over 4A molecular sieves. Anhydrous toluene is 

necessary because silane chemistry is sensitive to the amount of water in solution.
26, 34, 35

 The 

initiator is trichlorosilane/10-undecen-1-yl 2-bromo-2-methylpropionate, referred to as ClSi for 

brevity, the synthesis of which can be found in ref.
36

 Following the ClSi functionalization, the 

grafting reaction is performed in 60/40 water/methanol and the reagent ratio used is 180/22/10/1 

NaSS/bpy/CuBr/CuBr2 (mole basis). 

Optimization of the ARGET-ATRP procedure is found in chapter 4, and the end result—as 

used on gold substrates—is found in chapter 5. Briefly, the ClSi functionalization is identical to 
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that above, which, again, is suitable to any oxide or hydroxyl-bearing surface. Thiol chemistry, 

from a 1 mM solution of bromoisobutyrate undecyl disulfide in ethanol, is used for gold surface 

functionalization. The grafting-reaction solvent is again 60/40 water/methanol and reagents 

amounts per nominal cm
2
 of functionalized surface area are: 250 mg NaSS, 0.5 mg CuBr2, 1.4 

mg bpy (1:2 CuBr2:bpy—mole basis), and 39.5 mg vitamin C. The reactions are carried out in 

parafilm-sealed, 20-ml glass scintillation vials, with two 1×1 cm
2
 functionalized substrates (i.e., 

2-cm
2
 nominal functionalized surface area) per vial. The NaSS is weighed into each individual 

reaction vial along with 1.2 ml 18-Ω DI H2O. However, bulk catalyst (CuBr2 and bpy) and 

vitamin C solutions are prepared separately to minimize weighing error. The catalyst solution is 

added to the reaction vial, which is often sonicated briefly to fully dissolve the NaSS. The 

samples are then added, taking care that they stay face up and do not overlap. Finally, the 

reaction commences upon addition of the vitamin C solution, which, upon addition, turns the 

reaction solution from light blue/green to light brown, indicating that the CuBr2 has been reduced 

to CuBr. At this point the container is sealed to avoid introducing additional oxygen. The 

samples are worked up as reported in Chapters 4 and 5. 

2.3 Protein adsorption 

What is the motivation for studying protein adsorption? 

As mentioned in chapter 1, protein adsorption begins within seconds of a surface being 

brought into contact with a protein solution, and continues until that surface is completely 

covered. And again, this phenomenon is extremely important in many biomedical applications, 

which is the ultimate application of this thesis. 

Why does protein adsorption occur? 

Surfaces are at a higher energy state than the bulk, and a rule of nature is that systems tend 

toward the lowest energy state possible. One way to minimize surface energy is through 

adsorption. Expose any surface to the ambient and within minutes it will adsorb a layer of 

adventitious carbon.
37, 38

 This is because the adventitious carbon-contaminated surface is at the 

minimum energy state in ambient air. Expose any surface to an aqueous protein solution and—

rather than adsorbing hydrocarbons—it will adsorb a layer of protein because, in an aqueous 

protein solution, the protein-covered surface is the lowest energy state.
9
 Thus, surface-energy 

minimization is the main driving force for protein adsorption.
39, 40
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While surface energy minimization is a fine thermodynamic explanation, the exact 

mechanism of protein adsorption is not completely understood and likely changes for different 

proteins-surface combinations.
6, 11, 13, 41

 It may be that proteins adsorb by first attaching multiple 

segments until they are unable to desorb.
12

 Unlike simple polymers, proteins are composed of 

thousands of segments from a library of 20 different amino acids. These can be polar or non-

polar, charged or neutral. Which amino acids interact with the surface and how exactly they do 

so is not known. What is known is that the total adsorption process is due to the sum of hydrogen 

bonding, electrostatic, Van der Walls, polar, and hydrophobic/hydrophilic interactions, and can 

also involve conformational changes after a protein adsorbs.
6, 12, 39, 41

 These forces can be altered 

by changing surface chemistry, which leads to different proteins being adsorbed in different 

orientations and conformations. For example, one study showed that the orientation of a protein-

G mutant—with one side enriched in negatively charged amino acids, and the other in positively 

charged amino acids—changed depending on whether it was adsorbed to a positively or 

negatively charged surface.
42, 43

 Outside of such model systems, it is difficult to predict how 

protein adsorption might change in response to changes in surface chemistry. 

What is the protein adsorption procedure? 

All protein adsorption experiments are performed in a 24-well plate in a commercially 

available aqueous solution of sodium phosphate (0.01 M), sodium chloride (0.138 M), and 

potassium chloride (0.0027 M), known as phosphate buffered saline (PBS). Samples are 

hydrated in degassed PBS for at least 30 minutes prior to adsorption. The adsorption is typically 

carried out at 37 
o
C for two hours, although shorter times are sometimes used. Following the 

adsorption step, the protein solution in each well is diluted eight times with fresh PBS before 

removing the samples, to avoid pulling them through a layer of denatured proteins at the air-

liquid interface. Following removal from the well-plate, the samples are rinsed twice in fresh 

PBS to remove any loosely bound protein, and then three times in 18-Ω deionized water to 

remove excess buffer salts. Samples are dried with a stream of nitrogen and then stored under 

nitrogen until analyzed, and also in between analyses. 

2.4 Analysis techniques 

In large part due to the fields of catalysis and microelectronics, a suite of specialized 

techniques has been developed, dedicated solely to studying surfaces in minute detail. Despite 

these advancements in surface analysis, no one particular instrument can give a complete picture 
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of the surface. Therefore, multiple techniques—the more, the better—must be used in 

conjunction with each other to form an appreciable understanding of surface phenomena such as 

protein adsorption.
44, 45

 The main techniques used in this work are X-ray photoelectron 

spectroscopy (XPS), time-of-flight secondary ion mass spectrometry (ToF-SIMS, or just SIMS), 

and atomic force microscopy (AFM). What each of these techniques does and how they work 

will be the subject of the remainder of this chapter. 

2.4.1 X-ray Photoelectron Spectroscopy (XPS) 

Unless otherwise cited, this section is a distillation of the discussion in ref.
46

 

In XPS, surfaces are irradiated with X-rays causing valence and core electrons to be emitted 

as photoelectrons in a phenomenon known as the photoelectron effect. The kinetic energy (𝐾𝐸) 

of these electrons can be measured with a spectrometer and related to binding energy (𝐸𝐵) using 

the Einstein equation: 

𝐸𝐵 = ℎ𝜈 − 𝐾𝐸 

where ℎ𝜈 is the X-ray energy. This form of the Einstein equation is sufficient to explain the 

theory behind XPS, but in practice additional terms are needed to account for experimental 

conditions (e.g., spectrometer work function, flood gun use, etc.). Binding energy is a measure of 

how tightly an electron is bound to the nucleus of an atom. The strength of this interaction 

depends on from which orbital of which element the electron originated, and to a lesser extent 

the chemical environment of the atom. XPS data are presented as spectra—with intensity or 

counts per second (cps) on the y-axis and binding energy in electron-volts (eV) on the x-axis—

composed of a series of peaks centered at different binding energies. Each peak corresponds to 

electrons from a particular orbital of a particular element. For example, the peak corresponding 

to carbon 1s electrons appears at a binding energy of 285 eV, while the oxygen 1s peak appears 

at 532 eV. The area under each peak is related to the amount of that particular element present on 

the surface. Therefore, surface compositions can be determined with XPS, as well as some 

information about the chemical environment of each element. 

While it is true that X-rays penetrate and elicit photoelectron emission deep into the bulk of a 

material, XPS is considered a surface analysis technique because only electrons from 

approximately the uppermost 10 nm are able to escape the surface without recombining with, or 

losing energy due to collisions with other atoms (i.e., inelastic scattering). Thus, 10 nm is a good 

approximation of the XPS sampling depth for photoelectrons with kinetic energies of several 
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hundred to a thousand eV. A more precise definition of sampling depth is three times the 

inelastic mean free path (IMFP) of the photoelectron. IMFP is the thickness (𝑑) of matter 

through which 63% of the traversing electrons will undergo a collision, as described by Beer’s 

law: 

𝐼𝑘 = 𝐼𝑜e(−𝑑 𝜆 cos 𝜃⁄ ) 

where 𝜆 is the IMFP, 𝜃 is the emission angle measured relative to the surface normal, and 𝐼𝑘 and 

𝐼𝑜 are the exiting and entering intensities, respectively. Based on Beer’s law, sampling depth is 

defined as 𝑑 when 𝐼𝑘 𝐼𝑜⁄ = 0.95. However, this definition requires prior knowledge of the IMFP. 

For the range of kinetic energies of interest, IMFP increases with kinetic energy, but also 

depends on the density of the material through which the electron is traversing (e.g., inorganic 

vs. organic compounds). Equations relating IMFP to kinetic energy and material type have been 

empirically derived, though these provide only estimates and exact IMFP values are still a 

subject of debate. Nonetheless, IMFP estimates for photoelectrons of interest are all within the 

range of 1 – 4 nm, which puts the sampling depth at somewhere in the range of 3 – 12 nm. 

 

 

Figure 2.2. Schematic of an XPS system. Adapted with permission from ref.
46
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How does XPS work? 

The X-ray source: X-ray sources are composed of an anode, usually a piece of aluminum or 

magnesium, irradiated by an electron gun. Electrons are generated by heating a piece of metal, 

usually a tungsten filament such as those found in incandescent light bulbs. Since electrons 

interact strongly with matter, XPS instruments—X-ray source included—are operated under 

ultra-high vacuum (UHV) conditions (defined as pressures < 10
-9

 torr). Different electric fields 

collimate the electrons into a beam and accelerate them toward the anode, where most of the 

energy is dissipated as heat. Therefore, anodes are usually back coated with copper and water 

cooled to prevent them from melting. Rather than releasing heat, some electrons excite 

photoelectron emission. X-ray generation occurs when an electron from a higher energy level 

relaxes to fill a vacancy left by photoelectron emission from a lower energy level (figure 2.3). 

The excess energy released by the relaxation of the higher energy electron can be dissipated in 

two ways: (1) emission of another electron, known as an Auger electron, after French physicist 

Pierre Auger; and (2) fluorescence of an X-ray photon. The probability of emitting X-rays vs. 

Auger electrons increases with the atomic number of the anode material. Aluminum (atomic 

number 13) and magnesium (atomic number 12) are used despite being relatively light elements 

for two reasons. First, they emit lower energy X-rays, preserving the XPS surface sensitivity. 

Higher energy X-rays produce higher kinetic energy electrons, which can escape from deeper 

within the bulk of the sample resulting in spectra that are not representative of the surface 

composition. Second, X-rays emitted from aluminum and magnesium have narrower line 

widths—that is, a narrower range of X-ray energies. The natural line widths for aluminum and 

magnesium are about one third of those for silver and titanium, two other commonly used 

anodes. Narrower X-ray line widths lead to better energy resolution, which is advantageous 

when doing some of the detailed analyses described below. However, even spectra from 

magnesium or aluminum anodes still bear improving. This brings us to the subject of X-ray 

monochromaters. 
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Figure 2.3. Schematic illustrating the process of X-ray generation. (A) an electron gun induces 

emission of a photoelectron leaving behind a vacancy in a core energy level. (Photoelectron 

emission can also be induced by X-rays). (B) a higher energy electron relaxes to fill the vacancy; 

the excess energy from this process can be released as either an X-ray or an Auger electron. 

 

The monochromater: Monochromaters are made of one or more quartz crystals, with a natural 

lattice spacing such that only a narrow band of X-ray wavelengths are reflected onto the sample. 

These remaining wavelengths are diffracted according to Bragg’s Law. To protect the sample 

from stray X-ray lines, sputtered material, heat, and electrons backscattered off the X-ray anode, 

a thin window (often a piece of aluminum foil) is placed between the anode and the 

monochromater. The main advantage of using a monochromater is narrower X-ray line widths 

leading to increased energy resolution. A disadvantage is that the line widths are decreased by 

cutting out a significant portion of the emitted X-rays, resulting in a lower overall signal. Also, 

monochromaters are expensive and increase the cost of an XPS system. 

The analyzer: An analyzer collects and detects the photoelectrons ejected from the surface. 

Analyzers are composed of three main parts: a collection lens, an energy analyzer, and a 

detector. The collection lens uses electric and magnetic fields to collect electrons coming from 

sample and focuses them into the energy analyzer. Modern systems can collect electrons from 

solid angles > 20
o
. Most lenses also reduce (or “retard”) the kinetic energy of the entering 
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photoelectrons, so that only electrons within a certain kinetic energy range are allowed into the 

analyzer. 

XPS systems are most commonly equipped with electrostatic hemispherical analyzers. These 

are made up of two concentric hemispheres with a voltage placed across them so that the outer 

hemisphere is negative and the inner hemisphere positive relative to the center line potential, 

known as the pass energy. Only electrons with kinetic energies within ± ~5% of the pass energy 

follow a centerline trajectory and make it through the analyzer. Electrons with kinetic energies 

greater than the pass energy take a larger arc and crash into the outer hemisphere. Those with 

kinetic energies less than the pass energy take a smaller arc crash into the inner hemisphere. The 

pass energy is usually fixed for a given XPS measurement, and spectra are collected by ramping 

the retardation energy. For example, a survey scan might begin with a retardation of 0 eV and 

pass energy of 100 eV. With these settings, electrons with kinetic energies from 0 – 95 eV crash 

into the inner hemisphere, those with kinetic energies > 105 eV crash into the outer hemisphere, 

and those with kinetic energies between 95 – 105 eV make it to the detector. Then imagine that 

the retardation energy is ramped to 10 eV, while the pass energy remains constant. Now all 

kinetic energies have been reduced by 10 eV so that electrons with kinetic energies < 10 eV do 

not enter the analyzer, those with kinetic energies between 10 – 105 eV crash into the inner 

hemisphere, and those with kinetic energies > 115 eV crash into the outer hemisphere. This time 

only electrons with kinetic energies between 105 – 115 eV are detected. This procedure is 

repeated to collect the entire survey spectrum in 10 eV increments. Therefore, the retardation and 

pass energies are a dual approach to increase energy resolution by limiting the number electrons 

and range of energies that reach the detector. 

Photoelectrons that reach the detector pass through a number of microchannel plates (five, 

for the XPS used in this work) before finally hitting a position sensitive resistive anode. 

Microchannel plates are constructed of a highly resistive material perforated by a regular array of 

densely packed micron-sized channels (10 µm in diameter, 2 mm in length, and 15 µm apart, for 

the XPS used in this work). Each channel is a continuous-dynode electron multiplier—simply a 

structure that emits 1-3 electrons for every collision between an entering photoelectron and the 

channel wall. The walls are angled to guarantee a collision. The electrons given off will surely 

collide with the wall farther down the channel and in this fashion set off a chain multiplication of 

electrons that amplify the signal from a single incoming electron by a factor of 10
8
. An electric 
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field applied across the microchannel plate ensures that the electrons move toward the outlet of 

each pore. At the end of the stack of microchannel plates, the electrons come to the position 

sensitive resistive anode, which measures the amplified signal. The coordinates of the electron 

collision on the anode are directly correlated to the kinetic energy of the original photoelectron 

entering the microchannel plate. 

Conditions used in this dissertation 

Two different XPS systems were used throughout this dissertation. The conditions for the 

first are as follows: XPS compositions were determined from an average of three spots on two 

replicate samples for each substrate. The data were acquired on a Kratos AXIS Ultra DLD 

instrument (Kratos, Manchester, UK) in hybrid mode using a nominal 0° photoelectron takeoff 

angle (TOA) and a monochromatic Al Kα1,2 X-ray source ( 1486.6 eV)h  . The photoelectron 

TOA is defined as the angle between the surface normal and the axis of the analyzer lens. 

Atomic compositions were calculated from peak areas obtained from survey scans (0–1200 eV) 

with analyzer pass energy of 80 eV, a 1 eV step size, and a 200 ms dwell time. Carbon and sulfur 

chemical shifts were determined from high resolution 1sC  and 2pS  spectra obtained with 

analyzer pass energy of 20 eV, a 0.3 eV step size, and 259.7 ms and 425.5 ms dwell times for 

1sC  and 2pS , respectively. All samples were grounded to the spectrometer and run as 

conductors. Binding energy scales were calibrated by setting the xCH  peak in the 1sC  region to 

285.0 eV, and a linear background was subtracted for all peak area quantifications. The peak 

areas were normalized by manufacturer supplied sensitivity factors, and surface concentrations 

were calculated using CASA XPS (Casa Software, Ltd.). 

XPS data were also collected on a Surface Science Instruments S-Probe instrument using a 

55
o
 photoelectron takeoff angle (an analyzer upgrade changed the TOA to 0

o
, though this only 

effects data collection starting in chapter 4) and a monochromatic Al Kα1,2 X-ray source 

( 1486.6 eV)h  . Atomic compositions were calculated from peak areas obtained from survey 

scans (0–1100 eV) with analyzer pass energy of 150 eV and a 1 eV step size. Carbon and sulfur 

chemical shifts were determined from high resolution 1sC  and 2pS  spectra obtained with 

analyzer pass energy of 50 eV and a 0.065 eV step size. Dwell times for all scans were 100 ms 

and all samples were grounded to the spectrometer and run as conductors. Binding energy scales 
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were calibrated by setting the xCH  peak in the 1sC  region to 284.6 eV, and a linear background 

was subtracted for all peak area quantifications. The peak areas were normalized by 

manufacturer supplied sensitivity factors, and surface concentrations were calculated using 

Hawk Data Analysis 7 (Surface Physics, Inc.). 

2.4.2 Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) 

Unless otherwise cited, this section is a distillation of the discussion in ref.
47

 

In ToF-SIMS, surfaces are bombarded with a pulsed beam of either single-atom or cluster 

primary ions. The bombardment ejects material—single atoms, molecular fragments, and entire 

molecules—from the uppermost ~ 2 nm of the surface, most of which is neutral, but about 1% 

are ions that can be collected and manipulated with magnetic or electric fields. Identities for 

these secondary ions can be proposed based on their masses, which are determined by a mass 

analyzer, and prior knowledge of the chemical makeup of the surface. ToF-SIMS data are 

presented as spectra, which along with peak identification methods, are described in greater 

detail below. 

ToF-SIMS can also be used to construct chemical maps of surfaces. The analysis area is 

sectioned into a square grid and a spectrum collected from each square. An image is then 

constructed by displaying the intensity of a given peak at each square on a color scale (figure 

2.4). 

 

 

Figure 2.4. Schematic of ToF-SIMS imaging. Shown is a 200 × 200 µm
2
 analysis area sectioned 

into a grid of 256 × 256 pixels, where a mass spectrum is collected at each pixel. Chemical maps 
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are constructed by displaying the intensity of a given peak at each pixel on a color scale. A, B, 

and C are three different chemical maps resulting from the selection of three different peaks. 

How does ToF-SIMS work? 

ToF-SIMS is composed of two main components: a primary ion source and a mass analyzer. 

The primary ion source: Ion sources are composed of six main parts: (1) a source 

region/extraction zone to create the ions; (2) focusing and collimating regions to focus the ions 

into a beam; (3) a mass (Wien) filter to purify the beam; (4) a pulsing mechanism for systems 

with time-of-flight analyzers (the importance of this is addressed later); (5) stigmation/focus 

lenses to reduce the beam diameter; (6) and scan rods to raster the beam across a sample. There 

are four main types of primary ion sources: electron bombardment, plasma, surface ionization, 

and field emission. Each of these sources has its own pros and cons, and each fills its own niche 

in SIMS research. However, since a bismuth liquid metal field ionization source was used in this 

work, only field ionization sources will be explained. These sources work by flowing a liquid 

metal over a sharp tip (radius < 1 µm). A strong electric field is applied to the tip, which shapes 

the liquid metal into a (Taylor’s) cone, stripping electrons from and ionizing the atoms at the 

apex to create a plasma ball. Ions are stripped away from the plasma ball into a beam, which is 

collimated, purified, and focused using a combination of electric and magnetic fields. The ions 

stripped away from the plasma ball are a mixture of Bin
+
 ions, where n = 1, 3, 5, etc. Both 

monoatomic (n = 1) and polyatomic (n = 3, 5, etc.) ion beams are used in SIMS, and the pros and 

cons of monoatomic vs. polyatomic ion sources are explained in a separate section below. Either 

way, a mass selection process is used to mass filter out all other ions except the desired one. 

Next, a chopper cuts the beam into 20 – 50 nanosecond-sized pulses by rapidly sweeping it over 

an aperture. For time-of-flight analyzers, mass resolution increases as pulse length decreases. 

Therefore, the beam can be bunched by applying an electric field that will speed up the ions at 

the back of a pulse so that they catch up with the ions at the front. Mass resolution is defined as 

𝑚/∆𝑚, where 𝑚 is the mass that a given peak represents, and ∆𝑚 the width of that peak. A 

buncher decreases pulse lengths to less than one nanosecond, significantly reducing ∆𝑚. 

However, this is at the cost of decreased spatial resolution since the beam diameter is increased 

in the bunching process. Finally, scan rods raster the beam across the desired analysis area so 

that each primary ion strikes a pristine spot on the surface, and also so chemical imaging 

experiments can be performed. 
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The analyzer: After a primary ion impact, the secondary ions ejected from the surface are 

funneled into an analyzer using an extraction field. There are multiple types of analyzers: 

quadrupole, magnetic sector, and time-of-flight to name a few of those more commonly used. A 

time-of-flight (ToF) analyzer was used in this work. In its simplest form a ToF analyzer is 

essentially a long tube of length 𝐿. Secondary ions from, in theory, an infinitely short primary 

ion pulse simultaneously enter the tube, and race toward and strike a detector at the end. Upon 

entering the tube, all secondary ions are accelerated to the same kinetic energy by an acceleration 

potential 𝑉. The time it takes to reach the detector is related to the mass-to-charge ratio (𝑚/𝑧) of 

the ion by the following equation: 

𝑡 = 𝐿 (
𝑚

2𝑧𝑉
)

1
2
 

where 𝑡 is the time it takes for a given secondary ion to travel from the entrance of the tube to the 

detector, and it is assumed that 𝑧 = ±1. In reality the secondary ions will all leave the surface 

with slightly different kinetic energies. The energy spread at the surface is on the order of tens of 

eV, while the acceleration potential is on the order of a few thousand eV, which helps reduce the 

importance of the initial kinetic energy spread. However, this energy spread still decreases the 

mass resolution of the instrument, but this can be compensated for using an ion mirror, also 

called a reflectron. A reflectron is a series of concentric ring electrodes with increasing voltages 

down the flight path of the secondary ions. If two secondary ions with the same 𝑚/𝑧 ratio have 

slightly different kinetic energies, the higher kinetic energy ion will travel farther into the 

reflectron before being reflected back down the flight tube. Therefore, the higher energy ion will 

have a longer flight path than lower energy one and that way both ions will leave the reflectron 

and reach the detector at the same time. The detector is a microchannel plate similar to those 

used to detect electrons in hemispherical analyzers. 
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Figure 2.5. Schematic of a time-of-flight mass analyzer. Adapted from ref.
48

 

Important ToF-SIMS Concepts 

Billiard Ball Collision Cascade Theory: The most convenient theory for how high-energy 

monoatomic primary ions interact with a surface is to model all atoms as hard billiard ball-like 

spheres. In this model the impact a primary ion with the surface is much like breaking to begin a 

game of billiards: the cue ball (primary ion) collides with the first layer of billiard balls (surface 

atoms), setting off a cascade where each layer collides with the next. This creates a shockwave-

like effect as the energy travels radially away from the impact site. The amount of energy 

deposited at the impact site is high enough that only atomic species are ejected. However, since 

the energy lessens as the shockwave propagates across the surface, larger and larger species are 

ejected including molecular fragments and even entire molecules. Again, only about 1% of the 

material ejected from the surface in a SIMS experiment will be ionized. The remaining 99% will 

be neutral species, which is one of the key reasons that SIMS is primarily used to qualitatively—

as opposed to quantitatively—characterize surface molecular structure. 
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Figure 2.6. Schematic of the billiard ball collision cascade theory. A collision between a primary 

ion and the surface results in chemical rearrangement below the surface and ejection of a 

secondary ion. Adapted from ref.
48

 

The Static Limit: Clearly, SIMS is a destructive technique, since it damages the sample both by 

removing material from the surface and rearranging material beneath it. Therefore, a legitimate 

concern is that multiple primary ion collisions at the same impact site will produce an erroneous 

picture of the molecular structure of the surface. To avoid this, SIMS experiments are typically 

run below the “static limit”, which is defined as a primary ion dose of < 10
12

 ions/cm
2
. Assuming 

surfaces are made up of about 10
15

 atoms/cm
2
, below the static limit there is less than one 

primary ion impact per 1000 surface atoms. This ensures that “double sampling” occurs so 

infrequently that the resulting spectra do in fact accurately represent the true molecular structure 

of the native surface. 

Polyatomic Ions: Another way to minimize damage to the sample is to use polyatomic ions to 

reduce chemical rearrangement beneath the surface. To illustrate how this works, imagine a 30 

keV bismuth ion source. Again, these sources can produce Bin
+
 ion beams, where n = 1, 3, 5, etc. 

If Bi
+
 is produced, then each ion has 30 keV of energy. If Bi3

+
 is produced, then the energy of 

each atom carries with it 30 keV ÷ 3 = 10 keV. The higher energy Bi
+
 ions implant deeper into 
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the sample than the Bi3
+
 ions, dispersing less energy at the surface and causing more damage 

below. Another advantage of polyatomic ion beams is that, because more of the energy is 

released at the surface, the secondary ion yields increase by 100 to 1000 times over those 

obtained using Bi
+
. Also, since the impact is spread over a larger area, less material is atomized 

and more molecular fragments and whole molecules are ejected from the surface. However, at 

some point the energy per atom decreases beyond the optimal range and a decrease in the 

secondary ion yield occurs. For this work it was found that a Bi3
+
 primary ion beam provided a 

good balance between sufficiently high signal and production of larger secondary ions. 

Analysis of ToF-SIMS Spectra 

ToF-SIMS spectra are collections of hundreds to thousands of peaks spanning a mass range 

of 10
2
 – 10

3
 amu. There are, of course, certain challenges inherent to analyzing data of such 

complexity. First, the identity of most of these peaks is unknown, and it is unrealistic and 

unnecessary, even, to identify every peak. However, without a process to objectively identify 

which peaks are important, it is up to the researcher to determine—blindly or based on 

experience—which peaks are important enough to bear identifying. In the simplest case peak 

identification is made by deduction. For example, a negative spectrum peak at 17.003 m/z is 

almost certainly OH- because O (15.999 amu) + H (1.008 amu) sum to 17.007, which is within 

error of the measured mass. There are also no other logical options at that mass. However, the 

number of possible options increases precipitously with increasing m/z, oftentimes with multiple 

options equally likely of being correct. In a minority of cases, published peak identities can be 

found in the literature. Most of the time, however, either a given level of uncertainty in the peak 

identity must be accepted, or further experimentation involving analysis of standards—using 

ToF-SIMS or other more specialized mass spectrometry techniques—is required to identify 

peaks at higher masses. Obviously, an objective method for determining when, and for which 

peaks, such efforts will be effective is important. 

Another difficulty in analyzing ToF-SIMS data is identifying differences between spectra: 

peaks that appear in one spectrum but not another, or intensity differences of the same peak in 

both spectra. Considering that the average ToF-SIMS spectrum contains hundreds of peaks, 

comparing two spectra by eye is impractical. Again, an objective method for determining the 

significant peaks to compare between spectra is important. 

Principal Component Analysis (PCA) 



24 

 

Unless otherwise cited, this section is a distillation of the discussion in ref.
49

 

Principal component analysis is a complex multivariate statistical technique, the exact 

workings of which are outside of the scope of this document. In general terms, in the context of 

ToF-SIMS, PCA reduces hundreds of variables (peaks) to a handful of principal components 

(PCs) that capture the largest amount of variance within the data set. Put another way, PCA is a 

clustering algorithm, which outputs two different graphs: a scores plot and a loadings plot. 

Sample sets clustered closely together on a scores plot can be said to be more similar to each 

other than those grouped farther apart. Samples sets with overlapping 95% confidence intervals 

are considered indistinguishable under those particular analysis conditions. However, rerunning 

the analysis using a different combination of peaks and samples can yield a different outcome, 

and care should be taken not to over-interpret PCA results. In loadings plots, peaks are plotted 

against their loading value. Peaks with positive loading values correspond to samples with 

positive score values, and vice versa for negative scores and loadings. For example, the samples 

with negative scores in figure 2.7 correspond with the negative loading sulfur-containing peaks. 

The samples with positive scores correspond with the positive loading silicon-containing peaks. 

From these plots it can be concluded that the negatively loading samples contain more sulfur, 

whereas the positively loading samples are rich in silicon. Furthermore, those peaks with the 

highest loadings are those influencing the analysis the most. Therefore, PCA is an objective 

method to both determine which peaks are important and worth identifying, and to highlight the 

differences between sample sets and which peaks account for those differences. 
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Figure 2.7. Example loadings plot and inset scores plot. Samples with negative score values 

correlate with the negative loading sulfur peaks; samples with positive score values correlate 

with the positive loading silicon peaks. Adapted from ref.
50

 

 

2.4.3 Atomic Force Microscopy (AFM) 

Unless otherwise cited, this section is a distillation of the discussion in ref.
51

 

AFM is capable imaging the topography of a surface from the micron scale down to the 

nanometer or, in special cases, even atomic scale. It does so by raster scanning a very fine tip at 

the end of a cantilever across a surface with a constant set point. The choice of set point depends 

on the imaging mode, as explained further below. A feedback loop raises or lowers the tip as 

necessary to keep the set point constant. This is done with a piezoelectric crystal, which is 

capable of making very fine predefined movements as a response to voltage changes applied 

across the crystal. 
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Figure 2.8. Schematic of the necessary components comprising an AFM.
52

 

 

AFM Imaging Modes 

There are a variety of AFM imaging modes, the two most common being contact mode and 

tapping mode. In contact mode, the tip is in constant contact with the surface, and the set point is 

the deflection of the cantilever, which is directly related to the force between the tip and the 

surface. Cantilever deflection is measured by reflecting a laser off the back of the cantilever onto 

a photodetector. While contact mode was the original mode of operation used in AFM, the high 

shear forces applied by the tip can lead to sample damage and distortion of topography features 

when imaging soft samples. Sample damage is something to be avoided the majority of the time, 

but it can be taken advantage of when performing so-called “scratch tests” to measure polymer 

film thicknesses. Scratch tests consist of using a high deflection set point and smaller scan size to 

scratch a hole in the film. The deflection set point is then reduced and the scan size increased to 

measure the depth of the hole. This procedure is iterated until the depth of the hole remains 

unchanged between two successive iterations. 

In tapping mode—which was developed as a way to reduce the high forces experienced in 

contact mode—the cantilever is driven at its resonant frequency causing it to oscillate. The tip 



27 

 

contacts the surface at the bottom of each oscillation cycle as the cantilever completes its arc. For 

the stiff silicon cantilevers typically used in tapping mode experiments (k ~ 40 N m
-1

, fo = 300 

kHz), this means that the tip “taps” the surface 10
5
 times per second as the whole cantilever/tip 

assembly is raster scanned across the surface. 

Image Processing 

Piezoelectric crystals reversibly change shape in response to a change in voltage, which is a 

convenient method for making very small controlled movements with the AFM cantilever/tip 

assembly (both laterally and vertically). However, the response between the physical 

deformation and voltage changes is nonlinear, which introduces a number of so-called scanner 

artifacts into the AFM images. Scanner artifacts appear as artificial tilting or bowing of the 

image, and can be removed by using either line or plane flattening. In line flattening, each line in 

the image is fit to a 0
th

, 1
st
, 2

nd
,…, n

th
-order polynomial. These polynomials are then subtracted 

from each line to flatten the image. Similarly, in plane flattening the AFM data is fit with a two-

dimensional plane polynomial (in both x and y), which is then subtracted from the whole image 

at once. 
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3.1 Abstract 

This study investigates the grafting of poly-sodium styrene sulfonate (pNaSS) from 

trichlorosilane/10-undecen-1-yl 2-bromo-2-methylpropionate (ClSi) functionalized Si and Ti 

substrates by atom transfer radical polymerization (ATRP). The composition, molecular 

structure, thickness, and topography of the grafted pNaSS films were characterized with x-ray 

photoelectron spectroscopy (XPS), time-of-flight secondary ion mass spectrometry (ToF-SIMS), 

variable angle spectroscopic ellipsometry (VASE), and atomic force microscopy (AFM), 

respectively. XPS and ToF-SIMS results were consistent with the successful grafting of a thick 

and uniform pNaSS film on both substrates. VASE and AFM scratch tests showed the films were 

between 25 – 49 nm thick on Si, and between 13 – 35 nm thick on Ti. AFM determined root-

mean-square roughness values were ~ 2 nm on both Si and Ti substrates. Therefore, ATRP 

grafting is capable of producing relatively smooth, thick, and chemically homogeneous pNaSS 

films on Si and Ti substrates. These films will be used in subsequent studies to test the 

hypothesis that pNaSS-grafted Ti implants preferentially adsorb certain plasma proteins in an 

orientation and conformation that modulates the foreign body response and promotes formation 

of new bone. 

3.2 Introduction 

Titanium and its alloys are widely used in biomedical implants due to their optimal 

mechanical properties and relative bio-inertness.
53, 54

 However, Ti implants are prone to failure 

due to the foreign body response, which is a cascade of events beginning with non-specific 

protein adsorption onto the implant surface, and ending with envelopment of the implant within a 

fibrous capsule.
11, 53

 The fibrous encapsulation is hypothesized to prevent osseointegration, by 

inhibiting intimate bone-implant contact, leading to implant failure. A number of surface 

treatments have been developed to increase Ti-implant osseointegration. (Readers are referred to 

the reviews in references
55, 56

 for further insight into the surface modification of Ti implants.) 

However, the surface treatment most relevant to the current study is surface modification with 

bioactive polymers. 

Increased proliferation and adhesion of fibroblasts,
14

 MG63 osteoblast-like cells,
15-17

 and 

human mandibular osteoblasts
18

 has been shown in vitro on sodium styrene sulfonate (NaSS) 

modified Ti and poly(ethylene terephthalate) (PET) surfaces. Promising results have also been 

obtained in vivo for the same surfaces.
18-20

 Since the foreign body response begins with non-
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specific protein adsorption, and cell function on surfaces is mediated by adsorbed proteins,
11

 

poly(NaSS) (pNaSS) grafted implants are hypothesized to preferentially adsorb certain plasma 

proteins in an orientation and conformation that modulates the foreign body response and 

promotes formation of new bone. Our ultimate goal is to test this hypothesis.  

Two general grafting methods for NaSS surface modification were employed in previous 

studies on Ti surfaces: (1) surface-initiated radical polymerization from titanium peroxide groups 

obtained by chemical oxidation of the Ti;
16, 17, 20

 and (2) solution-initiated free-radical 

polymerization onto 3-methacryloxypropyltrimethoxysilane (MPS) functionalized Ti.
15, 57

 While 

these grafting methods produced films that successfully demonstrated the beneficial effects of 

grafted NaSS, they do not allow the control of the grafted polymers in terms of chain length 

uniformity, thickness, etc. that can be obtained from atom transfer radical polymerization 

(ATRP). The substrates grafted via free-radical polymerization are suitable for cell-based in vitro 

and in vivo investigations, but to analyze the shape and size of adsorbed proteins with techniques 

such as atomic force microscopy, smooth and chemically uniform substrates are required. 

ATRP is a living polymerization method known for producing low polydispersity polymer 

chains ( 1.3)w nM M   in solution, which translates to uniform films when grafted from a 

surface.
21, 28

 ATRP is relatively versatile and has been applied with a wide variety of 

monomers.
21, 28, 31, 58

 When coupled with a material-specific strategy for surface immobilization 

of the ATRP initiator, ATRP can be applied to a wide range of surfaces. As a case-in-point, 

using a variety of immobilization strategies ATRP has been used to graft NaSS from: reduced 

Si(100) ,
59-61

 plasma-treated poly(tetrafluoroethylene)
62-64

 and poly(vinylidene fluoride),
65

 carbon 

black,
66

 multi-walled carbon nanotubes,
67

 3 4Fe O 68, 69
 and 2SiO 70, 71

 nanoparticles, Ludox CL 

silica sols,
72

 and gold.
73

 Therefore, in this study we used ATRP to graft NaSS from 

trichlorosilane/10-undecen-1-yl 2-bromo-2-methylpropionate (henceforth referred to as ClSi) 

functionalized 1×1 cm
2
 diced Si wafers and 1×1 cm

2
 diced Si coated with ~100 nm of electron-

beam deposited Ti (Fig. 3.1). Since the surfaces of polished Si wafers are very uniform, both 

chemically and topographically (typical RMS roughness values are ca. 0.1 nm), the diced Si 

substrates are used to examine pNaSS film uniformity. The Ti-coated substrates are used to 

examine the suitability of the ATRP method for grafting NaSS from the surface of Ti implants. 

To our knowledge, this is the first such study to use ATRP to graft NaSS from Ti, and also the 
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first such study to investigate the role of substrate effects on the uniformity of NaSS films grown 

via ATRP. The composition, molecular structure, thickness, and topography of the grafted 

pNaSS films were characterized with x-ray photoelectron spectroscopy (XPS), time-of-flight 

secondary ion mass spectrometry (ToF-SIMS), variable angle spectroscopic ellipsometry 

(VASE), and atomic force microscopy (AFM), respectively. 

 

 

Figure 3.1. Schematic representation of the two-step NaSS grafting procedure: step 1 – surface 

immobilization of the ATRP initiator via ClSi functionalization of the substrate; step 2 – ATRP 

grafting of NaSS. 

 

3.3 Experimental 

3.3.1 Materials 

Si wafers (Silicon Valley Microelectronics Inc., San Jose, CA) were diced into 1×1 cm
2
 

substrates using a diamond saw. Ti substrates were fabricated by depositing 100 nm of Ti onto 

the diced Si substrates via e-beam deposition at RT and pressures < 1x10
-6

 torr. Methanol, 

acetone, dichloromethane, toluene, phosphate buffered saline (PBS; 0.01 M phosphate, 0.138 M 

sodium chloride, 0.0027 M potassium chloride, pH 7.4), Cu(I) bromide (99.999%), Cu(II) 

bromide (>99.0%), 2,2’-bipyridine (bpy), and NaSS were all purchased from Sigma. The toluene 
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was dried by storing over 4A molecular sieves, the rest of the chemicals were used as received. 

The synthesis of the ATRP initiator, trichlorosilane/10-undecen-1-yl 2-bromo-2-

methylpropionate (ClSi), has been described previously.
36

 

3.3.2 Substrate cleaning and ATRP-initiator functionalization 

Substrates were cleaned by sonicating twice for five min. in each of the following solvents: 

dichloromethane, acetone, and MeOH. This cleaning was performed prior to the Ti e-beam 

deposition, and again prior to the ClSi functionalization. After a subsequent 15-min. UV-ozone 

step, the cleaned substrates were functionalized overnight at RT in a 0.2 vol% solution of ClSi in 

dry toluene. The ClSi functionalization and ATRP steps were performed in glass test tubes with 

two substrates, one Si and one Ti, placed back-to-back in each tube. Functionalized substrates 

were rinsed in dry toluene followed by MeOH, and then briefly dipped in 1 mM 

NaOH (pH = 11)  to cross-link the surface silanes and neutralize the HCl  byproducts.  

3.3.3 ATRP 

ATRP catalyst solids, Cu(I)Br  (6.42 mg, 4.48 µmol), 2Cu(II)Br  (1 mg, 44.8 µmol), and bpy 

(15.4 mg, 98.6 µmol), were weighed and sealed in a glass test tube. ClSi-functionalized 

substrates were sealed in glass test tubes with NaSS monomer (203 mg, 98.6 mmol). All sealed 

tubes were cyclically evacuated and N2-backfilled to purge all oxygen. Meanwhile, the reaction 

solvents, 18-Ω DI 2H O  and MeOH, were deoxygenated by bubbling N2 through them for at 

least 30 min. The ATRP catalyst solids were dissolved in 2 ml MeOH. The NaSS monomer was 

dissolved in 1 ml MeOH and then 1.5 ml of 18-Ω DI 2H O  was added to achieve a 60/40 

2H O/MeOH  ratio. Each reaction was started by adding 90 µL of ATRP catalyst solution to a 

test tube containing the NaSS monomer plus the functionalized substrates. All reactions were 

shaken, not stirred, and allowed to proceed to completion for ca. 72 hrs, after which the 

substrates were rinsed with 18-Ω DI 2H O  and soaked in PBS overnight to remove any residual 

Cu catalyst and monomer. Finally, the grafted substrates were rinsed again with 18-Ω DI 2H O , 

gently dried with a stream of 2N , and stored under 2N  overnight before XPS analysis. All 

analyses were performed on the same set of samples in the following order: XPS, ToF-SIMS, 
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AFM, VASE. Two replicate samples for each substrate were prepared and analyzed for each 

treatment. 

3.3.4 XPS 

XPS compositions were determined from an average of three spots on two replicate samples 

for each substrate. The data were acquired on a Kratos AXIS Ultra DLD instrument (Kratos, 

Manchester, UK) in the hybrid mode using a nominal 0° photoelectron takeoff angle (TOA) and 

a monochromatic Al Kα1,2 X-ray source ( 1486.6 eV)h  . Here, the photoelectron TOA is 

defined as the angle between the surface normal and the axis of the analyzer lens. Atomic 

compositions were calculated from peak areas obtained from survey scans (0–1200 eV) with 

analyzer pass energy of 80 eV, a 1 eV step size, and a 200 ms dwell time. Carbon and sulfur 

chemical shifts were determined from high resolution 1sC  and 2pS  spectra obtained with 

analyzer pass energy of 20 eV, a 0.3 eV step size, and 259.7 ms and 425.5 ms dwell times for 1sC  

and 2pS , respectively. All samples were grounded to the spectrometer and run as conductors. 

Binding energy scales were calibrated by setting the xCH  peak in the 1sC  region to 285.0 eV, and 

a linear background was subtracted for all peak area quantifications. The peak areas were 

normalized by the manufacturer supplied sensitivity factors, and surface concentrations were 

calculated using CASA XPS (Casa Software, Ltd.). 

3.3.5 ToF-SIMS 

Positive and negative secondary ion spectra and images were acquired on a TOF.SIMS 5-100 

instrument (ION-TOF, Münster, Germany) using a pulsed 25 keV 3Bi  primary ion beam under 

static conditions (primary ion dose < 10
12

 ions/cm
2
). Five spectra were collected from 100 × 100 

μm
2
 regions for each sample at both polarities, and at least one image was acquired from 500 × 

500 μm
2
 regions for each sample at both polarities. Spectra were acquired in high-current bunch 

(high mass resolution) mode, and images in burst alignment (high spatial resolution) mode. 

Secondary ions were collected over a range of 0–800 m z  at a mass resolution ( )m m , in high-

current bunch mode, between 4000 and 8000. Positive spectra were mass calibrated using 3CH
, 

2 3C H
, and 3 5C H

 peaks, and negative spectra were calibrating using CH , OH , 2C H
, 3C

, 

4C H
, and 5C

 peaks. Mass calibration corrections were typically below 20 ppm. 
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3.3.6 Principal Component Analysis (PCA) 

PCA of the ToF-SIMS data, previously described in detail,
74-76

 is a multivariate analysis 

technique that was used to identify principal sources of variation between sample spectra. For 

both positive and negative spectra, lists of all significant peaks – defined as any peak with 

intensity three times the background noise – were compiled and imported into a series of scripts 

written by NESAC/BIO for MATLAB
77, 78

 (MathWorks, Inc., Natick, MA). Contaminant peaks 

(e.g., poly(dimethyl siloxane) peaks) were removed from the peak lists prior to PCA analysis. 

Data sets were also normalized by the sum of selected peaks, mean centered, and square-root 

transformed to ensure that variance within the data set was due to differences in sample 

variances rather than in sample means. 

3.3.7 VASE 

VASE measurements were made using an M-2000 ellipsometer (J.A. Woolam, Lincoln, NE). 

On one spot per sample, spectra were collected at three different angles (55
o
, 65

o
, and 75

o
) in a 

spectral range from 210 – 1700 nm. These data were used to develop the ellipsometric angle 

models. Following these single-spot measurements, sample mapping measurements were 

performed on a grid of 25 spots evenly spaced 0.1 cm apart in a 0.5 × 0.5 cm
2
 area. The mapping 

measurements were performed at a single angle of 65
o
 using a focused spot size of ~ 150 µm. 

Modeling was performed with the CompleteEASE software package provided by the 

manufacturer. The accuracy of the model fits was evaluated based on a 
2  figure of merit as well 

as physical relevance of the refractive index and extinction coefficient plots generated by the 

model. 

3.3.8 AFM 

AFM images were acquired on a Dimension Icon (Bruker, Santa Barbara, CA) in 

TappingMode
TM

 using OTESPA rectangular cantilevers (k = 40 N/m; Bruker, Santa Barbara, 

CA). One 1-µm scan, and one larger-area scan, was collected at five different spots per sample. 

Images were line and plane flattened as necessary the using the NanoScope Analysis software 

package. 

Scratch test measurements were also performed to verify the accuracy of the ellipsometry 

models. These consisted of using a high deflection set point in contact mode to scratch a 5 × 5 

µm
2
 hole in the pNaSS film, reducing the deflection set point and increasing the scan size to 20 × 

20 µm
2
 to determine the depth of the scratched hole. This procedure was iterated, each time 
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scratching with a high deflection set point until the thickness remained constant between 

iterations. 

3.4 Results and Discussion 

3.4.1 NaSS Grafting Conditions 

A preliminary set of experiments was performed to optimize the NaSS grafting conditions. A 

series of reactions was performed on e-beam deposited Ti under conditions nearly identical to 

those reported above, except that a 50/50 2H O/MeOH ratio was used. Initial conditions were 

adapted from the work of Choi and Kim on solution-phase ATRP of NaSS.
79

 The reactions were 

followed with XPS and three spots were analyzed on two samples at each time point (2, 8, and 

72 hrs). 

 

 

Figure 3.2. XPS compositions for a preliminary time-dependent study. Reactions were 

performed solely on Ti substrates under identical conditions to those described in the 
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experimental section, except that a 50/50 2H O/MeOH ratio was used. Compositions are reported 

as the avg   stdev of three spots on two samples. 

 

The survey composition results (Fig. 3.2) show decreasing Ti, O, and Si content with 

increasing reaction time. This is due to the attenuation of the substrate signal by an increasingly 

thick pNaSS film, and is accompanied by the expected corresponding increase in C, S, and Na 

content. Of note is the significant Ti content observed even after 72 hrs reaction time, which 

suggests that the pNaSS films are either patchy or thinner than the ~ 10 nm XPS sampling depth. 

Accompanying ToF-SIMS imaging and AFM measurements (not shown) were indicative of 

uniform and continuous films, indicating the films were 10 nm  thick. Increasing solvent water 

content has been shown to increase reaction kinetics and final film thickness, but at the cost of 

decreased mono-dispersity.
79, 80

 Therefore, the 2H O/MeOH  was increased slightly to 60/40 to 

graft thicker films, while maintaining good pNaSS-film uniformity. 

It should be noted that, within error, S and Na content does not change between pNaSS films 

grown for 8 and 72 hrs at 50/50 2H O/MeOH . This indicates that the reaction has essentially 

gone to completion after ca. 8 hrs. Increasing water content increases reaction kinetics, thus the 

reactions run at 60/40 2H O/MeOH  have likely gone to completion in 8 hrs . And since 

reaction kinetics were not a main focus of this study, it was only out of convenience that the 

reactions were allowed to run for ~72 hrs (i.e., over the weekend). Therefore, the long reaction 

times reported in this paper should not be interpreted as a measure of NaSS grafting kinetics. 

3.4.2 XPS Survey and High Resolution Spectra 

XPS survey composition results (Table 3.1) show the bare substrates to be composed of Ti, 

Si, O, and C from a thin adventitious hydrocarbon overlayer. The bare substrate high resolution 

1sC  spectra show a hydrocarbon peak at 285 eV, with a slight shoulder at 286.7 eV, and a small 

peak at 288.7 eV (not shown). Following ClSi functionalization, the addition of Br and Si are 

observed for the Ti substrates, and the addition of Br is observed for the Si substrates. 

Furthermore, the ClSi high resolution C1s spectra (Fig. 3.3 A and C) show well-defined 

hydrocarbon (C-C/C-H), ether (C-O), and ester (O-C=O) peaks at 285, 286.8 and 289.3 eV, 

respectively. However, the ether:ester peak area ratios are consistently ~2.5:1, where the ClSi 
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stoichiometry would predict a ratio of 1:1. This is partially due to the contribution of an 

overlapping C-Br peak to the ether peak. While the C-Br chemical shift is only ~ 0.8 eV, the C-

Br carbon is also β-shifted ~ 0.8 eV by the ester group
81, 82

 Adding the two chemical shifts as a 

rough approximation places the C-Br peak at ~ 286.6 eV, which overlaps with the ether peak. 

Lacking the energy resolution distinguish the two peaks from each other, the C-Br peak is 

detected by the added contribution to the ether peak area. This results in an expected 2:1 (ether + 

C-Br):ester peak area ratio, which is similar to the observed peak area ratio. The addition of the 

Br and Si in the survey spectra, and well-defined ether and ester peaks in the high resolution 1sC  

spectra are consistent with the successful ClSi functionalization of both Ti and Si substrates. 

 

Table 3.1. XPS determined elemental compositions of bare, ClSi-modified, and pNaSS-grafted 

Ti and Si substrates. AFM RMS roughness values for each sample are also listed. All 

composition and roughness values are reported as the avg   stdev of three spots on two 

samples. 

XPS Atomic % 

  Evaporated Ti  Diced Si 

  Bare 

Substrate 

ClSi 

Modified 

pNaSS 

Grafted 
 

Bare 

Substrate 

ClSi 

Modified 

pNaSS 

Grafted 

1sO  
 

54.2 ± 0.5 37.6 ± 1.0 22.5 ± 1.2  34.8 ± 0.7 25.5 ± 0.6 22.6 ± 0.6 

1sC  
 

23.3 ± 0.4 44.3 ± 2.1 63.2 ± 1.2  12.6 ± 0.9 41.8 ± 2.3 64.0 ± 0.6 

2pTi  
 

22.4 ± 0.2 13.2 ± 0.5 0.3 ± 0.2  - - - 

2pSi  
 

- 3.3 ± 1.0 1.3 ± 1.4  52.6 ± 1.3 29.5 ± 1.7 2.0 ± 0.6 

3dBr  
 

- 1.5 ± 0.2 -  - 3.2 ± 1.3 - 

2pS  
 

- - 6.3 ± 0.5  - - 5.8 ± 0.3 

1sNa  
 

- - 6.4 ± 0.4  - - 5.6 ± 0.7 

         

AFM RMS 

Roughness 

 2.2 ± 0.2 2.1 ± 0.3 2.4 ± 0.7  0.2 ± 0.01 0.8 ± 0.2 1.9 ± 0.9 

 

The ClSi layer thickness can be calculated from the attenuation of the substrate peaks 

between the bare and ClSi-functionalized substrates using: 
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exp
cos

o

d
I I

 

 
  

 
  (1) 

where d  is the overlayer thickness,   the photoemission angle relative to the surface normal, 

  the inelastic mean free path (IMFP), and I  and oI  the attenuated and bare substrate 

intensities, respectively. In nearly all cases, before Eq. (1) can be used bare substrate intensities 

must be corrected for the attenuation caused by the presence of an adventitious hydrocarbon 

overlayer.
38

 This can be done using the method of Smith.
38

 First the thickness of the adventitious 

hydrocarbon overlayer must be determined using: 

 

𝑑 = −𝜆𝐶1𝑠,𝐶 cos 𝜃 ln(1 − 𝑥 100⁄ ) (2) 

where x  is the hydrocarbon atom%, 1 ,CC s  is the effective attenuation length for 1sC  

photoelectrons traveling through the hydrocarbon overlayer (taken to be 3.5 nm), and   is the 

photoelectron emission angle relative to the surface normal. Next, the substrate composition may 

be estimated without the effect of the hydrocarbon overlayer using:
38

 

exp
cos

corr meas

d
I I

 

 
  

 
  (3) 

where measI  is the measured atom% with the overlayer, d  the overlayer thickness calculated 

with Eq. (2), and   the effective attenuation length for the element and line of interest through 

the hydrocarbon overlayer. The corrected atom%, corrI , is found for each element except carbon 

and must be renormalized to 100% to estimate the bare substrate composition without the 

hydrocarbon overlayer. For inorganic compounds, excited with an Al Kα source in the kinetic 

energy ( )E  range between 400 – 1500 eV,   may be calculated using:
43

 

𝜆 = 0.0129𝐸0.7193 (4) 

With this method, assuming an effective photoelectron TOA of 40
o
 for the spectrometer operated 

in hybrid mode,
83

 thicknesses of 1.0 ± 0.1 nm and 0.9 ± 0.1 nm were calculated for ClSi films on 

Ti and Si, respectively. 
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Following the ATRP surface grafting, equal amounts of S and Na are observed in the survey 

spectra, as well as the disappearance of Br and near complete attenuation of the substrate peaks. 

The equal amounts of S and Na are in accordance with the stoichiometry expected from the 

NaSS monomer, and the disappearance of the Br and attenuation of the substrate peaks are 

indicative of the successful grafting of a ≥ 10 nm thick layer of pNaSS on both Si and Ti 

substrates. This is supported by the high resolution 2pS  spectra (Fig. 3 E and F), which show the 

2p3 2S  and 2p1 2S doublet peaks in the expected 2:1 ratio appearing at ~ 168 eV, which is the 

expected binding energy for a 3PhSO Na  sulfur species.
84

 Furthermore, the high resolution 1sC  

spectra (Fig. 3 B and D) are marked by the disappearance of the ester peak, as well as the 

addition of a shake-up peak at ~ 291.7 eV characteristic of the aromatic ring
85

 present in the 

NaSS monomer structure. It should be noted that on the Ti samples, the Ti substrate signal is 

attenuated to a much greater extent (13.2 ± 0.5 At% to 0.3 ± 0.2 At% before and after NaSS 

grafting) than the Si signal (3.3 ± 1.0 At% to 1.3 ± 1.4 At% before and after NaSS grafting). This 

is due to the contribution of low levels of PDMS contamination on the Ti samples. The PDMS 

was detected by the presence of characteristic peaks at nominal m z  of 73 3 3((CH ) Si ) , 147 

3 5 2((CH ) Si O ) , and 207 3 6 3 3((CH ) Si O )  in the positive ToF-SIMS spectra. No PDMS peaks were 

found in the negative spectra, and those found in the positive spectra were isolated to one set of 

Ti and Si replicates, both of which originated from the same reaction tube. As best as could be 

determined, no other ClSi or NaSS samples appeared to be contaminated. 
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Figure 3.3. XPS high resolution 1sC  spectra of the ClSi (A) and NaSS (B) films on Ti; XPS high 

resolution 1sC  spectra of the ClSi (C) and NaSS (D) films on Si; XPS high resolution 2pS  spectra 

of the NaSS film on Ti (E) and Si (F). 

3.4.3 ToF-SIMS 

PCA results from the ToF-SIMS spectra are reported for an m z  range from 0 – 400 (Fig. 4 

A and B). Peaks of intensity 3x the background could not be found outside of that range. PCA 

results for the negative spectra (Figs. 3.4 A and B) separate the ClSi from the NaSS samples: 

ClSi samples load positively and are associated with Br
-
 and Si-containing peaks; NaSS samples 

load negatively and are associated with sulfonate containing fragments and the NaSS monomer 

8 7 3(C H SO ) . The 95% confidence intervals for the NaSS samples on the two different substrates 

overlap completely, indicating that PCA is unable to chemically differentiate NaSS films 

prepared on Ti and Si substrates. The same is true of the ClSi samples when the entire data set is 
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analyzed at once. However, when analyzed by themselves, the ClSi samples separate based on 

substrate type, indicating that the ClSi film thickness is less than the ~2 nm SIMS sampling 

depth (not shown). 

The positive spectra PCA results separate the samples in the same way, with the ClSi 

samples loading positively and the NaSS samples loading negatively. However, since both ClSi 

and NaSS contain electronegative atoms (e.g., O, S, Br), most of the ClSi and NaSS 

characteristic ions are present in the negative spectra. The 3 6BrC H
 peak in the positive spectra 

is the only fragment found that can be attributed to the ClSi head group. As expected, several 

Na-containing ions ( Na , 2Na OH
, 3 3SO Na

, 4 3SO Na
) are present in the positive ion spectra of 

the NaSS samples. 

Figure 3.5 shows 500 × 500 µm
2
 ToF-SIMS images of the Br  signal (Fig. 3.5 A and B) and 

the sum of x y 3C H SO
 fragments (Fig. 3.5 C and D) for both Ti and Si substrates. The Br  

images show uniform coverage, at the spatial resolution used in the ToF-SIMS analysis (~2 μm), 

of the ClSi film across both substrates. Similar results are obtained for the sum of Br-containing 

fragments (e.g., x yBrC H ) in the positive polarity. However, the signal is lower for the Si 

substrate since many of the Br-containing fragments are Ti adducts. The x y 3C H SO
 images also 

show uniform coverage of NaSS across both substrates. 
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Figure 3.4. ToF-SIMS PCA loadings plots with inset scores plots for negative (A) and positive 

(B) secondary ion spectra. 
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Figure 3.5. 500 × 500 µm
2
 ToF-SIMS images of the Br  signal on ClSi functionalized Ti (A) 

and Si (B) substrates, and the sum of x y 3C H SO
 fragments on NaSS grafted Ti (C) and Si (D) 

substrates. 

 

3.4.4 VASE 

The ellipsometry models were built stepwise from VASE measurements performed on two 

samples each of blank, ClSi-functionalized, and NaSS-grafted Si and Ti substrates. Thicknesses 

for the ClSi and pNaSS layers are reported in Table 3.2. The blank Si samples were treated as a 
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2SiO  layer atop a pure Si substrate using prefabricated Si and 2SiO  models included in the 

CompleteEASE software. This model returned an oxide layer thickness of 2.3 nm for the VASE 

measurements, and a range of oxide thicknesses between 2.3 – 2.7 nm for the ellipsometry 

mapping measurements. 

 

Table 3.2. Ellipsometry and AFM determined ClSi and pNaSS film thicknesses (nm). SE 

mapping thicknesses are reported as the avg   stdev of the 25 spots measured across each 

sample (see Figure 6). Scratch test thicknesses are reported as the avg   stdev of three spots 

across each sample. Replicate number refers to the fact that two replicates of each substrate were 

prepared and analyzed after each treatment. 

Substrate Film Replicate Number VASE (nm) SE Mapping (nm) Scratch Test (nm) 

Si 

ClSi 
1 1.3 1.5 ± 0.2 1.4 ± 0.2 

2 1.8 1.2 ± 0.1 1.1 ± 0.1 

pNaSS 
1 24.7 25.4 ± 3.8 16.8 ± 2.1 

2 45.7 48.9 ± 5.9 49.0 ± 3.8 

Ti 

ClSi 
1 2.3 2.1 ± 0.2 1.9 ± 0.1 

2 1.1 0.9 ± 0.1 1.6 ± 0.2 

pNaSS 
1 13.2 13.3 ± 0.5 10.8 ± 1.3 

2 33.8 34.9 ± 3.4 41.0 ± 8.8 

 

The modeling of deposited Ti VASE spectra is complicated by the large 2TiO  band gap. 

Additionally, the high reactivity of Ti means that, even under high vacuum conditions, the oxide 

film composition is difficult to control and can vary with thickness to include sub-oxides (e.g., 

2 3Ti O ), nitrides, and carbides.
86-88

 Thus, developing a physically meaningful VASE model that 

accurately describes the optical properties and thickness of deposited Ti film is non-trivial. 

However, determination of the Ti substrate optical properties is not a focus of this study. 

Therefore, the analysis was simplified by treating the blank Ti samples as a single layer using a 

B-spline function to parameterize the pseudo optical properties of the substrate.
89, 90

 

The Cauchy dispersion equation, which is suitable for transparent thin films such as 

silanes,
89, 91

 was used to fit the VASE measurements on the ClSi-functionalized substrates. The 

Cauchy model yielded ClSi-layer thicknesses of ~ 1.5 nm on Si, and 1 – 2 nm on Ti, which are in 

good agreement with the XPS-determined overlayer thicknesses. This indicates that the ClSi 

functionalization process produces similar thickness films on both Si and Ti substrates. 
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Thickness maps for one replicate ClSi-functionalized on the Si and Ti substrates are shown in 

Fig. 3.6 A and B, respectively. 

 

 

Figure 3.6. Ellipsometry thickness maps for the ClSi-functionalized Si (A) and Ti (B) substrates, 

and for NaSS-grafted Si (C) and Ti (D) substrates. 

 

The pNaSS films on both substrates had a visible yellow tint to them. Therefore, in addition 

to absorbing in the UV range due to benzene ring π – π* transition,
92

 they absorb in the yellow 

visible range (~600 nm). Therefore, the optical properties were once again parameterized with a 

B-spline function, yielding pNaSS film thicknesses between 25 – 49 nm on Si, and 13 – 34 nm 

on Ti. Figure 6 C and D shows the pNaSS films to be fairly uniform across the substrate, and that 

the wide range in pNaSS film thicknesses represents the variability between replicates. It should 

be noted that the thinner Si and Ti replicates both came from the same reaction vial, as did the 
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thicker Si and Ti replicates. Thicknesses obtained from AFM scratch test measurements (Table 

2) are in excellent agreement with the ellipsometry results. Thickness maps for one replicate of 

the NaSS-grafted Si and Ti samples are shown in Fig. 3.6 C and D, respectively. Thus, it appears 

that the grafting reaction produces slightly thicker films on Si, and that relatively large variances 

in film thickness may be expected between batches. These differences are despite running each 

reaction with one Si and one Ti each vial, and using the same catalyst mixture for all reactions. 

The film-thickness differences between substrates might be attributed to differences in ClSi 

film quality, since organosilane self-assembled monolayer (SAM) quality is known to be 

affected by substrate roughness and surface chemistry.
93

 This hypothesis is supported by the SE 

mapping measurements, since the ClSi film thicknesses on Ti are much more variable than on Si: 

the 2.1 nm average thickness for Ti replicate 1 could be indicative of multilayer formation, and 

the 0.9 nm average thickness for replicate 2 could be indicative of a less well-ordered film. As a 

reference, 11C  organosilane monolayers on Si were found to be ~ 1.5 nm thick, which is in the 

same range as the ClSi films on Si.
94

 The film-thickness differences between batches could also 

be due to sensitivity toward small variances in reaction conditions. For example, ATRP is very 

sensitive to oxygen. Therefore, solvents are always degassed with either nitrogen or argon to 

purge dissolved oxygen, and reactions quenched by exposure to air.
59-73

 Thus, it may be that a 

small leak in vial 1 lead to the premature termination of the grafting reaction and thinner pNaSS 

films on Si and Ti replicate 1. 

3.4.5 AFM 

AFM images are shown in Fig. 3.7 and average RMS roughness values ± standard deviations 

are reported in Table 1. Within error, the Ti roughness values remain constant regardless of 

treatment. The AFM images (Fig. 3.7 D – F) show the surface topography of the Ti samples to 

be unchanged by the ClSi treatment and significantly changed by the pNaSS grafting. However, 

the Si roughness values increase significantly with each treatment, as does the surface 

topography (Fig. 3.7 A – C). Interestingly enough, despite the difference in roughness values 

between the bare Ti and Si substrates, within error there is no difference in the roughness values 

of the NaSS films grafted from the two substrates. This indicates that the NaSS film is thick 

enough to obscure the initial Ti roughness, and that the uniformity of NaSS films grown by 

surface initiated ATRP under the above reported conditions can be taken to be approximately 2 

nm. 
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Figure 3.7. 1 × 1 µm
2
 AFM images of bare Si (A) and Ti (D) substrates, ClSi-functionalized Si 

(B) and Ti (E) substrates, and NaSS grafted Si (C) and Ti (F) substrates. 

 

3.5 Summary and Conclusions 

In this study we used ATRP to graft NaSS from ClSi functionalized Si and Ti surfaces. The 

composition, molecular structure, thickness, and topography of the grafted pNaSS films were 

characterized with XPS, ToF-SIMS, VASE, and AFM, respectively. XPS and ToF-SIMS results 

confirmed that both Si and Ti substrates were successfully first functionalized with a ClSi layer 

and then grafted with a laterally chemically homogeneous NaSS film. VASE and spectroscopic 

ellipsometry mapping measurements found the grafting reaction produces slightly thicker NaSS 

films on Si vs. Ti substrates, and that relatively large variances in film thickness may be expected 

between batches. AFM found that within error there is no difference in NaSS film roughness 
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values between the Si and Ti substrates, despite relatively large differences bare-substrate 

roughness values. Thus, we have successfully produced chemically homogeneous and relatively 

smooth NaSS-grafted substrates. These may now be used in subsequent studies testing the 

hypothesis that pNaSS-grafted Ti implants preferentially adsorb certain plasma proteins in an 

orientation and conformation that modulates the foreign body response and promotes formation 

of new bone. 
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4.1 Abstract 

A 2
4
 factorial design was used to optimize the activators regenerated by electron transfer-

atom transfer radical polymerization (ARGET-ATRP) grafting of sodium styrene sulfonate 

(NaSS) films from trichlorosilane/10-undecen-1-yl 2-bromo-2-methylpropionate (ester ClSi) 

functionalized titanium substrates. The process variables explored were: A) ATRP initiator 

surface functionalization reaction time; (B) grafting reaction time; (C) CuBr2 concentration; (D) 

reducing agent (vitamin C) concentration. All samples were characterized using x-ray 

photoelectron spectroscopy (XPS). Two statistical methods were used to analyze the results: (1) 

Analysis of variance (ANOVA) with 𝛼 = 0.05, using average √Ti XPS atomic percent as the 

response; (2) Principal component analysis (PCA) using a peak list compiled from all the XPS 

composition results. Through this analysis combined with follow-up studies, the following 

conclusions are reached: (1) ATRP-initiator surface functionalization reaction times have no 

discernable effect on NaSS film quality; (2) minimum (≤ 24 hr for this system) grafting reaction 

times should be used on titanium substrates since NaSS film quality decreased and variability 

increased with increasing reaction times; (3) minimum (≤ 0.5 mg cm-2 for this system) CuBr2 

concentrations should be used to graft thicker NaSS films; (4) no deleterious effects were 

detected with increasing vitamin C concentration. 

4.2 Introduction 

Controlling surface properties is important in a number of fields.
21, 29, 95, 96

 One strategy to do 

so is polymer grafting. Activators regenerated by electron transfer-atom transfer radical 

polymerization (ARGET-ATRP) is a versatile and scalable method for polymer synthesis. When 

combined with a material-specific strategy for immobilizing an ATPR initiator, ARGET-ATRP 

can be used to modify most metal, oxide, and ceramic surfaces,
21, 29, 30

 as well as polymer 

surfaces.
36, 97-99

 However, much of the fundamental understanding of ARGET-ATRP, or more 

generally ATRP, is based on studies focusing on solution-phase polymerizations.
80, 100-106

 While 

publications describing ATRP and ARGET-ATRP grafting of different polymers from a variety 

of surfaces are plentiful in the literature, the authors are aware of few studies that explore in 

detail the relationship between process variables and film quality. (We define high quality films 

to be thick and laterally homogeneous—i.e., hole and defect free.) Therefore, in this study we 

use surface analysis techniques to characterize and optimize the grafting of sodium styrene 

sulfonate (NaSS) from trichlorosilane/10-undecen-1-yl 2-bromo-2-methylpropionate-
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functionalized titanium surfaces (figure 4.1). Interest in NaSS extends to a number of 

applications, such as an antiflocculating agent, emulsifier, catalyst, and for use in ion-exchange 

resins and membranes.
69-71, 79

 It has also shown promise as a strategy to increase the 

osseointegration of titanium
15-17, 20

 and poly(ethylene terephthalate)
14, 18, 107

 biomedical implants. 

To investigate possible reasons for the increased osseointegration of these materials, in future 

studies the authors intend to test the hypothesis that the NaSS-grafted surfaces preferentially 

adsorb certain plasma proteins in an orientation and conformation that modulates the foreign 

body response and promotes formation of new bone. A necessary prerequisite for doing so is the 

ability to reliably produce sufficient quantities of high quality NaSS-grafted substrates. 

Therefore, the goals of this work are twofold: (1) examine the influence of experimental 

conditions on NaSS grafting; and (2) by doing so, further our general understanding of ARGET-

ATRP grafting from surfaces. To this end a 2
4
 factorial design was performed to study the 

following variables: (A) ATRP initiator surface functionalization reaction time; (B) grafting 

reaction time; (C) CuBr2 concentration; (D) reducing agent (vitamin C) concentration.  

Even though statistical experimental design methods are extremely useful in efficiently 

optimizing process conditions, they rarely go as planned. Under “real world” conditions, 

undesired and uncontrolled changes in process conditions are routinely encountered. These can 

obscure trends and further complicate analysis of the experimental design results. The current 

work is no exception, where an analyzer upgrade for the X-ray photoelectron spectrometer 

occurred during data collection. Therefore, in addition to the traditional analysis of variance 

(ANOVA), we employed principal component analysis (PCA) to evaluate the factorial design 

results. Through this combination of statistical analyses, we were able to account for the effect of 

the analyzer upgrade on the data and draw meaningful conclusions regarding optimal NaSS 

grafting conditions, which is the main focus of this paper. 
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Figure 4.1. Schematic representation of the two-step NaSS grafting procedure. Step 1: surface 

immobilization of the ATRP initiator using a material-specific functionalization strategy to form 

either thiol (on gold) or silane (on titanium) self-assembled monolayers. Step 2: ARGET-ATRP 

grafting of NaSS from the surface-bound initiator. 

 

4.3 Experimental 

4.3.1 Materials 

Silicon wafers (Silicon Valley Microelectronics Inc., San Jose, CA) were diced into 1×1 cm
2
 

substrates using a diamond saw. Titanium substrates were fabricated by evaporation of 100 nm 

of titanium from an electron-beam heated titanium target onto diced silicon substrates at room 

temperature and vacuum pressures < 3x10
-6

 torr. Gold substrates, also 100 nm thick, were 

fabricated in the same way, first depositing a 5 nm titanium adhesion layer. Methanol, acetone, 

dichloromethane, toluene, phosphate buffered saline (PBS; 0.010 M phosphate, 0.138 M sodium 

chloride, 0.0027 M potassium chloride, pH 7.4), Cu(II) bromide (>99.0%), 2,2’-bipyridine (bpy) 

(≥99%), vitamin C (≥98%), and sodium styrene sulfonate (NaSS) (≥90%) were all purchased 
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from Sigma. Ethanol (200 proof) was purchased from Decon Laboratories. The toluene was 

dried by storing over 4A molecular sieves; the rest of the chemicals were used as received. The 

synthesis of the ATRP initiator, trichlorosilane/10-undecen-1-yl 2-bromo-2-methylpropionate 

(henceforth referred to as ester ClSi), has been described previously.
36

 An amide (referred to as 

amide ClSi) version of the same molecule was graciously provided by the Jiang group at the 

University of Washington. Bromoisobutyrate undecyl disulfide (99%) (henceforth referred to 

simply as thiol, since it forms a gold-thiolate bond on the surface) was purchased from 

Asemblon. 

4.3.2 Substrate cleaning and ATRP-initiator functionalization 

Prior to the e-beam deposition, substrates were cleaned by sonicating twice for 5 minutes 

each sequentially in dichloromethane, acetone, and methanol. The e-beam deposited titanium 

substrates were functionalized in a 0.2 vol. % solution of ester ClSi in dry toluene for the length 

of time specified by the factorial design. Functionalized substrates were rinsed in dry toluene 

followed by methanol, and then briefly dipped in 1mM NaOH to cross-link the surface silanes 

and neutralize HCl byproducts. 

E-beam deposited gold substrates were rinsed with ethanol and immersed in a 1 mM solution 

of thiol in ethanol for 18 – 24 hrs. The substrates were then rinsed with ethanol, sonicated for 1 – 

3 min. to remove any unbound thiol, and rinsed once more with ethanol. Both the titanium and 

gold functionalization reactions were performed at room temperature in N2-backfilled glass test 

tubes stoppered with rubber septa. 

4.3.3 ARGET-ATRP 

The ARGET-ATRP reaction solids were weighed into three 20-ml glass scintillation vials. 

The first contained 203 mg (98.6 mmol) of NaSS monomer dissolved in 1.2 ml 18-Ω DI H2O. 

The second contained CuBr2 and bpy (1:2 ratio) dissolved in 2.4 ml methanol and 1.2 ml 18-Ω 

DI H2O. The third vial contained vitamin C dissolved in 1.2 ml 18-Ω DI H2O. The total solvent 

volume was 6 ml (60/40 H2O/methanol). The amount of CuBr2/bpy and vitamin C varied 

depending on the treatment combination as dictated by the experimental design. The catalyst 

solution, along with two initiator-functionalized substrates, was added to the NaSS vial, making 

sure that the substrates stayed face up and did not overlap each other. NaSS grafting was initiated 

upon addition of the vitamin C solution to the reaction vial, which was then capped and sealed 
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with parafilm. Since excess vitamin C is present during the reaction, it is not necessary to degas 

the reaction solvent. After the allotted time specified by the factorial design the substrates were 

rinsed with 18-Ω DI H2O, soaked in PBS for several hours, and then soaked overnight in 18-Ω 

DI H2O to remove any residual catalyst, excess sodium/buffer salts, and monomer. Finally, the 

grafted substrates were rinsed again with 18-Ω DI H2O, gently dried with a stream of N2, and 

stored under N2 until analyzed. 

4.3.4 X-Ray Photoelectron Spectroscopy (XPS) 

XPS data were acquired on an SSI S-Probe instrument (Surface Science Instruments, 

Mountain View, California). Half way through the first replicate of the factorial design, the 

analyzer was upgraded and the photoelectron takeoff angle (TOA) changed from 55° to 0°. Here, 

the photoelectron TOA is defined as the angle between the surface normal and the axis of the 

analyzer lens. All spectra were acquired using a monochromatic Al Kα1,2 X-ray source (hν = 

1486.6 eV). Atomic compositions were calculated from peak areas obtained from survey scans 

(0–1100 eV) with analyzer pass energy of 150 eV, a 1 eV step size, and a 100 ms dwell time. 

Carbon chemical shifts were determined from high-resolution C1s spectra obtained with analyzer 

pass energy of 50 eV, a 0.065 eV step size, and 100 ms dwell time. All samples were grounded 

to the spectrometer and run as conductors. Binding energy scales were calibrated by setting the 

CHx peak in the C1s region to 284.6 eV, and a linear background was subtracted for all peak area 

quantifications. The peak areas were normalized by the manufacturer supplied sensitivity factors, 

and surface concentrations were calculated using Hawk Data Analysis 7 (Service Physics, Inc., 

Bend, Oregon). 

4.3.5 Atomic Force Microscopy (AFM) 

AFM images were acquired on a Dimension Icon (Bruker, Santa Barbara, CA) in 

TappingMode
TM

 using OTESPA rectangular cantilevers (k = 40 N/m; Bruker, Santa Barbara, 

CA). Images were line and plane flattened as necessary the using the NanoScope Analysis 

software package. Scratch-test measurements were also performed to determine NaSS film 

thicknesses. These consisted of using a high deflection set point in contact mode to scratch a 5 × 

5 µm
2
 hole in the NaSS film, reducing the deflection set point, and increasing the scan size to 20 

× 20 µm
2
 to determine the depth of the scratched hole. This procedure was iterated, each time 



55 

 

scratching with a higher deflection set point until the thickness remained constant between 

iterations. 

4.3.6 Vibrational Sum Frequency Generation Spectroscopy (SFG) 

SFG spectra were measured with a ps-pulsed laser system (EKSPLA, Nd:YAG and 

OPA/OPG/DFG). Spectra were collected for ester ClSi films on Ti surfaces, functionalized for 

either 1 or 7 days, to determine the effect of reaction time on the ester ClSi film quality. The 

incident angles relative the surface normal were 60° and 62° for the infrared (IR) and visible 

beams, respectively. The ppp (p-polarized SFG, p-polarized visible and p-polarized IR) 

polarization combination was used for all spectra. Average data acquired from three replicates of 

each sample (1 day and 7 days) were analyzed for the ester and C-H spectral regions (ester: 

1700-1800 cm
-1

 and C-H: 2800-3000 cm
-1

), with one exception (7 days, ester region: 1700-

1800 cm
-1

) where average data acquired from four replicates were analyzed. For the ester region, 

a step size of 1 cm
-1

 was used with 600 acquisitions per step, while a step size of 2 cm
-1

 and 400 

acquisitions per step were used for the C-H region. To account for any variations in IR and 

visible intensities that occurred during spectra acquisition, all data points were normalized 

against a signal produced in parallel from an SFG-active crystal (ZnS). 

4.3.7 Factorial Design 

A 2
4
 factorial design was performed varying (A) ester ClSi reaction time, (B) grafting 

reaction time, (C) CuBr2 concentration, and (D) vitamin C concentration (table 4.1). Two 

duplicate samples were prepared and analyzed at each treatment combination. The entire design 

was replicated twice totaling four samples per treatment combination. The run order was 

randomized but within replicates only. The design matrix and response are listed in table 4.2. 

 

Table 4.1. Factors and treatment levels. 

Factor Symbol Low (-1) High (1) 

Ester ClSi Reaction Time A 24 hrs 72 hrs 

Grafting Reaction Time B 24 hrs 72 hrs 

CuBr2 C 1 mg cm-2 2 mg cm-2 

Vitamin C D 39.5 mg cm-2 79 mg cm-2 

Covariate - Pre-upgrade Post-upgrade 
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Table 4.2. Experimental conditions and results. 

Treatment 

Combination 

Ester ClSi 

Reaction 

Time (hrs) 

Grafting 

Reaction Time 

(hrs) 

CuBr2 

(mg cm
-2

) 

Vitamin C 

(mg cm
-2

) 
Covariate

*
 Replicate 1 Replicate 2 

A B C D  √Ti 

(1)
**

 -1 (24) -1 (24) -1 (1) -1 (79) 1 1.11 0.17 

A 1 (72) -1 (24) -1 (1) -1 (79) -1 0.00 0.09 

B -1 (24) 1 (72) -1 (1) -1 (79) -1 2.29 3.55 

AB 1 (72) 1 (72) -1 (1) -1 (79) 1 1.21 0.18 

C -1 (24) -1 (24) 1 (2) -1 (79) -1 0.00 0.00 

AC 1 (72) -1 (24) 1 (2) -1 (79) 1 1.15 0.12 

BC -1 (24) 1 (72) 1 (2) -1 (79) 1 0.64 2.34 

ABC 1 (72) 1 (72) 1 (2) -1 (79) -1 0.22 1.87 

D -1 (24) -1 (24) -1 (1) 1 (158) -1 0.48 0.43 

AD 1 (72) -1 (24) -1 (1) 1 (158) 1 1.16 0.18 

BD -1 (24) 1 (72) -1 (1) 1 (158) 1 0.62 2.46 

ABD 1 (72) 1 (72) -1 (1) 1 (158) -1 0.00 1.15 

CD -1 (24) -1 (24) 1 (2) 1 (158) 1 0.76 1.44 

ACD 1 (72) -1 (24) 1 (2) 1 (158) -1 0.00 1.09 

BCD -1 (24) 1 (72) 1 (2) 1 (158) -1 0.00 0.36 

ABCD 1 (72) 1 (72) 1 (2) 1 (158) 1 1.22 1.71 

*
The covariate levels apply to replicate 1 only. The covariate level was 1 (analyzer angle of 0

o
) throughout replicate 

2. 

**
The treatment combination “(1)” is where low (-1) levels are used for all factors. See table 4.1 for these 

experimental conditions. 

 

4.3.8 Data Analysis 

The factorial design was analyzed using both analysis of variance (ANOVA) with 𝛼 = 0.05 

and principal component analysis (PCA). For the ANOVA, average √Ti XPS atomic percent was 

chosen as the response. XPS data are technically “count-based,” thus the decision to use square-

root transformed titanium compositions.
108

 Since the experimental order was randomized within 

replicates only, blocking was performed on replicates. The additional variance added to the 



57 

 

system by the analyzer upgrade was accounted for by including a covariate in the ANOVA. 

Also, some spectra were discarded due to sample charging. Even with the discarded data at least 

seven spectra were collected for each treatment combination, whereas the remaining responses 

represent a total of twelve measurements. All ANOVA were done “by hand” in MS Excel. 

Chapters 3, 5, and 6 from reference
108

 are recommended as a resource for more information 

about factorial designs. 

PCA, previously described in detail,
74-76

 is a multivariate analysis technique used to identify 

principal sources of variation between sample spectra. Briefly, PCA can be described as a 

clustering algorithm with two outputs: a scores plot and a loadings plot. Samples that cluster 

closely together in the scores plot are considered more similar to each other than those that do 

not. The loadings plot explains the differences between the samples. Samples with negative 

scores are associated with variables with negative loadings, and vice versa. Peak lists for all 173 

XPS spectra—composed of S, C, Ti, O, and Na—were imported into a series of scripts written 

by NESAC/BIO for MATLAB (MathWorks, Inc., Natick, MA).
77, 78

 Although data 

normalization is often performed prior to PCA, XPS compositions are in the form of atomic 

percentages and therefore already normalized. The data were, however, square-root transformed 

and mean centered to be consistent with the ANOVA procedure and to ensure that variance 

within the data set was due to differences in sample variances rather than in sample means. 

4.4 Results/Discussion 

Since the focus of this work is optimizing ARGET-ATRP grafting conditions, the extensive 

set of spectral data from the NaSS-grafted substrates used in this study is not provided here. 

However, readers desiring further details regarding characterization of NaSS-grafted substrates 

are directed to reference
50

, which describes characterization of NaSS-grafted titanium and silicon 

substrates using XPS, AFM, time-of-flight secondary ion mass spectrometry (ToF-SIMS), and 

spectral ellipsometry. 

4.4.1 Factorial Design Analysis/Results 

The factorial design was analyzed using both ANOVA and PCA. Three main advantages of 

ANOVA are: (1) causal relationships can be established between the effects and the response; (2) 

higher-level (two-way, three-way, etc.) interaction effects can be investigated; (3) the analysis 

typically yields a physically meaningful regression model that can be used to optimize process 
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conditions within the investigated experimental space.
108

 However, only one response can be 

considered at a time and any remaining information is discarded. This is illustrated by the system 

at hand. Average √Ti XPS atomic percent is a logical choice of response since increasing 

substrate signal is indicative of either patchy or thin grafted NaSS films and therefore inversely 

proportional to film quality. However, this approach neglects the remaining elements (C, S, Na, 

etc.) found in the XPS composition results. PCA, on the other hand, is able to handle complex 

data sets, meaning that all of the XPS composition results can be simultaneously analyzed. 

Table 4.3. ANOVA results. 

Source Sum of 

Squares 

Degrees of 

Freedom 

Mean 

Square 
Fo

* 
Fcrit

* 
P-value Significant? 

A 0.87 1 0.87 2.35 4.60 0.15 
 

B 4.26 1 4.26 11.45 4.60 4.5E-3 yes 

C 0.14 1 0.14 0.39 4.60 0.54 
 

D 0.11 1 0.11 0.30 4.60 0.59 
 

AB 0.53 1 0.53 1.41 4.60 0.25 
 

AC 2.51 1 2.51 6.76 4.60 0.02 yes 

AD 0.85 1 0.85 2.30 4.60 0.15 
 

BC 0.52 1 0.52 1.40 4.60 0.26 
 

BD 1.84 1 1.84 4.96 4.60 0.04 yes 

CD 0.18 1 0.18 0.48 4.60 0.50 
 

ABC 1.58 1 1.58 4.26 4.60 0.06 
 

ABD 1.43 1 1.43 3.84 4.60 0.07 
 

ACD 0.29 1 0.29 0.79 4.60 0.39 
 

BCD 0.00 1 0.00 0.00 4.60 0.97 
 

ABCD 0.76 1 0.76 2.04 4.60 0.18 
 

Covariate 2.52 1 2.52 6.77 4.60 0.02 yes 

Blocks 1.23 1 1.23 3.32 4.60 0.09 
 

Error 5.20 14 0.37 
    

Total 24.84 31 
     

*
Fo is referred to as the test statistic, and is calculated by diving the mean square for each effect by the mean square 

error. Fcrit is the critical value, based on the F-distribution, which the test statistic must be greater than for an effect 

to be considered significant. 

 

√𝑇𝑖 = 0.87 + 0.36𝑥𝐵 + 0.28𝑥𝐴𝑥𝐶 − 0.24𝑥𝐵𝑥𝐷 (Eq. 1) 
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Table 4.4. Goodness-of-fit statistics for the regression model (Eq. 1). 

Statistic Value 

𝑅2 0.35 

𝑅2
𝑎𝑑𝑗 0.30 

𝑅2
𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑  -0.23 

 

The ANOVA results and regression model can be found in table 4.3 and equation 1. Plots of 

the residuals are found in figure S4.1 of the supporting information. The significant factors are B 

(grafting reaction time; P = 4.5E-3), AC (the two-way interaction between ester ClSi reaction 

time and CuBr2 amount; P = 0.02), and BD (the two-way interaction between grafting reaction 

time and vitamin C amount; P = 0.04). The covariate was also significant, indicating that the 

analyzer upgrade had an impact on the response. This is expected since the sampling depth—

defined as three times the inelastic mean free path (IMFP, λ) times the cosine of the TOA (Eq. 

2)—nearly doubled with the analyzer upgrade. The relative concentrations of overlayer (NaSS) 

to substrate (TiO2) signals will change with increasing sampling depth. 

 

𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝐷𝑒𝑝𝑡ℎ = 3𝜆 cos(𝑇𝑂𝐴) (Eq. 2) 

 

Interpretation of the ANOVA results and regression model is somewhat challenging for 

multiple reasons. First, from the goodness-of-fit statistics (table 4.4), Eq. 1 does not account for 

much of the variance in this system (R
2
 values significantly less than 1) despite the negative 

𝑅2
𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 value, which suggests that the data are overfit. Next, interaction terms are significant 

(𝑥𝐴𝑥𝐶  and 𝑥𝐵𝑥𝐷), when their constituent main effects are not (𝑥𝐴, 𝑥𝐶, and 𝑥𝐷). This is could be a 

residual artifact of the analyzer upgrade and the discarded spectra, for which the covariate could 

not adequately compensate. However, further complicating matters is the fact that grafting 

reaction time is involved in two terms—as a main effect (𝑥𝐵) and also as a two-way (𝑥𝐵𝑥𝐷) 

interaction—with opposite signs. The main effect is the most significant term in the regression 

model and the positive coefficient suggests that titanium signal increases with increasing reaction 

time. Or, stated another way, film quality decreases with increasing reaction time. However, the 

two-way interaction (𝑥𝐵𝑥𝐷) coefficient is negative suggesting that the combination of long 

reaction times and high concentrations of vitamin C lead to increased NaSS film quality. This is 
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more likely a false positive than a physically meaningful result since the vitamin C concentration 

term (𝑥𝐷) was not significant (P = 0.59). 

We next turned to PCA to clarify the conflicting ANOVA results. The first thing to notice is 

that the first principal component (PC1) shown in figure 4.2 accounts for 91% of the variance in 

the data compared to only 30 – 35% for the ANOVA. Next, the treatment levels corresponding to 

short reaction times (B = -1) are relatively tightly clustered and the majority of the data fall 

below zero on the PC1 scores plot (figure 4.2A). According to the loadings plot (figure 4.2B), 

negative scores are associated with C, S, and Na from the NaSS layer and positive scores with Ti 

and O from the substrate. 

 

 

Figure 4.2. PC1 vs. sample type (A) and the corresponding loadings plot (B) for PCA of the 

factorial design results. The labels in (A) correspond to the factorial design treatment 

combinations listed in Table 4.2. These results suggest NaSS film quality and reproducibility 

decreases with increasing ARGET-ATRP grafting reaction time. 

 

Conversely, the scores for the treatment levels corresponding to long reaction times (B = 1) 

vary widely and much of the data falls above the x-axis. This indicates that with increasing 
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reaction time the samples move from being more NaSS-like to having more contributions from 

the substrate, corroborating the ANOVA findings. The position and scatter of the scores for 

treatment combinations involving long reaction times did not appear to improve with high 

vitamin C content (BD, ABD, BCD, and ABCD in figure 4.2A), lending credence to the 

assertion that the 𝑥𝐵𝑥𝐷 two-way interaction term is a false positive. To further support this claim, 

another ANOVA was performed using the PC1 scores as the response (Tables S4.1 and S4.2 of 

the supplemental information). In these results the 𝑥𝐵 (P = 0.01) and 𝑥𝐴𝑥𝐶 (P = 0.02) terms are 

retained, while 𝑥𝐵𝑥𝐷 is no longer significant (P = 0.07). Also interesting is that the covariate is 

no longer significant (P = 0.07) meaning that PCA was able to diminish the effect of the analyzer 

upgrade. However, PCA was unable to resolve the 𝑥𝐴𝑥𝐶 term and neither statistical analysis 

method is able to supply mechanistic explanations for the observed results. Therefore, studies 

were launched to investigate the effect ClSi reaction time (C), ARGET-ATRP reaction time (B), 

and CuBr2 amount (C) in isolation, and also the AC and BD interactions. 

4.4.2 ClSi Reaction Time (A) 

While the 𝑥𝐶 (ClSi reaction time) term was not found to be significant by either ANOVA or 

PCA, the 𝑥𝐴𝑥𝐶  (two-way interaction between ClSi reaction time and catalyst amount) was 

retained by both methods. However, it is unlikely that this result is physically meaningful since 

these two factors are physically decoupled: i.e., there is no catalyst present during the ClSi 

functionalization, and the grafting and functionalization steps are prepared in different vials. 

More likely is that the two-way interaction term is registering the significance of one or both of 

the main effects, which was obscured by the analyzer upgrade and/or discarded data. In fact, 

catalyst amount (C) had the most (5) discarded spectra of any treatment combination. It is not 

surprising that this reduction in the number of data points complicates analysis and interpretation 

of the factorial design results. Therefore, ClSi reaction time and catalyst amount were studied to 

determine which of these main effects is significant. The results of the ClSi reaction time study 

are discussed in this section. Results of the catalyst study are discussed later. 

Our hypothesis was that the ClSi film quality—ordering and/or uniformity—increases with 

increasing reaction time. Corresponding increases in NaSS film quality might be due to a greater 

availability or access to the surface-bound halide from which the grafting reaction is initiated. 

While near-monolayer film coverages are likely achieved in a matter of hours, full monolayer 
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formation and ordering might take a few, or even several days.
109, 110

 Therefore, to test this 

hypothesis ClSi films were synthesized using 1, 3 and 7 day reaction times. Film chemical 

uniformity, morphology, and ordering were investigated using XPS, AFM, and SFG, 

respectively. None of these techniques revealed any significant differences between ClSi films 

synthesized for different lengths of time. However, interesting SFG results were obtained 

regarding ester ClSi film structure. 

SFG spectra in the C-H and ester regions were recorded to compare ester ClSi films prepared 

on titanium during 1 and 7 days reaction times (figure 4.3). For films such as the ester ClSi, the 

relative spectral contributions of methyl and methylene vibrations in the C-H region (2800-

3000 cm
-1

) are related to alkane chain conformation.
99, 111

 SFG probes IR and Raman active 

vibrational modes of molecules, which are neither isotropic in arrangement nor have a center of 

inversion.
112

 A perfectly ordered alkane chain with the methylene groups in an all-trans 

conformation does have a center of inversion in between the methylene groups.
99, 113, 114

 In such a 

scenario, the C-H spectral region would be dominated by SFG signals from the terminal methyl 

vibrations. However, our results show that peaks from methylene vibrations (around 2855 cm
–1

 

for symmetric and around 2920 cm
–1

 for asymmetric vibrations) dominate the C-H region, 

indicating that the alkane chains contain gauche defects. Most importantly, the spectra for 1 and 

7 day reaction times overlap almost perfectly showing that no significant change in molecular 

conformation of the alkane chain is observable by SFG. We also measured the SFG spectra for 

the ester region (1700-1800 cm
-1

) and detected the carbonyl stretching peak of the ester group at 

1743 cm
-1

.
115, 116

 Since a species must be at least partially ordered to be SFG active, the presence 

of an SFG signal confirms partial ordering of the ester group. 

To quantitatively compare the spectral intensities in the ester region for the 1 and 7 days 

reaction times, the spectra were fitted with Eq. 3:  

𝜒𝑆𝐹𝐺
(2)

= 𝜒𝑁𝑅
(2)

+ ∑
𝐴𝑘

𝜔𝐼𝑅−𝜔𝑘+𝑖Γ𝑘
,𝑘   (Eq. 3) 

where 𝜒𝑆𝐹𝐺
(2)

 is the second order susceptibility; 𝜒𝑁𝑅
(2)

 is the non-resonant part; 𝐴𝑘, 𝜔𝑘, Γ𝑘 are the 

peak amplitude, peak wavenumber, and damping factor (peak width) for the kth IR and Raman 

active vibration; and 𝜔𝐼𝑅 is the IR wavenumber. The ester peak fits for 1 (blue) and 7 (red) days 

reaction times are presented in figure 4.3, in which the bar plot displays the value of the peak 

amplitudes from the two fits. Although the mean values are slightly different, they are within 

experimental error. This, in conjunction with the striking similarity of the spectra in the C-H 
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region, provides further evidence that the ClSi films prepared during 1 and 7 days reaction times 

are similar. As mentioned above, this conclusion is consistent with the results from the XPS and 

AFM experiments (figures S4.3 and S4.4 of the Supplemental Information). It is therefore 

unlikely that an increased ClSi reaction time leads to an improved NaSS film quality. 

 

 

Figure 4.3. SFG spectra of the C-H region (2800 – 2900 cm
–1

) for ClSi films functionalized for 

1 day (blue) and 7 days (red), respectively. For the ester region at 1743 cm
–1

, the grey traces are 

averaged data, while the blue and red traces are fits made with Eq. 3. The vertical line at 

1743 cm
-1

 denotes the peak position for the fits. For the C-H region only the averaged data are 

presented. The amplitudes of the fits in the ester region, with error bars showing standard errors 

of the fits, are included in the table and bar-plot. The data indicate that the films prepared for 1 

day and 7 days reaction times are of similar quality. 

 

4.4.3 Grafting Reaction Time (B) 

Grafting reaction time was involved in the ANOVA regression model (Eq. 1) as both a main 

effect (𝑥𝐵) and interaction term (𝑥𝐵𝑥𝐷). Both ANOVA and PCA confirmed the significance of 

the main effect, which was strongly correlated with decreased NaSS film quality leading to 
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increased titanium signal. For reasons discussed above the significance of the interaction term is 

thought to be a false positive. 

It is surprising that film quality should decrease with increasing grafting reaction time. 

Assuming the stability of the grafted film under reaction conditions, film properties should 

remain constant once the reaction reaches completion. NaSS film stability under the reaction 

(i.e., aqueous) conditions is seemingly a safe assumption since no degradation has been observed 

in the final step of the grafting procedure, which is to leach any residual catalyst from the films 

by soaking them in PBS and then water over night. Therefore, we hypothesized that the 

mechanism for decreased NaSS film quality is hydrolysis of the ester ClSi head group, which 

may be somehow affected by vitamin C. To test this hypothesis a 2
2
 factorial design was 

performed: functionalized titanium substrates were soaked for 24 or 72 hours in 60/40 

H2O/methanol (the reaction solvent) with or without vitamin C (Table 4.5). Samples were 

analyzed with XPS before and after soaking, collecting three composition and one high-

resolution C1s spectra per sample. The design was replicated twice yielding a total of six 

composition and two high-resolution C1s measurements per treatment. The compositions and 

high-resolution C1s results are found in table S4.3 of the supplemental information. 

 

Table 4.5. ClSi hydrolysis 2
2
 factorial design: factors and treatment levels. 

Factor Symbol Low (-1) High (1) 

Vitamin C A 0 mg 39.5 mg 

Soak Time B 24 hrs 72 hrs 

 

The data were again analyzed using PCA. Two PCs were retained that captured 97% of the 

variance in the data. The PC1 scores increase with soak time corresponding to an increase in C 

and a decrease in O, Ti, and the O=C-O high resolution C1s peak (figure 4.4). There is no 

obvious separation along PC2. The observed decrease in O=C-O signal with reaction time could 

be a sign of degradation of the ester head group. Loss of the head group would also explain the 

decrease in oxygen signal. However, a lack of decrease in the Br signal, which would also be 

expected, combined with the increase in C suggests these trends could be due to attenuation by a 

contamination layer rather than degradation. 
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Figure 4.4. Results of a study testing the stability of the ether ClSi ATRP initiator in the reaction 

solvent. PC1 vs. PC2 scores plot (A) with corresponding loadings (B) and XPS compositions (C) 

for ester ClSi films soaked in 60/40 H2O/MeOH for up to 72 hrs. Variability of the ClSi film 

chemical composition increases with soak time, though it was determined that this was due to 

adsorption of an adventitious carbon contamination layer. 

 

To confirm this conclusion, and to test for hydrolysis of the siloxane bonds tethering the ClSi 

initiators to the titanium, the hydrolysis study was expanded to include a thiol and amide version 

of the same initiator (figure 4.5). Should the siloxane bonds hydrolyze, the amide ClSi films will 

show signs of degradation while the thiol films will remain unchanged. If the ester group is in 

fact hydrolyzing, then the thiol films will degrade and the amide ClSi films will remain intact. 
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The XPS composition and high resolution C1s spectra were analyzed using PCA, which found 

differences with soak time neither for the thiol nor the amide ClSi (figures S4.5 and S4.6 of the 

supplemental information). This apparently confirms that the decrease in the O=C-O signal 

observed for the ester ClSi was due to attenuation by a carbonaceous overlayer—i.e., the XPS 

ester carbon signal reduction was due to a layer of carbon contamination adsorbed from the 

ambient—rather than degradation of the ester head group. However, still unexplained is the 

cause of the NaSS film degradation with increasing grafting reaction time. 

 

Figure 4.5. Schematic showing the thiol on gold (A) and amide ClSi on titanium (B) ATRP 

initiators. 

 

The effect of grafting reaction time on NaSS film quality was also assessed for the amide 

ClSi-functionalized titanium and thiol-functionalized gold substrates. Low (-1) levels were used 

for all process variables except grafting reaction time, which varied between one and seven days. 

Two duplicate samples were prepared at each time point and the entire experiment was replicated 

twice. Three XPS composition spectra were collected for each sample and compiled into a PCA 

peak list. PC1 scores for the films grafted from gold substrates (figure 4.6A) show very little 

scatter with grafting reaction time and are associated with S, C, O, and Na—all constituents of 

NaSS films. This is with the exception of two samples where the grafting reaction appears to 

have failed, most likely due to improper substrate cleaning leading to the failure of the thiol-

functionalization step. From these results, film quality does not appear to be dependent on 

grafting reaction time for NaSS films grafted from thiol-functionalized gold surfaces. At short 

reaction times the amide ClSi PC1 scores (figure 4.6B) also show low scatter—minus one errant 
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sample—and are associated with S, C, and Na from the NaSS film. However, a great deal of 

scatter is observed for the seven-day grafting reaction time point, with about half the data 

associated with Ti and O from the substrate. This is in agreement with the ester ClSi results 

(figure 4.2A), where at longer reaction times the scatter increased drastically and the samples 

became increasingly associated with the composition of the substrate rather than NaSS. That this 

was not observed in the hydrolysis study may be that the cause is somehow linked with the 

catalyst complex. The MSDS lists CuBr2 as corrosive and the authors also observed corrosion of 

metal utensils used to weigh out the CuBr2 powder. Thus, even though in low concentrations, it 

may be that the catalyst damages the titanium substrates over time. As a noble metal, gold would 

be resistant to such corrosive effects, explaining why no NaSS film degradation was observed on 

these substrates. Further study is needed to confirm this hypothesis. 

4.4.4 CuBr2 (C) 

In the ANOVA regression model (Eq. 1), CuBr2 is represented as the two-way interaction 

between ester ClSi reaction time and catalyst amount (𝑥𝐴𝑥𝐶). It is correlated with decreased 

NaSS film quality and the corresponding increased titanium signal. Both PCA and ANOVA 

confirm this term as significant. As previously discussed, it is more likely that the two-way 

interaction term is registering the significance of one or both of the main effects, which was 

obscured by the analyzer upgrade and/or discarded data. Having already tested ester ClSi 

reaction time (A) in isolation, we next studied the effect of CuBr2 amount (C) on NaSS film 

quality. Our hypothesis was that with increasing catalyst the number of exposed radicals, and the 

total time that each radical is exposed, also increases. This in turn leads to decreased reaction 

control resulting in non-uniform NaSS films. To test this hypothesis NaSS grafting reactions 

were carried out using low (-1) levels for all process variables except for CuBr2, which varied 

between 0.5 – 2 mg cm
-2

. Chemical uniformity was characterized via XPS survey and high-

resolution C1s scans. Three survey and one high-resolution scan were collected per sample. 

Lateral uniformity and film thickness were characterized via AFM, with three topography 

images obtained and three scratch tests performed per sample. Two duplicate samples were 

prepared per treatment, and the entire study was replicated twice resulting in a total of four 

samples per treatment. 
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Figure 4.6. Results of a study testing the effect of reaction time on NaSS film quality for films 

grafted from thiol (on gold) and amide ClSi (on titanium) ATRP initiators (figure 4.5). PC1 vs. 

sample scores plots for NaSS films on gold using the thiol ATRP initiator (A), and on titanium 

using the amide ClSi ATRP initiator (B) for grafting reaction times up to 7 days. The 

corresponding loadings are in (C). Except for two improperly cleaned substrates, NaSS film 

quality appears constant with reaction time on gold, while quality and reproducibility decreases 

with increasing reaction time when grafted from the amide ClSi initiator on titanium. 

 

The XPS composition results (figure 4.7A) show a trend of increasing titanium and 

decreasing sulfur with increasing catalyst. This suggests decreasing NaSS film thickness or 

uniformity with increasing CuBr2. The AFM scratch tests (figure 4.7B) confirm that film 

thickness decreases with increasing catalyst concentration, while the topography results (figure 

4.8) confirm the film uniformity does not appear to be a function of CuBr2 concentration. 
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Figure 4.7. XPS titanium and sulfur composition vs. CuBr2 per nominal cm
2
 of initiator-

functionalized surface area for both replicates (A and B, respectively). For both panels, data from 

replicate 1 and 2 are represented by closed and open symbols, respectively. These results show 

that NaSS film thickness decreases with increasing catalyst amount. 

 

 

Figure 4.8. Representative AFM images of NaSS films grown with 0 (A), 0.5 (B), 1 (C), and 2 

mg (D) CuBr2 per nominal cm
2
 of initiator-functionalized surface area. Average ± standard 

deviation RMS roughness values for each treatment are as follows: 1.9 ± 0.1 nm (0 mg cm
-2

 

CuBr2), 0.7 ± 0.2 nm (0.5 mg cm
-2

 CuBr2), 0.7 ± 0.1 nm (1 mg cm
-2

 CuBr2), 0.9 ± 0.2 nm (2 mg 

cm
-2

 CuBr2). 

 

Our hypothesized reason for the thinner films is that with increasing catalyst the number and 

frequency of radical activation events also increases. This leads to an increased number of 
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termination events between neighboring polymer chains, which in turn depletes the dormant 

polymer state and causes a buildup of deactivator (CuBr2/bpy, in this case).
30

 Therefore, we 

recommend using the minimum amount of CuBr2 necessary, which for this system seems to be 

no more than 0.5 mg per nominal cm
2
 of initiator-functionalized surface area. 

4.5 Summary and Conclusions 

A 2
4
 factorial design was performed to optimize the ARGET-ATRP grafting of NaSS from 

titanium. The factors varied were: (A) ester ClSi initiator reaction time; (B) grafting reaction 

time; (C) CuBr2 amount; and (D) reducing agent (vitamin C) amount. The factors and levels are 

listed in table 4.1. The design matrix is found in table 4.2. Films were characterized using XPS 

and the factorial design analyzed using ANOVA and PCA. The ANOVA results and regression 

model are found in table 4.3 and equation 1. The significant factors are B (grafting reaction time; 

P = 4.5E-3), AC (the two-way interaction between ester ClSi reaction time and CuBr2 amount; P 

= 0.02), and BD (the two-way interaction between grafting reaction time and vitamin C amount; 

P = 0.04). For reasons discussed above—including the possibility of the two-way interaction 

terms being retained due to false positives—interpretation of these results and regression model 

is somewhat problematic. Therefore, PCA was used to provide additional insight into the NaSS 

grafting process. Additional studies were done to investigate the significant effects identified by 

ANOVA and PCA, as well as to gain some understanding of their influence on NaSS film 

quality. The conclusions are as follows: (1) no chemical, structural, or morphological changes 

were detected with ester ClSi reaction time (A) suggesting that this effect has little discernable 

influence on NaSS film quality. SFG spectra show some degree of ordering in the ClSi films on 

the titanium surfaces, but the ClSi film quality does not improve beyond the first day of reaction 

time. (2) NaSS film quality decreases with grafting reaction time for both ester and amide ClSi 

initiators, but not for films grafted from thiol initiators on Au. This may be due to the CuBr2 

corroding the titanium substrate. No decrease in film quality is observed on Au because noble 

metals are more resistant to corrosion. (3) In addition to potentially corroding metal surface, 

NaSS film thickness decreased with increasing CuBr2 concentration. 

From these conclusions, we suggest using the following reaction conditions to optimize 

grafted film quality: (1) Shorter ATRP-initiator surface functionalization reaction times, 

although no deleterious effects were detected at longer times. (2) Minimum (≤ 24 hr for this 

system) grafting reaction times. (3) Minimum (≤ 0.5 mg cm
-2

 for this system) CuBr2 
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concentration. (4) Sufficient excess of vitamin C, as no deleterious effects were detected with 

increasing concentrations. 
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Figure S4.1. Residuals plots for the model in Eq. 1 using √Ti as the response. 
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Table S4.1. Experimental conditions and results with PC1 as the response. PCA was run using 

average compositions for each trial number, which as stated in section G of the Materials and 

Methods is—except in cases where spectra were discarded due to sample charging—six spectra 

per replicate for a total of twelve spectra per treatment combination. 

Trial 

# 

ClSi Reaction 

Time (hrs) 

ARGET-ATRP 

Reaction Time 

(hrs) 

CuBr2 

Catalyst (mg) 

Vitamin C 

(mg) 
Covariate Response 

A B C D  PC1 

1 -1 (24) -1 (24) -1 (2) -1 (79) 1 0.2315 

2 1 (72) -1 (24) -1 (2) -1 (79) -1 -0.9337 

3 -1 (24) 1 (72) -1 (2) -1 (79) -1 1.6387 

4 1 (72) 1 (72) -1 (2) -1 (79) 1 0.0919 

5 -1 (24) -1 (24) 1 (4) -1 (79) -1 -0.9420 

6 1 (72) -1 (24) 1 (4) -1 (79) 1 0.2402 

7 -1 (24) 1 (72) 1 (4) -1 (79) 1 -0.3119 

8 1 (72) 1 (72) 1 (4) -1 (79) -1 -0.7819 

9 -1 (24) -1 (24) -1 (2) 1 (158) -1 -0.5460 

10 1 (72) -1 (24) -1 (2) 1 (158) 1 0.2295 

11 -1 (24) 1 (72) -1 (2) 1 (158) 1 -0.2648 

12 1 (72) 1 (72) -1 (2) 1 (158) -1 -0.9545 

13 -1 (24) -1 (24) 1 (4) 1 (158) 1 -0.1610 

14 1 (72) -1 (24) 1 (4) 1 (158) -1 -0.9422 

15 -1 (24) 1 (72) 1 (4) 1 (158) -1 -0.9098 

16 1 (72) 1 (72) 1 (4) 1 (158) 1 0.2939 

17 -1 (24) -1 (24) -1 (2) -1 (79) 1 -0.7962 

18 1 (72) -1 (24) -1 (2) -1 (79) 1 -0.8143 

19 -1 (24) 1 (72) -1 (2) -1 (79) 1 3.6148 

20 1 (72) 1 (72) -1 (2) -1 (79) 1 -0.7180 

21 -1 (24) -1 (24) 1 (4) -1 (79) 1 -0.9177 

22 1 (72) -1 (24) 1 (4) -1 (79) 1 -0.8479 

23 -1 (24) 1 (72) 1 (4) -1 (79) 1 1.7046 
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24 1 (72) 1 (72) 1 (4) -1 (79) 1 1.0726 

25 -1 (24) -1 (24) -1 (2) 1 (158) 1 -0.5007 

26 1 (72) -1 (24) -1 (2) 1 (158) 1 -0.7657 

27 -1 (24) 1 (72) -1 (2) 1 (158) 1 1.7905 

28 1 (72) 1 (72) -1 (2) 1 (158) 1 0.2549 

29 -1 (24) -1 (24) 1 (4) 1 (158) 1 0.4732 

30 1 (72) -1 (24) 1 (4) 1 (158) 1 0.1723 

31 -1 (24) 1 (72) 1 (4) 1 (158) 1 -0.5862 

32 1 (72) 1 (72) 1 (4) 1 (158) 1 0.8860 

 

Table S4.2. ANOVA results using PC1 as the response. 

Source SS DOF MS Fo Fcrit P Significant? 

A 1.55 1 1.55 2.91 4.60 0.11 
 

B 5.82 1 5.82 10.96 4.60 0.01 yes 

C 0.30 1 0.30 0.57 4.60 0.46 
 

D 0.29 1 0.29 0.55 4.60 0.47 
 

AB 1.14 1 1.14 2.14 4.60 0.17 
 

AC 3.46 1 3.46 6.52 4.60 0.02 yes 

AD 1.44 1 1.44 2.72 4.60 0.12 
 

BC 0.80 1 0.80 1.51 4.60 0.24 
 

BD 2.28 1 2.28 4.30 4.60 0.06 
 

CD 0.30 1 0.30 0.56 4.60 0.47 
 

ABC 2.44 1 2.44 4.60 4.60 0.05 
 

ABD 2.04 1 2.04 3.84 4.60 0.07 
 

ACD 0.48 1 0.48 0.90 4.60 0.36 
 

BCD 0.01 1 0.01 0.02 4.60 0.90 
 

ABCD 0.54 1 0.54 1.02 4.60 0.33 
 

Covariate 2.10 1 2.10 3.96 4.60 0.07 
 

Blocks 2.02 1 1.55 3.81 4.60 0.07 
 

Error 7.43 14 0.53 
    

Total 34.42 31 
     

 

 

𝑃𝐶1 = 0 + 0.43𝑥𝐵 + 0.33𝑥𝐴𝑥𝐶 (Eq. S1) 
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Figure S4.2. Residuals plots for the regression model using PC1 as the response (Eq. S1). 
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Figure S4.3. XPS Compositions and high resolution C1s group% with ClSi reaction time. 
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Figure S4.4. AFM of ClSi films on titanium after 1 day (A) and 7 day (B) reaction times. 
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Table S4.3. XPS compositions for ClSi films before and after soaking according to the 

treatments listed in Table 4.5. Reported values are the average ± standard deviation of three spots 

on two samples, except for the ClSi film values which are the average ± standard deviation of 

three spots on all eight samples before treatment. 

XPS Atomic Percent 

 
ClSi Film 

1-Day Soak 

with Vitamin C 
1-Day Soak 

3-Day Soak 

with Vitamin C 

3-Day 

Soak 

Br3d 1.5 ± 0.2 1.0 ± 0.2 1.1 ± 0.1 1.1 ± 0.1 0.9 ± 0.1 

C1s 28.1 ± 2.5 32.5 ± 3.4 30.8 ± 3.1 42.9 ± 4.5 50.4 ± 3.1 

O1s 50.3 ± 1.9 48.0 ± 3.0 48.9 ± 2.1 40.5 ± 3.3 36.4 ± 2.5 

Si2p 1.8 ± 0.3 1.4 ± 0.4 1.6 ± 0.2 1.5 ± 0.4 1.1 ± 0.2 

Ti2p 18.4 ± 1.0 17.1 ± 0.9 17.6 ± 1.1 13.9 ± 1.6 11.2 ± 0.8 

High Resolution C1s Group Percent 

C-C/C-H 73.1 ± 1.5 67.2 ± 8.0 71.1 ± 0.5 72.0 ± 6.7 71.3 ± 3.8 

C-O 19.5 ± 1.5 25.8 ± 6.6 22.0 ± 0.5 23.0 ± 5.6 24.6 ± 3.0 

O-C=O 7.4 ± 0.2 7.0 ± 1.4 6.9 ± 0.1 5.0 ± 1.1 4.1 ± 0.8 
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Figure S4.5. PC1 vs. PC2 scores plot (A) with corresponding loadings (B) for thiol ATRP 

initiator films soaked in 60/40 H2O/MeOH for up to 72 hrs. 
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Figure S4.6. PC1 vs. PC2 scores plot (A) with corresponding loadings (B) for amide ClSi ATRP 

initiator films soaked in 60/40 H2O/MeOH for up to 72 hrs. 
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Table S4.4. ClSi hydrolysis 2
2
 factorial design ANOVA. 

Source SS DOF MS Fo Fcrit P Significant? 

A 0.47 1 0.47 5.4 10.1 0.10 
 

B 11.54 1 11.54 133 10.1 1.4E-3 yes 

AB 0.32 1 0.32 3.7 10.1 0.15 
 

Blocks 2.65 1 2.65 30 10.1 0.01 yes 

Error 1.16 3 0.39 
    

Total 16.14 7 
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5.1 Abstract 

In this study we characterized adsorbed bovine serum albumin (BSA), bovine fibrinogen 

(Fgn), bovine immunoglobulin G (IgG), and bovine plasma films on bare and sodium styrene 

sulfonate (NaSS)-grafted gold. Protein adsorption isotherms were measured using XPS to follow 

changes in surface nitrogen composition with increasing protein solution concentration. Using a 

combination of time-of-flight secondary ion mass spectrometry (ToF-SIMS), principal 

component analysis (PCA), and visual molecular dynamics (VMD) differences in adsorbed 

protein structure between both surfaces were investigated. Principal component (PC) modeling 

was also used to qualitatively describe changes in bovine plasma adsorbed films with time. From 

the XPS isotherms we found that, at low solution concentrations, all three proteins and plasma 

adsorb more readily with higher affinity onto gold compared to NaSS surfaces. However, at 

higher concentrations NaSS surfaces adsorb the same (for plasma) or more (for BSA and Fgn) 

total protein than gold. This may be because proteins that adsorb onto NaSS undergo structural 

rearrangements over time, increasing the number of contacts with the surface and resulting in a 

larger fraction of irreversibly adsorbed species. The only protein that was adsorbed in lower 

amounts on NaSS compared to gold surfaces was IgG. This is likely because IgG adopts a highly 

denatured, high-surface area conformation on NaSS. Still, with the exception of BSA and plasma 

adsorption onto gold, the protein adsorption process on neither surface appeared to have 

saturated at the highest protein solution concentration studied. PCA of just the amino acid ToF-

SIMS mass fragments distinguished between the same protein adsorbed onto NaSS and gold 

surfaces, and also between proteins adsorbed from different solution concentrations onto the 

same surface. This suggests that proteins adsorb differently on NaSS and gold, and that the 

adsorbed protein structure changes with surface concentration. Therefore, using peak ratios for 

buried/surface amino acids for each protein, the degree of denaturation was determined for each 

surface. It was found that proteins denature more on NaSS than gold. Also, peak ratios for non-

uniformly distributed amino acids were used to suggest potential surface structures for BSA and 

IgG adsorbed onto NaSS. From the PC modeling results the adsorbed plasma films on NaSS 

appear to start out more BSA-like and become more Fgn-like with increasing adsorption time. 

Similarly, the adsorbed plasma films on gold appear to start out more IgG-like and become more 

Fgn-like with increasing adsorption time. However, the PC models included only three proteins, 

where plasma is a complex mixture of hundreds of proteins. Therefore, while both gold and 
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NaSS appear to adsorb more Fgn with time, further study is required to confirm that this is 

representative of the final state of the adsorbed plasma films. 

5.2 Introduction 

The performance of biomedical implants is largely determined by how proteins interact with 

the implant surface.
11, 39, 117

 This is because proteins are the first biomolecule adsorb to the 

surface, and all subsequent interactions between the body and the implant are mediated by the 

adsorbed protein layer.
9, 118, 119

 As such, understanding how proteins interact with different 

surface chemistries is important to aid development of next-generation biomaterials.  

Polymer grafting is an effective way of making controlled changes to surface chemistry.
120, 

121
 Furthermore, advancements in polymer chemistry, such as the development of ARGET ATRP 

(Activators are continuously ReGenerated by Electron Transfer Atom Transfer Radical 

Polymerization), have simplified the grafting process and greatly expanded the available 

combination of polymers and functional groups with which to modify surfaces.
30, 33

 

Surface functionalization with sodium styrene sulfonate (NaSS) has recently been shown to 

increase proliferation and adhesion of fibroblasts,
14

 MG63 osteoblast-like cells,
15-17

 and human 

mandibular osteoblasts
18

 in vitro, with promising increases in osseointegration shown in vivo.
18-

20
 We hypothesize that an observed increase in osseointegration is due the ability of NaSS to 

preferentially adsorb specific plasma proteins in an orientation and conformation that promotes 

formation of new bone. We have recently developed a procedure for grafting NaSS from a 

number of oxide and metal surfaces to test this hypothesis.
50, 122

 Beyond the potential for 

biomedical application, NaSS is an interesting system as it allows us to study protein interaction 

with a very specific surface chemistry: namely, sulfonated styrene with a sodium counter ion. 

This can be used as a platform for future work to study the effect of, for example, changing the 

counter ion from sodium to potassium, or the head group from a negatively charged sulfonate to 

a positively charged quaternary amine. Thus, controlled changes in surface chemistry can be 

related to the properties of adsorbed protein films in a continued effort to investigate the 

important factors controlling protein-surface interactions. 

In the current work, we investigate the adsorption of bovine serum albumin (BSA), bovine 

fibrinogen (Fgn), bovine immunoglobulin G (IgG), and bovine plasma onto bare and NaSS-

grafted gold surfaces. Protein adsorption isotherms were measured using XPS to follow changes 

in surface nitrogen composition with increasing protein solution concentration (5, 25, and 100 
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μg/ml). Since gold and NaSS do not contain nitrogen, surface nitrogen composition is directly 

related to the amount of protein adsorbed. A combination of time-of-flight secondary ion mass 

spectrometry (ToF-SIMS), principal component analysis (PCA), and visual molecular dynamics 

(VMD) was used to investigate differences in adsorbed protein structure between both surfaces. 

Principal component (PC) modeling was used to qualitatively describe changes in bovine plasma 

films with time. 

5.3 Experimental 

5.3.1 Materials 

Silicon wafers (Silicon Valley Microelectronics Inc., San Jose, CA) were diced into 1×1 cm
2
 

substrates using a diamond saw. Gold substrates were fabricated by depositing a 5 nm titanium 

adhesion layer followed by a 100 nm gold layer onto the diced silicon substrates via electron-

beam deposition at room temperature and pressures < 1 x10
-6

 torr. Methanol, acetone, 

dichloromethane, phosphate buffered saline (PBS; 0.01 M phosphate, 0.138 M sodium chloride, 

0.0027 M potassium chloride, pH 7.4), bovine serum albumin (BSA) (≥ 99%), bovine fibrinogen 

(Fgn) (65-85%), bovine immunoglobulin G (IgG) (≥ 95%), bovine plasma, Cu(II) bromide 

(>99.0%), 2,2’-bipyridine (bpy) (≥99%), vitamin C (≥98%), and sodium styrene sulfonate 

(NaSS) (≥90%) were all purchased from Sigma. Ethanol (200 proof) was purchased from Decon 

Laboratories. Bromoisobutyrate undecyl disulfide (99%) was purchased from Asemblon. All 

chemicals were used as received. 

5.3.2 Substrate cleaning and ATRP-initiator functionalization 

Prior to the electron-beam deposition, substrates were cleaned by sonicating twice for 5 

minutes in each of dichloromethane, acetone, and MeOH. The electron-beam deposited gold 

substrates were rinsed with ethanol and immersed in a 1 mM solution of bromoisobutyrate 

undecyl disulfide in ethanol for 18 – 24 hrs. The substrates were then rinsed with ethanol, 

sonicated for 1 – 3 minutes to remove any unbound bromoisobutyrate undecyl disulfide, and 

rinsed once more with ethanol. Gold functionalization reactions were performed at room 

temperature in N2-backfilled glass test tubes stoppered with rubber septa—one sample per test 

tube. 

5.3.3 NaSS Grafting 
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A fresh batch of NaSS-grafted samples was prepared for each protein adsorption experiment. 

A batch typically consisted of 16 1×1 cm
2
 functionalized gold substrates and the grafting 

reactions were performed in 20-ml glass scintillation vials, with two substrates per vial. To each 

reaction vial was added 500 mg of NaSS monomer and 1.2 ml 18-Ω DI H2O. We previously 

established that NaSS film quality is sensitive to catalyst amount.
122

 Therefore, to minimize 

weighing error, the catalyst solution was prepared in bulk for the entire batch. For 16 samples, 

this entailed dissolving 8 mg CuBr2 and 28 mg bpy (1:2 CuBr2:bpy) in 19.2 ml methanol and 9.6 

ml 18-Ω DI H2O. The catalyst solution (3.6 ml) was then added to each reaction vial so that the 

final concentration of CuBr2 and bpy was 0.5 and 1.4 mg per nominal cm
2
 functionalized surface 

area. At this point, the reaction vials were often briefly sonicated to fully dissolve the NaSS 

monomer. Two functionalized substrates were then added to each vial and the grafting reaction 

begun upon addition of 79 mg vitamin C dissolved in 1.2 ml 18-Ω DI H2O (39.5 mg vitamin C 

per nominal cm
2
 functionalized surface area). The vitamin C solution was also prepared in 

bulk—632 mg in 9.6 ml 18-Ω DI H2O. The total solvent volume was 6 ml (60/40 H2O/MeOH). 

Care was taken that the substrates stayed face up and did not overlap each other. The reaction 

vials were capped and sealed with parafilm to minimize additional oxygen leaking into the 

system. After 18-24 hrs, the substrates were rinsed with 18-Ω DI H2O, soaked in PBS for a few 

hours, and then soaked in 18-Ω DI H2O overnight to remove any residual catalyst and monomer. 

Finally, the grafted substrates were rinsed again with 18-Ω DI H2O, gently dried with a stream of 

N2, and analyzed immediately via XPS to ensure that the reaction had succeeded and the film 

quality was sufficient for further use. Detailed characterization of these films has been presented 

elsewhere.
50, 122

 

5.3.4 Protein Adsorption 

Substrates were hydrated for 30 min. in degassed PBS (pH = 7.4) prior to adsorption. The 

single-component protein adsorption experiments were performed for 2 hours at solution 

concentrations of 0, 5, 25, and 100 µg/ml to establish adsorption isotherms. Plasma adsorption 

experiments were performed at a solution concentration of 100 µg/ml for times varying between 

5 and 120 min. All adsorption experiments were performed in 24-well plates in degassed PBS at 

37
o
C. Two duplicate samples were prepared at each treatment, and each experiment was 

replicated twice, yielding four samples for each adsorption concentration (for the single-
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component experiments) or time point (for the plasma adsorption experiments). Samples were 

immediately stored under vacuum and analyzed via XPS and then ToF-SIMS on the two 

subsequent days. 

5.3.5 X-Ray Photoelectron Spectroscopy (XPS) 

XPS compositions were determined from the average of three spots on four samples, totaling 

12 spots per treatment. The data were acquired on an SSI S-Probe instrument (Surface Science 

Instruments, Mountain View, California) with a 0
o
 photoelectron takeoff angle (TOA), defined 

as the angle between the surface normal and the axis of the analyzer lens. All spectra were 

acquired using a monochromatic Al Kα1,2 X-ray source (hν = 1486.6 eV). Survey (0–1100 eV) 

and detailed scans were collected with analyzer pass energy of 150 eV and a 100 ms dwell time. 

The survey step size was 1 eV, while 0.4 eV was used for detail scans. All samples were isolated 

from the instrument using double-sided tape and run as insulators. Charge neutralization was 

achieved using a low-energy electron flood gun. Binding energy scales were calibrated by setting 

the CHx peak in the C1s region to 284.6 eV, and a linear background was subtracted for all peak 

area quantifications. The peak areas were normalized by the manufacturer supplied sensitivity 

factors, and atomic compositions calculated using Hawk Data Analysis 7 (Service Physics, Inc., 

Bend, Oregon). 

5.3.6 Time-of-flight secondary ion mass spectrometry (ToF-SIMS) 

Positive and negative secondary ion spectra and images were acquired on a TOF.SIMS 5-100 

instrument (ION-TOF, Münster, Germany) using a pulsed 25 keV Bi3
+ primary ion beam under 

static conditions (primary ion dose < 10
12

 ions/cm
2
). Five positive and three negative spectra 

were collected from 100 × 100 μm
2
 regions for each sample. Spectra were acquired in high-

current bunch (high mass resolution) mode, over a range of 0–800 m/z at a mass resolution 

(𝑚 ∆𝑚⁄ ) between 4000 and 8000. Positive spectra were mass calibrated using CH3
+, C2H3

+, and 

C3H5
+ peaks, and negative spectra were calibrating using CH−, OH−, C2H−, C3

−, C4H−, and C5
− 

peaks. Mass calibration errors were below 20 ppm. 

5.3.7 Principal component analysis (PCA) 

PCA of the ToF-SIMS data, previously described in detail,
74-76

 is a multivariate analysis 

technique that is used to identify principal sources of variation between sample spectra. Three 
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peak lists were compiled and imported into a series of scripts written by NESAC/BIO for 

MATLAB
77, 78

 (MathWorks, Inc., Natick, MA): all positive peaks, all negative peaks, and a peak 

list containing amino acid-derived mass fragments.
123

 Data sets were also normalized by the sum 

of selected peaks, mean centered, and square-root transformed to ensure that variance within the 

data set was due to differences in sample variances rather than in sample means. Due to detector 

saturation during acquisition, the sodium peak was removed from all positive peak lists prior to 

any data pretreatment. Obvious contaminant (e.g., PDMS, Cu, I) and isotope peaks were also 

typically removed prior to analysis. 

5.4 Results/Discussion 

5.4.1 Concerns Regarding NaSS Sodium Levels and Resulting Matrix Effects 

Typically, ToF-SIMS spectra with sodium (m/z 22.99) secondary ion counts ≥ 1% of the 

total counts are discounted from analysis. High sodium levels, most often due to excess buffer 

salts left by improper sample rinsing, are linked with matrix effects that fundamentally alter the 

formation of amino acid mass fragments.
123

 In our case, this rule is appropriate for the samples 

prepared on gold, where the sodium percent total counts never exceeds 0.7% (figure S5.1 of the 

supplemental information). However, sodium is part of the NaSS structure and the percentage of 

the total counts made up by the sodium peak ranges from 2% – 60% (figure S5.2 in the 

supplemental information). Furthermore, the matrix effects caused by sodium are part of the 

matrix effects of the surface. To remove the sodium would be, in effect, to study a different 

system. 

In any case, the sodium is likely bound to the NaSS sulfonate groups and unlikely to interfere 

with secondary ion fragmentation in the same way as unrinsed, free buffer salts. Evidence for 

this is the decreasing sodium signal with increasing amounts of adsorbed protein (figure 5.1A). 

Also, the XPS sodium signal decreases to a greater extent than the attenuation of the polymer 

sulfur signal. Sodium compositions decrease 93% versus only a 73% decrease for sulfur between 

0 and 100 μg/ml protein solution concentrations. This suggests not only sodium attenuation, but 

also potentially displacement by adsorbing proteins. Counter-ion displacement during protein 

adsorption has been observed in other charged polymer brush systems.
120
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Figure 5.1. (A) Sulfur and sodium XPS compositions for Fgn adsorbed onto NaSS surfaces. (B) 

Sodium (m/z 22.99) percent of total counts for Fgn adsorption onto NaSS surfaces. (C) and (D) 

amino acid peak list PCA results for Fgn adsorbed onto NaSS surfaces. For panel (C): ■ 

represents adsorption from 5 μg/ml solutions, ● represents adsorption from 25 μg/ml solutions, 

and ▲ represents adsorption from 100 μg/ml solutions. Open symbols are used for NaSS 

substrates and closed symbols are used for gold substrates. The error bars in (A) represent 

standard deviations and the ellipses in (C) represent 95% confidence intervals. The boxed 

outliers in (B) indicate samples with outlying sodium concentrations relative to their respective 

sample groups. The corresponding samples are boxed in panel (C). Panel (A) supports the claim 

that the sodium is substrate bound and has little impact on amino acid fragmentation patterns. 

Comparison of panels (C) and (D) with panels (C) and (D) in figure 5.3 shows that the NaSS 

sodium levels do not drastically effect the conclusions drawn from the PCA results.  
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The PCA results also support the claim that the sodium does not interfere with secondary ion 

fragmentation. If sodium has a substantial impact on amino acid fragmentation, then fluctuations 

in sodium levels within treatment groups should yield fluctuations—or outliers—in the amino 

acid PCA results. For BSA adsorbed on NaSS the average sodium percent is 32.4% ± 3.7% 

(average ± standard deviation) for three of the four samples in the 25 μg/ml group, and 18.2% ± 

1.1% for the last sample (figure S5.2 in the supplemental information). Similarly, for 100 μg/ml, 

the average sodium percent total counts 10.1% ± 2.4% for three of the four samples, and 16.4% 

± 1.0% for the last sample. If the sodium in this system affects the amino acid fragmentation 

process, the sodium count fluctuations should register as two sets of five outliers in the PCA 

results—one set of five each in the 25 μg/ml and 100 μg/ml treatment groups. The BSA on NaSS 

results display a good deal of scatter, but there are no obvious outliers (figure 5.3A). However, 

groups of outliers, corresponding with samples with higher than average sodium counts, are 

observed for Fgn on NaSS (figure 5.1B). Separation between treatment groups does improve 

upon removal of these outliers (compare figures 5.1C and 5.3C); though, while the loadings 

change in magnitude, there are no obvious changes in loading direction. Even when the sodium 

levels affect the scores, removal of the outliers does not significantly change interpretation of the 

PCA results. Therefore, sodium appears to be bound to the grafted NaSS chains and does not 

seem to have a significant effect on the amino acid fragmentation patterns. 

5.4.2 XPS and ToF-SIMS Isotherms 

Protein adsorption, at solution concentrations ranging from 5 to 100 μg/ml, was followed 

with XPS, plotting nitrogen atomic% as an indication of surface protein concentration (figure 

5.2). Caution must be taken with regard to classifying these adsorption curves as Langmuirian, or 

any other type, since the physics of protein adsorption are often at odds with the fundamental 

assumptions behind the classical isotherm models.
121, 124

 What is clear from the shape of the 

adsorption isotherms, specifically the near-infinite initial slopes, is that all three proteins and 

plasma have a higher affinity for gold versus NaSS.
121

 However, except for IgG—which shows 

the largest disparity in the amount of protein adsorbed between these two surfaces—NaSS 

adsorbs the same (for plasma) or more (for BSA and Fgn) total protein than gold at the 100 

μg/ml solution concentration. A possible explanation for this is that proteins in their native state 

have much lower affinity and form fewer initial contacts with NaSS than gold.
121

 Any proteins 
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that do adsorb to NaSS undergo structural rearrangements—which occur on a time scale from 

10
0
 to potentially even 10

3
 seconds

12
—increasing the number of contacts on the surface and 

resulting in a larger fraction of irreversibly adsorbed species.
121

 The differing plasma adsorption 

curves on NaSS and gold surfaces are further evidence in support of this argument. The plasma 

adsorption experiments were performed at a constant 100 μg/ml solution concentration and 

increasing times. At times up to 30 minutes, the gold surfaces adsorb substantially more protein 

than NaSS. Hence, proteins initially have higher affinity for gold than NaSS, even at high 

solution concentrations. At 60 minutes, however, NaSS adsorbs nearly as much protein as gold. 

And where gold appears to have saturated at 120 minutes, the slope of the NaSS isotherm is still 

fairly steep suggesting that this system has not yet reached its equilibrium surface concentration. 

Hence, the protein affinity for NaSS increases with time, and we postulate structural 

rearrangement of the adsorbed proteins is the reason for this. Still, except for plasma and BSA 

adsorbed onto gold surfaces, none of the isotherms appear to have saturated. That BSA adsorbed 

onto gold reaches saturation is confirmed by the measurements of Tidwell et al.
125

 who arrived at 

a nitrogen XPS surface composition of ~9% for adsorption from a 1 mg/ml solution of BSA. The 

nitrogen atomic% here is also ~9%, at a BSA solution concentration of 100 μg/ml. 

Structural rearrangements may also explain the differences in amounts of adsorbed IgG. If 

IgG adsorbs in a higher surface area conformation onto NaSS surfaces compared to gold (due to 

a lower packing-density orientation and/or a greater degree of denaturation), then the total 

amount of adsorbed protein would be much higher on gold for the same surface coverage. This is 

supported by the PC1 isotherms in figure 5.2 (E) through (H). In the case of BSA and Fgn, the 

shapes of the XPS and SIMS isotherms more or less match, indicating that PC1 scores are 

correlated to adsorbed protein surface concentration. However, this correlation does not hold for 

IgG. PC1 would predict that NaSS adsorbs more IgG than gold at 100 μg/ml, even though  
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Figure 5.2. XPS isotherms for (A) BSA, (B) Fgn, (C) IgG, and (D) plasma adsorption onto gold 

and NaSS surfaces. Panels (E) through (H) are isotherms of the PC1 scores obtained from PCA 

using peak lists containing all peaks that are at least 3x the background intensity. In all panels, ■ 

and dashed lines represent gold substrates, while ● and solid lines represent NaSS substrates. In 

panels (E) through (H), open symbols represent scores from PCA of the positive spectra, and 

closed symbols represent scores from PCA of the negative spectra. Error bars represent standard 

deviations.  
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XPS—which is the more quantitative of the two techniques
46, 47

—clearly shows the opposite to 

be the case. This is simply because the XPS sampling depth (~10 nm) is nominally five times 

that of SIMS (~ 2 nm).
46, 47

 Wagner et al. reported that, relative to 
125

I-radiolabeling 

measurements, SIMS overpredicted the amount of Fgn adsorbed in a binary IgG/Fgn film. This 

was attributed to the differences in sampling depth between the two techniques, and the 

organization of the adsorbed protein film.
126

 While 
125

I-radiolabeling measured the film bulk 

composition, SIMS—due to its high surface sensitivity—oversampled the adsorbed Fgn, which 

had oriented preferentially at the vacuum interface. (The sampling depth of 
125

I-radiolabeling, for 

all practical purposes, can be considered infinite.)
127

 Similarly, in our case, the larger XPS 

sampling depth results in measurements that more closely represent the total amount of adsorbed 

protein, whereas SIMS more closely represent the fraction of covered versus exposed substrate. 

It is, therefore, more accurate to say that the SIMS isotherms are correlated to surface coverage, 

which is dependent not only on surface concentration but also on adsorbed protein structure. 

Thus, we propose that the SIMS isotherms indicate the IgG molecules have adsorbed in a lower 

packing-density orientation, and may also have denatured and spread out to cover a higher 

fraction of the NaSS surface. This is compared to more intact IgG molecules covering a smaller 

fraction of the surface on gold. Sampling depth differences also explain why the SIMS isotherms 

saturate more often and at lower concentrations than those measured by XPS. Similar differences 

in protein adsorption curves have been observed comparing XPS and atomic force microscopy 

results for fibronectin adsorbed onto mica surfaces.
128

 

5.4.3 PCA of All Positive and Negative Peaks 

While the focus of this paper is how adsorbed protein surface structure changes between bare 

and NaSS-grafted gold substrates, this section briefly addresses some overarching trends 

observed in the ToF-SIMS data. The PCA results discussed below were obtained using peak lists 

containing all positive or negative peaks with intensity at least three times the background. 

PCA of All Peaks on Gold 

In both polarities, PCA clearly distinguishes the protein-free from the protein-containing 

surfaces (panels A through C of figures S5.3 – S5.8 in the supplemental information). However, 

in the positive polarity, clear separation between sample groups with different protein surface 

coverages is observed only for BSA. Better separation is observed in the negative polarity; where 
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samples prepared at different solution concentrations clearly separate for Fgn and IgG, but not 

for BSA. Regardless of polarity, the variance in the data is dominated by differences between the 

protein-free and protein-containing samples, which separate along PC1. In the positive polarity, 

this separation appears to be based on small hydrocarbon peaks loading (negatively) with the 

protein-free samples, and amino acid fragments loading (positively) with the protein-containing 

samples. One notable exception is the arginine amino acid peak (m/z 73.06, C2H7N3), which 

consistently loads with those samples that should be protein-free. Inspection of the raw spectra 

reveals that the arginine peak overlaps with a broad peak found only in the protein-free samples. 

A likely assignment for this peak is SiC3H9 at m/z 73.19, with poly(dimethyl silicone) (PDMS) 

contamination the likely source. Therefore, the m/z 73.06 peak was excluded from the protein 

structure analyses discussed below in the PCA of Amino Acid Mass Fragments section. Other 

arginine peaks (m/z 100.9, C4H10N3; m/z 101.1, C4H11N3; and m/z 127.1, C5H11N4) were 

retained, minimizing the impact of the information lost. The small hydrocarbons detected on the 

protein-free samples are likely from adventitious carbon, which is then displaced by adsorbing 

protein. Thus, separation is based on substrate vs. amino acid peaks. This also appears to be the 

case in the negative polarity, where small hydrocarbon fragments, gold, and contaminants load 

(negatively) with the protein-free samples, and nitrogen-containing peaks load (positively) with 

the protein-containing samples. If there is any separation between the protein-containing 

treatment groups, it occurs along PC2. In certain cases, PC2 scores increase with increasing 

protein concentration. In other cases, the opposite is true. Therefore, few clear trends were 

observed in PC2. 

PCA of All Peaks on NaSS 

Despite being a more complex system, PCA is better able to separate between treatment 

groups on NaSS than on gold (panels D through F of figures S5.3 – S5.8 in the supplemental 

information). For all proteins, PC1 scores increase with increasing protein adsorption solution 

concentration. This is consistent our observations on gold. However, the increase in PC1 scores 

is more gradual since the increase in protein surface concentration is more gradual on NaSS 

versus gold, as evidenced by the XPS isotherms. In both polarities, substrate peaks are associated 

with the samples prepared from the 0 and 5 μg/ml protein solutions. Interestingly, a number of 

the high loading substrate peaks in the positive polarity are sodium adducts of the same peaks 
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observed in the negative spectra. And in both polarities, amino acid fragments are associated 

with samples prepared from the 25 and 100 μg/ml protein solution concentrations. Breaking with 

this trend in the negative polarity is the NaSS monomer (C8H7SO3), which paradoxically loads 

(positively) with the samples prepared from the 25 and 100 μg/ml protein solution 

concentrations. There is some separation along PC2 in both polarities. However, there are no 

obvious trends in the loadings that lead to a physical explanation for the source of variance. 

In summary, for both gold and NaSS surfaces, and for both positive and negative polarities, 

PC1 scores trend with protein surface concentration, as was discussed above in the XPS and 

ToF-SIMS isotherm section. This is confirmed by the loadings, which associate substrate peaks 

with the protein-free samples, and amino acid peaks with the protein-containing samples. Some 

separation is observed along PC2 between samples exposed to different protein solution 

concentrations, but not consistently. Also, no discernable trends are observed in the loadings to 

explain the separation. More information regarding adsorbed protein structure is likely to be 

obtained by narrowing the peak list to include only amino acid-derived mass fragments. 

5.4.4 PCA of Amino Acid Mass Fragments 

PCA using only the amino acid fragment peaks is able to distinguish between the same 

protein adsorbed on gold or NaSS, and also between protein films adsorbed from different 

solution concentrations on the same surface (Panels A, C, and E of figure 5.3). This suggests that 

proteins adsorb differently on NaSS and gold, and that the adsorbed protein structure changes 

with surface concentration. To probe these differences, we first broadly classified each amino 

acid as charged, polar, or hydrophobic (Panels B, D, and F of figure 5.3). However, we found no 

obvious trends using this general classification of amino acid fragments. For example, no 

apparent trend was observed that related to the coulombic interactions between sulfonate groups 

and positively charged amino acids to yield a preferred orientation for any protein on NaSS. 

Using VMD to visualize the distribution of charged, polar, or hydrophobic amino acids, we 

confirmed that these three categories appear evenly distributed throughout the structure of each 

protein (data not shown). 
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Figure 5.3. Amino acid peak list PCA results. Panels (A) and (B) are the scores and loadings 

plots for BSA. Panels (C) and (D) are the scores and loadings plots for Fgn. Panels (E) and (F) 

and the scores and loadings plots for IgG. In panels (A), (C), and (E), ■ represent adsorption 

from 5 μg/ml solutions, ● represent adsorption from 25 μg/ml solutions, and ▲ represent 

adsorption from 100 μg/ml solutions. Open symbols are used for NaSS substrates and closed 

symbols are used for gold substrates. The ellipses in (A), (C), and (E) represent 95% confidence 

intervals.  
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Therefore, we do not observe any of these three general categories to be correlated with 

conformation or orientation of the adsorbed proteins. Instead, trends in specific peak intensity 

ratios for strategically chosen, non-uniformly distributed amino acids were used to examine the 

conformation and orientation of the adsorbed proteins. Baugh, et. al., showed that structural 

information about surface immobilized proteins can be gleaned from such ratios.
129, 130

 

To assess the level of denaturation for each protein on NaSS and gold surfaces, the first set of 

ratios examined were for buried/surface amino acids. An increase in the ratio of buried/surface 

amino acids indicates a more denatured adsorbed protein. The specific residues chosen for each 

protein are listed in table 5.1 and highlighted in the insets of figure 5.4, where the relevant buried 

and surface amino acids are highlighted in yellow and black, respectively. The peak intensity (I) 

ratios used are shown in Eq. 1. 

 

BSA: 
𝐼𝐶𝑦𝑠

𝐼𝐺𝑙𝑢
  Fgn: 

𝐼𝑉𝑎𝑙

𝐼𝑃𝑟𝑜+𝐼𝐴𝑟𝑔
  IgG: 

𝐼𝐶𝑦𝑠

𝐼𝐴𝑟𝑔
 (Eq. 1) 

 

Table 5.1. Amino acids selected for protein structural analysis. 

 Amino Acids for Denaturation Analysis Amino Acids for Orientation Analysis 

 Buried Surface Bottom
*
 Top

*
 

BSA Cys Glu Asn, Tyr His 

Fgn Val Pro, Arg - - 

IgG Cys Arg Asp, Val Ser 

*
Bottom and top refer to the protein with the orientation shown in figure 5.5. 

 

For all three proteins, the peak ratios are higher on NaSS than gold (figure 5.4), indicating that 

proteins denature more on NaSS, which is particularly prominent for samples prepared from the 

lowest protein solution concentrations. This suggests that the extent of denaturation decreases 

with the increased adsorbed protein packing density achieved at higher surface concentrations.
131

 

This is also supported by the scatter in the scores plots (figure 5.3). As the scatter within a 

treatment group increases, the variability within the constituent spectra also increases. Higher 

scatter would be expected for a more highly denatured protein film with a random statistical 

sampling of amino acids exposed at the vacuum interface. The scatter for all proteins prepared 

from all solution concentrations is less on gold verses NaSS surfaces. Taken alongside the 
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buried/surface amino acid ratios, this suggests adsorbed proteins denature more on NaSS than on 

gold. Also, the scatter decreases with protein solution concentration for all three proteins on 

NaSS surfaces, supporting the conclusion that increased adsorbed protein packing density on 

NaSS decreases the degree of denaturation. No such trend is observed on gold, which may due to 

the formation of islands with high local density even at low protein solution concentrations. Or it 

may simply be that proteins adsorbed onto gold surfaces better retain their native conformation, 

even at low coverages. Proteins are known to better retain their structure on neutral hydrophilic 

than on charged surfaces.
118

 

For all adsorbed protein films, the trend in buried/surface ratios follows the trend observed in 

the scatter in the PCA results. No significant difference is observed in the buried/surface amino 

acid ratios for any of the three proteins adsorbed onto gold. In contrast, this ratio decreases with 

increasing protein solution concentration for the protein films adsorbed onto NaSS. The largest 

difference in this ratio between the NaSS and gold surfaces is for adsorbed IgG (figure 5.4C). 

Thus, IgG adsorbed onto NaSS surfaces is the most denatured of the three adsorbed proteins, 

especially at the lowest protein surface coverages. This is consistent with the findings of a high-

surface area conformation suggested by the XPS and ToF-SIMS isotherms discussed above. 

To determine if any of the three proteins adopts a preferred orientation on either surface, a 

similar analysis was performed using ratios of amino acids on opposite sides of each protein. An 

increase in the ratio of amino acids on enriched one end relative to amino acids enriched on the 

opposite end suggests a preferred protein orientation. The key amino acids for BSA and IgG are 

listed in table 5.1, and the ratios are found in Eq. 2. Due to the symmetry and even distribution of 

amino acids throughout Fgn, we were unable to find a ratio unique to a given orientation. 

 

BSA: 
𝐼𝐴𝑠𝑛+𝐼𝑇𝑦𝑟

𝐼𝐻𝑖𝑠
  IgG: 

𝐼𝑆𝑒𝑟

𝐼𝐴𝑠𝑝+𝐼𝑉𝑎𝑙
 (Eq. 2) 
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Figure 5.4. ToF-SIMS peak intensity ratios suggest levels of denaturation of (A) BSA, (B) Fgn, 

(C) and IgG adsorbed onto gold and NaSS surfaces. Insets show the crystal structure of each 

protein. Bars represent mean amino acid peak ratios for proteins adsorbed from 5 (blue), 25 

(red), and 100 (green) μg/ml solutions onto Au (solid bars) or NaSS (open bars). Peak ratios are 

the sum of intensities of secondary ions from amino acids buried, highlighted in yellow in inset 

protein, divided by the sum of intensities from amino acids on the surface of the protein, 

highlighted in black. Error bars represent standard deviations.  
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If adsorbed BSA preferentially orients with the His residues enriched at the vacuum 

interface, the observed orientation ratio would be lower than if preferentially oriented with the 

His residues enriched at the substrate interface (inset of figure 5.5A). The BSA orientation ratio 

is higher on gold compared to NaSS surfaces, and for gold it decreases slightly with increasing 

solution concentration. This suggests that on gold, adsorbed BSA changes orientation slightly 

with surface concentration and—compared to NaSS—adopts an orientation, on average, with 

slightly more His residues located closer to the substrate interface. Conversely, the orientation of 

adsorbed BSA on NaSS appears to remain unchanged with surface concentration. 

If adsorbed IgG preferentially orients with the Fab region at the vacuum interface, the 

observed orientation ratio would be higher than if preferentially oriented with the Fab region 

enriched at the substrate interface (inset of Figure 5.5B). The adsorbed IgG orientation ratio is 

constant on the gold surfaces and slightly higher than on NaSS. This suggests that, on average, 

the IgG Fab region is a bit more oriented towards the vacuum interface on gold compared to 

NaSS surfaces. Since there is no unique, specific attachment point on the proteins used in this 

study, it is expected their adsorption should result in a fairly random distribution of orientations 

on both surfaces. Thus, it is not surprising the orientation ratios do not exhibit large changes with 

increasing surface coverage, though there do appear to be significant differences between the two 

surfaces. 

5.4.5 PC Modeling 

PC models are useful for characterizing protein films adsorbed from complex mixtures, such 

as plasma.
123

 Wagner et al. constructed such a model from ToF-SIMS data from single-

component fibronectin, Fgn, IgG, BSA, and γ-globulins films on mica surfaces. Spectra from 

bovine plasma films, adsorbed onto mica for times ranging from 5 – 120 minutes, were then 

projected into the model. These experiments were done to investigate how the character of the 

plasma film changes with time. For Wagner et al., at short adsorption times, the plasma films 

were more Fgn-like in character. But at longer times, the plasma films became more γ-globulins 

and IgG-like than Fgn, which is a classic illustration of the Vroman effect.
123
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Figure 5.5. ToF-SIMS peak intensity ratios reveal possible protein orientations for (A) BSA and 

(B) IgG adsorbed onto gold and NaSS surfaces. Insets show the crystal structure of each protein. 

In (A) Asn and Tyr are highlighted in yellow while His is highlighted in black. In (B) Ser is 

highlighted in yellow while Asp and Val are highlighted in black. Plotted data represent average 

amino acid ratios for proteins absorbed from 5 (blue), 25 (red), and 100 (green) μg/ml solutions 

onto Au (solid bars) or NaSS (open bars) surfaces. The peak ratios are the sum of intensities of 

secondary ions from amino acids with asymmetric distributions, highlighted in yellow and black 

in the inset protein. Error bars represent standard deviations.   
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We replicated this procedure, constructing separate models from the single-component BSA, 

Fgn, and IgG ToF-SIMS data on both gold and NaSS surfaces. The amino acid peak list was 

used, and only two PCs were retained since retention of additional PCs had no effect on the 

results or conclusions of the models. Spectra from bovine plasma films, adsorbed for times 

ranging from 5 – 120 minutes, were then projected into the PC model for the corresponding 

surface. On gold, the variance in the data is dominated by differences between the single-

component protein spectra, obscuring any time-dependent trends in the plasma data (Figure 

S5.9A in the supplemental information). On NaSS, only a weak trend is observed suggesting that 

the plasma film character changes from being more BSA-like to more IgG and Fgn-like with 

increasing adsorption time (Figure S5.9C in the supplemental information). 

We found that clearer trends could be obtained by inverting the procedure above—that is, 

constructing the PC models from the plasma spectra and projecting in the single-component 

protein data. That the two procedures are mathematically different is evident since they produce 

distinct scores and loads plots. However, both procedures allow qualitative observations to be 

made about time-dependent changes in adsorbed plasma film composition. In particular, both 

procedures (using either signal-component data or plasma time-dependent data as the models) 

produce the same trends for NaSS surfaces: the plasma films are more BSA-like at short 

adsorption times, and more IgG and Fgn-like at longer adsorption times (Figure 5.6C). With the 

plasma time-dependent model, clear trends are also now observable for the gold surfaces: the 

plasma films are more IgG-like at short times, BSA-like at intermediate times, and Fgn-like at 

long times (Figure 5.6A). Therefore, gold and NaSS both apparently adsorb increasing amounts 

of fibrinogen with time. This is the opposite of what was observed by Wagner et al. on mica 

substrates.
123

 However, Fgn is the heaviest of the three proteins investigated in this study, and its 

increase with increasing adsorption time may be related to a slower rate of diffusion from bulk 

solution to the surface. As Fgn arrives at the surface, it displaces the smaller BSA and IgG 

proteins that were the initial proteins to arrive and adsorb onto gold and NaSS. Also, mica is a 

rigid, oxide surface; gold is a rigid, metallic surface; NaSS is a soft, polymeric surface. It is not 

surprising that the composition of adsorbed plasma films changes with different surface 

chemistries and structures. However, our PC models are overly simplistic since they contain only 

three proteins, whereas plasma is composed of hundreds of proteins.
132

 Therefore, while both 

gold and NaSS appear to adsorb more Fgn with time, further study with a more extensive set of 
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proteins is required to confirm that this finding is truly representative of the final state of the 

adsorbed plasma films. 

5.5 Conclusions 

In this study, we investigated the adsorption of BSA, bovine Fgn, bovine IgG, and bovine plasma 

onto bare and NaSS-grafted gold surfaces. We measured adsorption isotherms, using XPS to 

follow changes in surface nitrogen composition with increasing protein solution concentration. 

Using a combination of ToF-SIMS, PCA, and VMD we investigated differences in adsorbed 

protein structure between both surfaces. We also used PC modeling to qualitatively describe 

changes in bovine plasma adsorbed films with time. 

Our conclusions are as follows: 

 All proteins have a higher initial affinity for gold than NaSS surfaces. However, except 

for IgG, NaSS adsorbs the same (for plasma) or more (for BSA and Fgn) total protein 

than gold from the 100 μg/ml solution concentration. This may be because any proteins 

that do adsorb to NaSS undergo structural rearrangements over time, increasing the 

number of contacts with the surface and resulting in a larger fraction of the surface 

covered by irreversibly adsorbed species. Nevertheless, with the exception of BSA and 

plasma adsorption onto gold, neither surface appeared to have saturated at the 100 μg/ml 

protein solution concentration. 

 PCA using just the amino acid peaks is able to distinguish between the same protein 

adsorbed on gold or NaSS, and also between protein films adsorbed from different 

solution concentrations on the same surface. This suggests that proteins adsorb differently 

on NaSS and gold, and that the structure of the adsorbed proteins changes with surface 

concentration. 
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Figure 5.6. PC models for gold (A and B) and NaSS (C and D) surfaces. The models were 

constructed using the amino acids peaks from 100 μg/ml plasma adsorption ToF-SIMS data. 

Single-component BSA (▲), Fgn (■), and IgG (●) spectra were projected into the models. In 

panels (A) and (C) all black symbols represent the plasma adsorption data used to construct the 

model: + represent the 5 minute adsorption group, - represent the 30 minute adsorption group, × 

represent the 60 minute adsorption group, and ○ represent the 120 minute adsorption group. The 

ellipses in (A) and (C) represent 95% confidence intervals. Panel (A) shows that on gold: the 

plasma films are more like adsorbed IgG at short times, more like BSA at intermediate times, 

and more like Fgn at long times. Panel (C) shows that on NaSS: the plasma films are more like 

BSA at short times, then more like IgG and Fgn at long times.  
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 To assess the level of denaturation for each protein on NaSS and gold surfaces, we 

examined the ratio of select buried/surface amino acids. For all three proteins, the 

peak ratios are higher on NaSS than gold, indicating that the proteins denature more 

on NaSS, which is most prominently observed from protein films adsorbed at lower 

solution concentrations. This suggests that the increased adsorbed protein packing 

density, achieved at higher surface concentrations, decreases protein denaturation on 

NaSS. 

 To determine if any of the three proteins adopts a preferred orientation on either 

surface, a similar analysis was performed using ratios of amino acids on opposite 

ends of each protein. Small differences in average orientations between the two 

surfaces are observed for BSA and IgG films. The symmetry of Fgn prevented us 

from effectively examining the orientation of those films. 

 The PC models suggest the following changes in the character of proteins films 

adsorbed from plasma at times ranging from 5-120 minutes. For gold surfaces the 

plasma films are more IgG-like short times, more BSA-like at intermediate times, and 

more Fgn-like at long times. For NaSS the plasma films are more BSA-like at short 

times, and IgG and Fgn-like at long times. However, our PC models only contain 

three proteins, whereas plasma is composed of hundreds of proteins. Therefore, while 

both gold and NaSS appear to adsorb more Fgn with time, further study is required to 

confirm that this is truly representative of the final state of the adsorbed plasma films. 
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Figure S5.1. Percentage of the total secondary-ion counts accounted for by the sodium peak (m/z 

22.99) for BSA, Fgn, IgG, and plasma adsorbed onto gold surfaces. Spectra containing sodium 

counts >1% of the total counts are typically removed from the dataset. The sodium counts in 

these set of spectra never exceed ~0.7%. 
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Figure S5.2. Percentage of the total secondary-ion counts accounted for by the sodium peak (m/z 

22.99) for BSA, Fgn, IgG, and plasma adsorbed onto NaSS surfaces. Spectra containing sodium 

counts >1% of the total counts are typically removed from the dataset. The sodium counts in this 

set of spectra ranged from 2% – 60%. However, the sodium is part of the NaSS substrate and do 

not exhibit the same influence on the spectra that free buffer salts do. The samples highlighted 

with red boxes are the outlier groups discussed in the text. 
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Figure S5.3. Adsorbed BSA PCA results using all peaks in the positive ion spectra. Panels A – C 

correspond to the scores and loadings plots for BSA adsorbed onto gold surfaces. Panels D – F 

correspond to the scores and loadings plots for BSA adsorbed onto NaSS surfaces. 
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Figure S5.4. Adsorbed Fgn PCA results using all peaks in the positive ion spectra. Panels A – C 

correspond to the scores and loadings plots for Fgn adsorbed onto gold surfaces. Panels D – F 

correspond to the scores and loadings plots for Fgn adsorbed onto NaSS surfaces. 
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Figure S5.5. Adsorbed IgG PCA results using all peaks in the positive ion spectra. Panels A – C 

correspond to the scores and loadings plots for IgG adsorbed onto gold surfaces. Panels D – F 

correspond to the scores and loadings plots for IgG adsorbed onto NaSS surfaces. 
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Figure S5.6. Adsorbed BSA PCA results using all peaks in the negative ion spectra. Panels A – 

C correspond to the scores and loadings plots for BSA adsorbed onto gold surfaces. Panels D – F 

correspond to the scores and loadings plots for BSA adsorbed onto NaSS surfaces. 
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Figure S5.7. Adsorbed Fgn PCA results using all peaks in the negative ion spectra. Panels A – C 

correspond to the scores and loadings plots for Fgn adsorbed onto gold surfaces. Panels D – F 

correspond to the scores and loadings plots for Fgn adsorbed onto NaSS surfaces. 
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Figure S5.8. Adsorbed IgG PCA results using all peaks in the negative ion spectra. Panels A – C 

correspond to the scores and loadings plots for IgG adsorbed onto gold surfaces. Panels D – F 

correspond to the scores and loadings plots for IgG adsorbed onto NaSS surfaces. 
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Figure S5.9. PC model constructed from the 100 μg/ml single-component protein adsorption 

ToF-SIMS spectra onto gold (A and B) and NaSS (C and D) surfaces. In panels (A) and (C) all 

black symbols represent the protein adsorption data used to construct the model: BSA (▲), Fgn 

(■), and IgG (●). Also in panels (A) and (C) the projected plasma data are represented as 

follows: (+) represent the 5 minute adsorption group, (—) represent the 30 minute adsorption 

group, (×) represent the 60 minute adsorption group, and (○) represent the 120 minute adsorption 

group. 
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6. Conclusions and Future Directions 

6.1. Conclusions 

 As discussed in chapter 1, protein adsorption on synthetic surfaces is an important and 

widely studied phenomenon in biomaterials research. Despite its importance, it is still poorly 

understood. Therefore, the ultimate goal of this thesis is to contribute toward a better 

understanding of the protein-biomaterial interface, with application toward the next generation of 

biomaterial implants. Narrowing this broad objective down to something more specific, this 

thesis represents a body of work focused on the interaction of blood plasma proteins with sodium 

styrene sulfonate (NaSS) grafted surfaces. The approach to achieving this objective is 

straightforward. First, proof-of-concept must be established that NaSS can be successfully 

grafted to a given surface. This was the focus of chapter three, which details the thorough 

characterization of NaSS films grafted from titanium and silicon oxide surfaces using atom 

transfer radical polymerization (ATRP). 

 Next, the grafting procedure must be optimized and scaled in order to reliably produce 

sufficient quantities of NaSS-grafted samples to meet the demands of protein adsorption studies. 

This was the focus of chapter four, which describes the successful optimization of NaSS grafting 

from titanium and gold using a 2
4
 factorial experimental design with “activators are continuously 

regenerated by electron transfer” (ARGET) ATRP chemistry. The optimized reaction conditions 

are as follows: (1) shorter ATRP-initiator surface functionalization reaction times, although no 

deleterious effects were observed at longer times; (2) minimum (≤ 24 hr for this system) grafting 

reaction times; (3) minimum (≤ 0.5 mg cm
-2

 for this system) catalyst concentration; and (4) 

sufficient excess of vitamin C, as no negative effects were detected with increasing 

concentrations. 

 The last step is application—to use the NaSS films for their intended purpose. This was the 

focus of chapter five, which describes the characterization of adsorbed bovine serum albumin 

(BSA), bovine fibrinogen (Fgn), bovine immunoglobulin G (IgG), and bovine plasma films on 

bare and NaSS-grafted gold surfaces. We found that at low solution concentrations all three 

proteins and plasma adsorb more readily to, and have a higher affinity for gold than NaSS 

surfaces. However, at higher concentrations NaSS adsorbs similar amounts (for plasma) or more 

(for BSA and Fgn) total protein than gold. This may be because any proteins that do adsorb to 

NaSS undergo structural rearrangements with time, increasing the number of contacts on the 



118 

 

surface and resulting in a larger fraction of irreversibly adsorbed species. The only protein that 

NaSS surfaces adsorb less of than gold is IgG. We found this to be because IgG adopts a highly 

denatured conformation on NaSS. Each adsorbed IgG molecule takes up more space on NaSS 

compared to gold surfaces, resulting in less total protein adsorbed at all concentrations. Still, 

with the exception of BSA and plasma on gold surfaces, neither surface appeared to have 

saturated at the highest protein solution concentration studied. Using principal component 

analysis (PCA) of just the amino acid ToF-SIMS mass fragments, we can distinguish between 

the same protein adsorbed on NaSS and gold surfaces, and also between proteins adsorbed from 

different solution concentrations onto the same surface. This suggests that proteins adsorb 

differently on NaSS and gold surfaces, and that the structure of the adsorbed protein film 

changes with surface concentration. Therefore, using peak ratios for buried/surface amino acids 

for each protein, we determined the degree of denaturation on each surface, and found that 

adsorbed proteins denature more on NaSS than gold surfaces. Also, using peak ratios for non-

uniformly distributed amino acids we found small differences in average orientations between 

the two surfaces for BSA and IgG films. Using principal component (PC) modeling, we were 

also able to track changes in adsorbed plasma films with time. On NaSS surfaces the plasma 

films appear to be more BSA-like at short adsorption times, and more Fgn-like at longer 

adsorption times. Similarly, on gold surfaces the plasma films on appear to start out more IgG-

like and become more Fgn-like with increasing adsorption time. However, the PC model 

included only the three proteins studied in chapter five, where plasma is a complex mixture of 

hundreds of proteins. Therefore, while both gold and NaSS appear to adsorb more Fgn with time, 

further study is required to confirm that this is truly representative of the final state of the 

adsorbed plasma films. 

6.2. Future Directions 

A main focus of the thesis of Wagner
133

 is developing the statistical methods (one of which is 

PCA) for analyzing ToF-SIMS data of adsorbed proteins. He validated these methods through 

series of single-component and competitive adsorption studies using model surfaces such as 

mica. These surfaces are straightforward to prepare, allowing all the focus to be placed on 

method development. The work presented here is an extension of Wagner’s work, applying his 

methodology to more complex and practically interesting surfaces. However, the time and effort 
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spent developing and optimizing the NaSS grafting procedure precluded any competitive 

adsorption studies. A logical next step would be to apply the methodology established in ref
127

 to 

look at combinations of binary and ternary adsorbed protein films involving BSA, Fgn, and IgG 

on bare and NaSS-grafted gold surfaces. Also, in ref
134

, XPS, ToF-SIMS, and radiolabeling were 

used to track the amount of Fgn adsorbed from plasma and serum solutions. Another 

straightforward continuation of the work in chapter 5 would be to use this methodology to 

confirm the results of the PC models, which suggest that plasma films on NaSS and gold become 

more Fgn-like with time. 

Much of this work involves equilibrium measurements, and it would be interesting to study 

differences in adsorption kinetics on gold and NaSS surfaces using quartz crystal microbalance 

(QCM)
135-137

 or surface plasmon resonance (SPR).
138, 139

 Both are able to quantify the amount of 

protein adsorbed, assuming physically relevant models can be fit to the data. They also allow 

study of hydrated proteins films in an aqueous environment, in contrast to the ultra-high vacuum 

environment used in this thesis. Furthermore, both techniques can be used to study protein-

antibody interactions, which is another clue regarding protein surface structure. If an antibody is 

able to bind an adsorbed protein, then the binding site must be oriented toward the solution 

interface and in a conformation close enough to native as to be recognized by the antibody. 

The most obvious and perhaps beneficial future direction is to expand the work presented 

here to new grafted polymer systems. This thesis focused on protein interactions with a very 

specific surface chemistry: namely, sulfonated styrene with a sodium counter ion. What was 

developed along the way is a reliable and scalable method for making controlled changes in 

surface chemistry. This can be now used as a platform for future efforts, and the work here can 

be expanded to a wide variety of grafted polymer systems and surface chemistries. This could be 

as simple as studying changes in protein adsorption upon replacing the sodium counter ion with 

other alkali metals (Li, K, Cs) or alkaline earth metals (Mg, Ca). This may also produce 

interesting results related to the cationization of amino acid fragments in ToF-SIMS analysis. 

Other polymers may also be studied. For example, it would be interesting to quantify differences 

in protein adsorption between NaSS, styrene, and styrene with a positively charged quaternary 

amine head group—the negatively charged, neutral, and positively charged version of the same 

polymer. Thus, controlled changes in surface chemistry can be related to the properties of 
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adsorbed protein films in a continued effort to investigate the important factors dictating protein-

surface interactions. 
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