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Abstract 

Recent advances in bioelectronics have allowed for faster diagnoses of diseases as well as treatments 

for disorders that were previously considered incurable. The performance of these devices is, however, 

severely hindered in-vivo due to the body’s inherent immune response. Surface fouling, rapid oxidation, 

and fibrous encapsulation are some of the common issues that reduce device performance and lead to 

device failure. Overcoming these issues becomes especially critical when a bioelectronic is designed for 

prolonged exposure to the host in the form of an implant. Constant exposure to the host results in rapid 

deterioration of device functionality and a secondary surgery is often required to replace the dysfunctional 

device. The inclusion of various surface modifications, specifically zwitterionic coatings, have recently 

demonstrated promising results in prolonging a device’s performance in-vivo.  

An extensive literature review indicates that current antifouling coatings are mainly composed of 

long-chain hydrophilic or zwitterionic polymers; however, these thick polymer brushes are often 

undesirable for bioelectronics, especially devices designed for electrotherapy as the therapeutic electric 

pulse decays exponentially with respect to coating thickness. There is a growing need for an engineered 

surface that is biocompatible, resistant to nonspecific protein adsorption, and does not interfere with the 

device function in order to prolong the bioelectronics’ in-vivo lifetime.  

This research focuses on developing an ultra-thin and highly zwitterionic antifouling coating that is 

also biocompatible and versatile. Cysteine is selected as the coating material because it is a small 

biomolecule, highly zwitterionic at physiological pH, inherently biocompatible, and practical to fabricate. 

By optimizing the fabrication process, a monolayer cysteine coating of 8.64Å in thickness is achieved. 

X-ray photoelectron spectroscopy confirms the protonation of the amine group and the deprotonation of 

the carboxyl group, and that 87.84% of the surface cysteine is zwitterionic when fabricated at room 

temperature. This zwitterionic percentage is increased to 94.47% by increasing the reaction temperature 
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to 330K. The adsorption kinetics of zwitterionic cysteine onto a gold surface is studied through 

monitoring a liquid interface quartz-crystal microbalance in real time and the rate constants are calculated. 

Cysteine is also inherently biocompatible because it is an amino acid that exists in, and is produced by, 

our body. Fabrication of a cysteine monolayer is also practical; the sulfur headgroup on cysteine allows 

for a one-step synthesis onto a gold substrate without the need of a linker molecule. The fabrication can 

be completed in solution, which allows for the coating of curved or ridged surfaces that can be challenging 

for other coating processes such a vacuum deposition.  

Investigation towards the antifouling performance of zwitterionic cysteine begins by quantifying the 

hydration layer around the molecule. Surface hydration is a key attribute that dictates a material’s 

antifouling performance. The layer of water associated with the surface acts as an energy barrier that 

proteins must overcome in order to adsorb onto the surface. Molecular dynamic simulations indicate that 

a zwitterionic cysteine molecule associates 43.89 water molecules per nm3, which is comparable to 

established zwitterionic coatings. The degree of surface fouling from various plasma proteins and human 

blood was quantified by a liquid interface quartz crystal microbalance in real time, and a zwitterionic 

cysteine surface can reduce fouling from BSA by 95%, fibrinogen by 93%, and human blood by 93% 

compared with an untreated gold surface.  

This thesis demonstrates that an ultra-thin monolayer of highly zwitterionic cysteine capable of 

significantly reducing biological fouling can be fabricated through solution chemistry. This technology 

exemplifies the tremendous potential of engineering at a nanoscopic level and has application in the field 

of bioelectronics, tissue engineering, contact lenses, marine membranes, and drug delivery. 
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Chapter 1 

General Introduction 

1.1 Overview 

Bioelectronics, from biosensors for trace biomolecule detection to neurostimulators for Alzheimer 

patients, provide innovative therapies that drastically improve people’s lives. The performance of 

bioelectronics, however, is severely hindered in-vivo due to our body’s inherent immune response1-3. 

Upon surgical insertion, the body spontaneously smears the surface of any bioelectronic with a layer of 

plasma proteins4 to identify the device as foreign and attempts to destroy or isolate the implant. In most 

cases, development of successful implantable biosensors and neurostimulators has been severely hindered 

due to unreliable in-vivo performance after a few hours or days5, 6. As a result, there is an increasing 

demand for a more biocompatible surface that resists nonspecific plasma protein fouling to prolong the 

in-vivo lifetime of implantable bioelectronics. 

Traditionally, the biocompatibility and protein-resistivity of a surface are enhanced through a surface 

coating composed of long hydrophilic polymer chains. Ethylene glycol (EG) and its derivatives are 

perhaps the most representative and well-studied hydrophilic antifouling material7. By forming a strong 

hydration shell, EG coated surfaces demonstrated a decreased interaction with the biological 

environment8-11. Polymerization of ethylene glycol to create a dense layer of PEG brushes provides an 

additional steric repulsion barrier that further improves protein resistance by introducing an entropically 

unfavorable compression of polymer chains during the adsorption process7, 12, 13. However, recent studies 

of PEG-based material have reported that enzymatic degradation11, 14 can occur in-vivo to produce toxic 

metabolites15 and, in some cases, hypersensitive reactions up to anaphylactic shocks16 have been reported. 
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As a result, recent research focuses have shifted towards finding PEG alternatives that are more 

biocompatible and biostable.  

Bioinspired by zwitterionic phosphatidylcholine (PC) headgroups of phospholipids that constitute the 

external mammalian cell membranes17 zwitterionic surfaces have demonstrated a strong resistance 

against biofouling18. Zwitterions, composed of an equal amount of opposite charges in close proximity, 

preserve net charge neutrality and often outperform traditional hydrophilic polymers in resisting 

biofouling19. Integration of zwitterionic monomers (methacryloyloxylethyl PC) into bulk polymer 

material (hydroxyethyl methacrylate) to improve biocompatibility and reduce fouling have since been 

ubiquitous (omafilcon A, a commercially available contact lens material20). Zwitterion-based coatings 

had undergone many iterations in the past decade7 and are recognized as the next-generation antifouling 

material. However, existing zwitterionic coatings are composed of long-chain polymer brush and are 

often undesirable for bioelectronics especially devices designed for electrotherapy as the therapeutic 

electric pulse decays proportionally with respect to coating thickness. Hence, there is a need for an ultra-

thin monolayer of highly zwitterionic coating that does not interfere with the underlying bioelectronic. 

This research project exploits the inherent biocompatibility and zwitterionic nature of the amino acid 

cysteine to produce a monolayer of ultra-thin and highly zwitterionic antifouling coating. This study 

investigates the antifouling mechanisms of cysteine coatings through molecular dynamic simulation and 

derives its adsorption kinetics through experimental results. Then, the fabrication processes are optimized 

in order to minimize coating thickness while maximizing hydration and zwitterionic percentage. 

Characterization tools used in this study include scanning electron microscopy (SEM), ellipsometry, X-

ray photoelectron spectroscopy (XPS), bicinchoninic acid protein assay (BCA), quartz-crystal 

microbalance (QCM) and surface plasmon resonance imaging (SPRi). The monolayer cysteine coatings 

are deployed to resist biological fouling from homogeneous mixtures of protein that are known to cause 
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adverse host response as well as complex biological media. Some of the avenues that will be pursued in 

future studies are improved zwitterionic percentage, coating stability in-vitro and specific understanding 

of the components in blood that has a higher affinity towards cysteine coatings. 

1.2 Research objectives 

The success of current bioelectronics is severely hindered by the rapid deterioration of device 

performance after implantation. Upon surgical insertion, biomaterials and bioelectronics are 

spontaneously smeared with a layer of plasma proteins which triggers a cascade of undesirable host 

responses that results in device failure. Thus, by controlling nonspecific protein adsorption, the degree of 

undesirable host responses can be minimized and implant functionality can be prolonged.  

Prolonging the in-vivo lifetime of bioelectronics requires an engineered surface that is biocompatible, 

resistant to nonspecific protein adsorption and does not interfere with the device function. This research 

focuses on developing an ultra-thin and highly zwitterionic antifouling coating that is also biocompatible 

and cost-effective to fabricated. Cysteine is a small biomolecule and by controlling the fabrication 

process, a monolayer coating in the sub-nanometer range can be achieved. This property is essential for 

applications such as implantable electrotherapeutic devices where the curative electric signal decays with 

respect to coating thickness. Due to the protonation of the amine group and the deprotonation of the 

carboxyl group, cysteine is 99.95% zwitterionic in physiological pH and the charge groups are in close 

proximity to be an effective zwitterionic antifouling material. Biocompatibility is inherently achieved by 

cysteine, an amino acid that exists in, and is produced by, our body. Fabricating a cysteine coating is both 

cost-effective and versatile. The single-molecular nature of the monolayer coating requires trace quantity 

of reagent and the established thiol chemistry can be completed at room temperature without any complex 

equipment. Fabrication through solution chemistry also allows for the coating of non-planar surfaces and 
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is useful for coating curved or ridged surfaces that are challenging for other coating processes such a 

vacuum deposition. The specific objectives of the project are as follows: 

1. Develop an understanding of the antifouling mechanism of zwitterionic cysteine and its 

adsorption kinetics onto a gold surface.  

• Investigate the hydration of cysteine, mainly the number of water molecules associated 

with each charged group, through molecular dynamics and develop an understanding 

towards the effect of water mobility within the moieties’ hydration shell have on its 

protein resistivity.  

• Determine the adsorption model of cysteine onto a gold surface and quantify the rate 

constants.  

2. Demonstrate that a zwitterionic cysteine coating can be fabricated on a gold surface and is 

capable of resisting protein fouling. 

• Fabricate zwitterionic cysteine coatings onto a gold surface and investigate coating 

integrity.  

• Determine these coatings’ thickness, zwitterionic percentage, and resistivity towards 

biological media.  

3. Optimize the fabrication process to create and characterize an ultra-thin monolayer of highly 

zwitterionic cysteine.  

• Investigate the effect of reaction time, temperature and post reaction wash on coating 

properties. 

• User various characterization tools demonstrate that a monolayer is achieved and 

determine thickness. 
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4. Demonstrate that a monolayer of zwitterionic cysteine is capable of resisting both 

homogeneous protein mixtures and complex heterogeneous biological media.  

• Quantify the antifouling performance of the coating towards homogeneous mixtures 

of protein that are known to cause adverse host responses, such as serum albumin and 

fibrinogen.  

• Quantify the antifouling performance of the coating in a complex biological medium 

by using human blood. 

1.3 Thesis Outline 

Chapter 1 provides a general introduction to the thesis, where the research problem, overriding 

objective, and specific deliverables are outlined. Chapter 2 reviews current progress on antifouling 

materials composed of hydrophilic polymers, zwitterionic polymers and nanoscale patterns that are used 

for bioelectronics, tissue engineering, contact lenses, marine membranes and drug delivery. Discussions 

are focused on the advantages and limitations of each category of material and this review demonstrates 

that there is a growing drive for a zwitterionic antifouling surface that is both biocompatible and does not 

hinder the function of the underlying bioelectronic.  

Chapter 3 provides a proof-of-concept for implementing zwitterionic cysteine coating on a gold surface 

to significantly reduce nonspecific protein fouling compared to stainless steel and untreated gold surfaces. 

Characterizations are made to determine, coating thickness, molecular integrity, and zwitterionic 

percentage. This chapter demonstrates the feasibility of zwitterionic cysteine as an effective antifouling 

material as well as that there is room for improvement.  

Chapter 4 investigates the antifouling mechanisms of zwitterionic cysteine from a molecular dynamics 

perspective. Discussions focus on zwitterionic materials and how their antifouling mechanisms suppress 
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those employed by the traditional hydrophilic material. Topics discussed include the degree of hydration, 

the structure of surrounding water, the residence time of associated water molecules, the effect of ion-

coupling, and benefits of steric repulsion. Special emphases are made on zwitterionic cysteine and 

molecular dynamics simulations are performed to investigate the molecule’s hydration later. Results are 

compared against other zwitterionic antifouling materials currently available. 

Chapter 5 optimizes the fabrication of cysteine coatings based on previous successes demonstrated in 

chapter 3. By controlling the reaction temperature, the zwitterionic fraction of the surface is significantly 

improved. Using a liquid interface quartz-crystal microbalance, the adsorption kinetics of zwitterionic 

cysteine onto a gold surface is monitored in real-time and the rate constants are calculated.   

Chapter 6 quantifies the antifouling performance of the coating towards homogeneous mixtures of 

protein that are known to cause adverse host responses, such as serum albumin and fibrinogen. A 

monolayer coating is achieved and coating thickness is determined to be less than one nanometer. The 

antifouling performance of the coating in a complex biological medium is also studied by using human 

blood.  

Chapter 7 presents the conclusions drawn from this research project and based on these conclusions, 

provides recommendations for future research avenues. Impactful future research includes investigating 

the in-vitro stability and biocompatibility of the zwitterionic coating. Another key research area is to 

understand the mechanisms of adsorption between different components of blood and determine whether 

any specific component exhibits a higher affinity towards adsorption onto the coating. Furthermore, 

analytical instruments with higher sensitivity can be employed to obtain additional meaningful 

information on various physical properties of the coating, such as surrounding water structure and 

associated ion-coupling.  
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Chapter 2 

Literature Review 

2.1 Summary 

For implantable bioelectronic devices, the interface between the device and the biological environment 

requires significant attention as it dictates the device performance in-vivo. Nonspecific protein adsorption 

onto the device surface is the initial stage of many degradation mechanisms that will ultimately 

compromise the functionality of the device. In order to preserve the functionality of any implanted 

bioelectronics over time, protein adsorption must be controlled. This chapter outlines two major 

approaches to minimize protein adsorption onto the surface of implantable electronics. The first approach 

is through a surface coating technique, which minimizes close proximity interactions between proteins 

and device surfaces by immobilizing electrically neutral hydrophilic polymers as a surface coating. These 

coatings reduce protein fouling by steric repulsion and the formation of a hydration layer which acts as 

both a physical and energetic barrier that minimize protein adsorption onto the device. Relevant 

performances of various conventional hydrophilic coatings are discussed. The second approach is surface 

patterning using arrays of hydrophobic nanostructures through photolithography techniques. By 

establishing a large slip-length via superhydrophobic surfaces, the amount of protein adsorbed on the 

surface of the device can be reduced. The last section discusses emerging surface coating techniques 

utilizing zwitterionic polymers where ultralow biofouling surfaces have been demonstrated. These 

surface modification techniques have the potential to significantly improve the long-term functionality 

of implantable bioelectronics, thus allowing researchers to overcome challenges to diagnose and treat 

chronic neurological and cardiovascular diseases. 
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2.2 Introduction 

Advances in nanofabrication and the understanding of human biology have promoted the design of 

more compact, selective and efficient bioelectronics, which has opened numerous avenues for medical 

practitioners to diagnose and treat diseases that were previously considered incurable21-24. Neurological 

disorders are extremely difficult to diagnose and treat due to the complexity of the disease. Recent 

advances in molecular and cell biology have allowed scientists to pinpoint the exact location of several 

incurable disorders including Alzheimer’s disease. According to World Health Organization, there is 

currently an estimate of 18 million people worldwide with Alzheimer’s disease and are projected to nearly 

double to 34 million by 202525. Recently emerging research has demonstrated promising results utilizing 

transcutaneous electrostimulation on the central nervous system of Alzheimer’s patients to improve 

memory, alertness26, 27 and rest-activity rhythm21 without severe side effects. This example is merely one 

of the driving forces behind the development of bioelectronics that are capable of synchronizing 

communication between biological and electrical platforms. 

The scope of bioelectronics can be considered to incorporate an exploitation of biology in conjunction 

with electronics for information processing, information storage, electronic components, and actuators. 

Miniaturized, implantable bioelectronics—such as neurostimulators and biosensors—are crucial in 

providing convenient continuous functionality in diagnostic or treatment without the need to interrupt the 

everyday life of the patients with psychological concerns of their health. Even though there have been 

numerous successful demonstrations of implantable biosensors and neurostimulators22-24, 28, the primary 

challenge of current implantable bioelectronics still revolves around the long-term functionality of the 

device. In most cases, the development of successful implantable biosensors and neurostimulators has 

been severely hindered due to unreliable in-vivo performance after a few hours or days. 
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The success of any implantable bioelectronics depends heavily on preserving the devices' functionality 

in-vivo throughout the course of the implantation. The implantation period can be chronicled into several 

stages, each with a distinct host response (Figure 1). Upon surgical insertion of any implantable devices, 

tissue inflammation and foreign body response are immediately invoked as the initial stage of the body’s 

natural defense system. The short-term host response, or the acute inflammation phase, can last from 

hours to days depending on the surgical procedure. The next stage of the host response against implanted 

bioelectronics is indicated by fibrous encapsulation, which is the formation of a layer of fibroblast or 

smooth muscle cell sheet approximately 50–200μm in thickness to isolate the device 29, 30. The formation 

of the fibrous capsule will prevent further interaction of the bioelectronics with the surrounding host 

environment and compromises the functionality of the device. As a result, implanted bioelectronics often 

requires a secondary surgery to remove or replace the device. Taking implantable glucose sensors as an 

example, as of 2010, there are six minimally invasive glucose sensors approved by FDA that provide 

periodic readings5; however, the longest marketed in vivo functionality is 7 days5. Aside from the obvious 

that the fibrous capsule hinders the transport of glucose molecules5, several investigations indicated that 

nonspecific protein adsorption also hinder glucose diffusion to the sensor5, 31, 32. As a result, in order to 

prolong the functionality of any bioelectronics, the progression of undesirable host responses must be 

delayed if not completely prevented.  

There are several established strategies for improving the biocompatibility of implantable devices. One 

approach is by minimizing the acute inflammation phase through refining and enhancing different aspects 

of the surgical procedure; these methods are often referred to as indirect influences and can generally be 

applied to implantable bioelectronics regardless of their applications. For example, refining the surgical 

insertion techniques can minimize the implant injury, which will reduce the degree of homeostatic 

responses as well as the amount of blood-to-device exposure33, 34. Another strategy is the use of steroidal 

and non-steroidal anti-inflammatory drugs, which can control or even suppress the degree of the immune 
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response at the implant site. Drugs such as glucocorticoids are known for their ability to inhibit both the 

formation and secretion of inflammatory mediators and hence, achieving a decrease in capillary 

permeability, fibroblast proliferation, as well as the release of inflammatory cells at the injury site35. There 

also have been reports of using angiogenic drugs when implanting long-term biosensors in order to 

improve analyte transport to the sensor36. Growth factors such as the vascular endothelial growth factor 

(VEGF) is capable of promoting the formation of new blood vessels around the implant in order to 

promote analyte transport to the sensors37-39. Note that the above strategies can be, and often are, used in 

conjunction in order to improve biocompatibility. Although the short-term acute phase can be greatly 

minimized through external influences, minimizing long-term chronic responses and fibrous 

encapsulation required direct modification of the implantable device itself. Since invoking host response 

results in a gradual loss of device functionality followed by complete isolation via fibrous encapsulation, 

extensive research has focused on preventing nonspecific protein adsorption at the initial stage of the host 

response. Anti-fouling measures primarily target plasma proteins since they function as the dominating 

agents in signaling and controlling the initial phases of tissue inflammatory response.  

 

Figure 1: Process of Encapsulation of Biosensors 
The process of encapsulation of Biosensors (Santhisagar et al., 201040). (Reprinted with permission from 1, 41)  

Several distinct approaches to constructing device surfaces have been proposed to minimize 

nonspecific protein adsorption. All of these approaches, although significantly different in design, 

ultimately tackle a distinct stage in the protein adsorption process. A typical protein adsorption process 
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is illustrated in Figure 2. Proteins arrive at the implant site through conductive transport either in blood 

or tissue fluid. This is often observed in the bulk fluid at a distance that is too far away for any interacting 

forces to be significant and thus, proteins carried by this flow do not directly contribute to the protein 

adsorption42. However, as in most fluid dynamics, a no-slip boundary condition is assumed to be observed 

near the device surface where no flow is observed43. This region is referred to as the diffusive transport 

region that is typically 10 µm in length. Proteins that are carried to the site of the implant by conductive 

transport will diffuse through this diffusion-controlled region before reaching the surface of the device42. 

At this close proximity region (2-5nm), the short range forces, such as hydrogen bonding, van der Waals, 

and electrostatic forces, are dominant and the interaction between the surface and the protein will 

determine the extent of protein adsorption.  

The surface coating approach focuses on reducing the extent of close proximity forces between protein 

and implant surface in order to reduce the amount of biofouling. By coating the surface with a layer of 

more biocompatible molecules, the close range interactions between the device surface and the biological 

environment can be minimized. In an ideal case, this surface coating will render the device undetectable 

by preventing the host body from recognizing the implant as a foreign object. This approach will be 

referred to as the surface coating technique. In addition to simple coating, another approach to creating 

an anti-biofouling surface is to reduce the diffusive transport region by surface patterning. The theory 

behind this approach is to reduce the diffusive transport layer, caused by the no-slip condition, between 

the boundary of the device surface and the fluid. By reducing the thickness of the non-slip zone, one can 

reduce the amounts of protein reaching and adsorbing onto the device surface44. This approach is 

primarily achieved by patterning the device surface with arrays of hydrophobic nanostructures through 

various photolithography techniques. These rough hydrophobic surfaces will create a huge gas-fraction 

(or air bubbles) on the device surface and increase the slip-length. Lee et al.44 has reported that by surface 

patterning a silicon wafer with a “grate” design, a slip length as large as 185 m can be achieved. 
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Figure 2: Schematic representation of the protein adsorption process. 
Outlining the conductive transport region (top), diffusive transport region (middle), and close proximity region 

(bottom). 

2.3 Surface Coating 

Numerous polymers have demonstrated promising results in resisting nonspecific protein adsorption 

(Tables 1 and 2). Many of these, such as poly(ethylene glycol) (PEG) and poly(lactic-co-glycolic acid) 

(PLGA), have been approved by the Food and Drug Association (FDA) for use in human applications 

and continue to be the primary materials used for anti-biofouling45-48. All of these polymers exhibit two 

major characteristics that are hypothesized to be responsible for their anti-biofouling capabilities. The 

first is electrical neutrality49; polymers that are electrically neutral demonstrate a reduced amount of 

coulombic interaction with various charged domains of the protein. This will ensure that even upon 

contact, the proteins will not adhere strongly to the polymer coating. The second commonly shared 

characteristic between these polymers is hydrophilicity50. The most established reason behind the 

resistive property of hydrophilic polymers is the formation of a hydration layer on the surface of the 
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coating. This layer of water molecules is tightly bound through hydrogen bonding19, 51 and acts not only 

as a physical barrier but also as an energetic barrier that the proteins have to overcome in order to adsorb 

onto the surface. The polymers used for surface coating can be categorized into two major classes. 

Traditionally, researchers focus on using hydrophilic polymers as a surface coating material; however, 

reports have demonstrated promising results of zwitterionic polymers and small biomolecules as an 

ultralow-biofouling surface (<0.3ng/cm2). The following section will first investigate the effect of a 

hydration layer and be followed by outlining the recent achievements of surface coating using traditional 

hydrophilic polymers, such as PEG and dextran, on biosensors and neural stimulation electrodes. 

2.3.1 Surface Hydration 

Hydrophilic coatings are known to facilitate the formation of a hydration layer through hydrogen 

bonding between the surface and the solvent50. This layer of tightly bound water molecule will not only 

act as a physical barrier but also as an energetic barrier that the proteins have to overcome before 

adsorbing onto the device surface51-55. The effect of the water barrier can be analyzed thermodynamically 

in the same fashion as the dehydration process and is entropically unfavorable56. The expulsion of water 

molecules at the surface to allow for the adsorption of protein is analyzed theoretically and through 

simulations in various accounts34, 52, 53. Zheng et al.51 has predicted the repulsive force towards proteins 

by surfaces coated in the descending order of OEG-SAMs, OH-SAMs, and CH3-SAMs. Figure 3 

illustrates surface-to-protein repulsive forces as a function of separation distance. The OEG-SAMs, being 

the most hydrophilic of the three materials, demonstrated the sharpest increase in repulsive force as the 

protein moves closer to the surface, which agrees with experimental results57. On the other hand, CH3-

SAMs, being hydrophobic, demonstrated the least increase in repulsive forces. Zheng et al.51 concluded 

that the tightly bound hydration layer adjacent to the OEG-SAMs is the primary contributing factor for 

the SAMs’ larger repulsive hydration force compared to the other two surfaces. 
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Figure 3: Molecular dynamics simulation of hydration effect  
Repulsive force as a function of separation distance for OEG-SAMs, OH-SAMs, and CH3-SAMs for a) total force, 

b) forces contributed by water, and C) forces contributed by SAM51 (Reprinted with permission from Zheng et al., 

2005. Copyright 2005 Elsevier) 

The effect of the surface hydration layer as one of the primary contributing factors of anti-biofouling 

was demonstrated experimentally by several groups55, 58, 59. The most conclusive investigation is perhaps 

the one done by Warkentin where a hydrophilic silica surface is modified with different concentration of 

hydrophobic methyl groups, resulting in a hydrophilic gradient across the surface (Figure 4)59. As 

illustrated, a sudden increase in protein adsorption occurs at >45o contact angle, where the surface 

switches from being hydrophilic to hydrophobic. The hydrophilic portion of the surface (<45o) forms a 

hydration layer through hydrogen bonding and exhibits significantly less protein adsorption. On the other 

hand, the hydrophobic surface causes the dehydration process to become entropically favorable and the 

expulsion of water occurs rapidly, which facilitates protein adsorption. This expulsion of water is driven 

in a similar fashion as the release of water cage around hydrophobic tails in micelle formation. Similarly, 

Tsai et al.60 has demonstrated that by modifying the hydrophobic polyurethane with the more hydrophilic 

dextran, the amount of protein adsorbed is reduced to less than half for numerous plasma proteins 

including serum albumin, fibrinogen, and haptoglobin (Hp2). 
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Figure 4: Hydration Effect on Protein Adsorption 
Ellipsometric reading of 1) plasma adsorption, 2) Fibrinogen antigen strength due to the presence of BSA blockage 

on a hydrophobic gradient surface achieved by treating silica with different amounts of methyl59. (Reprinted with 

permission from Warkentin et al., 1995. Copyright 1995 American Chemical Society.) 

Based on these simulations and experimental results, the stronger the interaction between the water 

solvent and the surface coating, the more unfavorable the dehydration process becomes, and the more 

resistant the surface will be towards protein adsorption. It is also reasonable to predict that both the 

intrinsic physiochemical properties as well as the surface density of the surface coating are the primary 

contributing factors to the strength of the hydration layer. Chen et al.58 has hypothesized that the water 

molecules will be more localized and more tightly bonded to the charged groups for zwitterionic surfaces 

and to the polar head for SAM; whereas, the distribution of water molecules are fairly random for 

hydrophilic polymers (Figure 5)58. 
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Figure 5: Schematic representation of a hydration layer. 
With blue dots representing water molecules interaction with a) hydrophilic surface, b) zwitterionic surface, and c) 

self-assembled monolayer (SAM). Note that the water molecules are randomly distributed on the hydrophilic 

surface but concentrated in close proximity to the charge groups for zwitterionic surfaces and to the polar head for 

SAM58. (Reprinted with permission from Chen et al., 2010. Copyright 2010 Elsevier) 

2.3.2 Hydrophilic Polymer  

Surface coating with hydrophilic polymers often utilizes long-chain polymers where both the hydration 

layer and steric repulsion will contribute to resisting biofouling. Steric repulsion occurs when the long 

polymer chains are compressed due to the adsorption of proteins. The compression forces the surface 

polymers to undergo unfavorable configuration changes and result in an unfavorable decrease in entropy, 

resulting in an entropically driven repulsion force to prevent nonspecific protein adsorption. For long-

chain hydrophilic polymer coatings, both packing density and the functional group are of great 

significance. Poly(ethylene glycol) (PEG) is arguably the most common anti-biofouling polymer that is 

currently available. The primary reasons for the anti-fouling characteristic of PEG can be attributed to 

the formation of a highly hydrated layer, high steric repulsion due to high chain mobility, and large 

exclusion volume. Luesse and Arnold have demonstrated that a maximum of one water molecule per 

ethylene glycol repeat unit (-CH2CH2-O-) can be observed through deuterium NMR relaxation time; 

indicating a significant degree of hydration61. Numerous approaches have been investigated to modify 

surfaces with PEG-based materials including physisorption62, 62-64, chemisorptions65, 66, covalent 

grafting67, 68, and plasma polymerization69, 70. The performance of PEG-based and other hydrophilic 

polymer coatings is summarized in Table 1 and Table 2 (adapted from Chen et al.58). Table 1 focuses on 

various reporting of PEG-based materials exhibiting distinguished results as a surface coating material. 
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The PEG-conjugated drug is known to prevent recognition by the patient's immune system71. Alconcel et 

al. have reported a list of PEGylated protein drugs that are approved by FDA as of January 201148. 

However, recent in-vitro studies of PEG-based material have only demonstrated short-term stability that 

is hypothesized to be caused by oxidation stresses in biological environment72, 73. As a result, recent 

research focuses have shifted towards finding alternative anti-biofouling polymers that are bio-mimicking 

in nature. Table 2 summarizes various PEG-alternative materials used for antifouling. Dextran is a 

complex and branched polysaccharide that mimics the carbohydrate-rich portion of inner surface of blood 

vessels known as the endothelial glycocalyx74, 75. By mimicking the endothelial glycocalyx, dextran 

coated surfaces are believed to be a promising candidate for reducing thrombosis and inflammation76. 

Tsai et al.60 have explored the capability of the dextran-coated surface in resistant to the adhesion of 

various human blood plasma protein through a two-dimensional electrophoresis analysis technique60. The 

effect of a dextran-coated surface on hydrophobic polyurethane (PU) and hydrophilic silicon was 

reported. Both surfaces were submerged in human blood clinically acquired by adult volunteers and 

electrophoresis analysis returned that nonspecific protein adsorption is reduced by ~50% for all blood 

plasma proteins in both polyurethane (hydrophobic) and silicon (hydrophilic) surfaces60. 
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Table 1: Summary of anti-biofouling hydrophilic polymer  
(Adopted from Chen et al.58) 

 
Material 

Demonstrated Resistance to 

Protein Adsorption 

Demonstrated Resistance to 

Cell Adhesion 

P
E

G
-b

a
se

d
 m

a
te

ri
a
ls

 

PS-g-PEGMA, 

PMMA-g-PEGMA77 
BSA - 

PEG-poly(phosphonate) 

terpolymer78 
Serum Protein (4 ± 1 ng/cm2) - 

PLL-g-PEG79, 80 Serum Protein (<5 ng/cm2) 
Fibroblast, Osteoblasts, 

Epithelial cell 

PEGMA81, 82 Fibrinogen - 

PPEGxLys83 BSA, Fibrinogen - 

POEGMA84-87 
Fibrinogen, Serum Protein, 

platelet 

Bacteria (S. epidermidis& P. 

aeruginosa) reduce 87% 

PEO-PU-PEO65, 88-90 
Fibrinogen, C3, Akbumin, 

Apolipoprotein AI 
- 

PEO-PPO-PEO91 Fibrinogen - 

PEO92 Analytical - 

PEG9-11, 93, 94 BSA, Alginic acid 

Microbial, Fibroblasts, Bacteria 

(Staphylococcus aureus, 

Klebsiella pneumonia, 

Pseudomonasp.) 

mPEG-DOPA64, 95 Serum Protein Fibroblasts 

mPEG-MAPD95 - Fibroblasts 

OEG-SAM87, 96, 97 
Fibrinogen, Serum Protein, 

platelet, lysozyme, BSA 
- 
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Table 2: Summary of anti-biofouling hydrophilic polymer (continued) 

  

P
E

G
 A

lt
er

n
a
ti

v
es

 

PMOXA98, 99 Serum Protein (<2 ng/cm2) Bacteria (E. coli) 

Glycerol Dendron100 
Fibrinogen, Lysozyme, 

Albumin, Pepsin 
- 

HPG Dendron101 BSA, Immunoglobulin - 

Tetraglyme102-105 
Fibrinogen (<10 ng/cm2), 

Platelet, Serum Protein 
Leukocyte, Monocyte 

Dextran76 
Serum Protein, albumin, 

lysozyme, collagen 
- 

Polysaccharide106 
lysozyme, HSA, IgG, bovine 

colostrum lactoferrin 
- 

Poly(HEMA)107, 108 - 
Fibroblast, Bacteria 

(Salmonella typhimurium) 

PVA109 Myoglobin - 

Polyamines 

functionalized with 

acetyl chloride110 

Fibrinogen, Lysozyme 

Bacteria (Staphylococcus 

epidermidis, Staphylococcus 

Aureus) 

Mannitol-SAM111  
Fibrinogen, Lysozyme, Pepsin, 

Insulin, Trypsin 
Fibroblast 

Peptide-based SAM112 Streptavidin, BSA, Fibronectin - 
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2.4 Surface Patterning 

In addition to surface coating, another approach to creating anti-fouling surfaces is to reduce the 

diffusive transport region in the protein adsorption process (Figure 2). This is an indirect approach to 

reducing protein adsorption; by reducing the length of the diffusive transport region, the amounts of 

protein actually arriving at the surface can be minimized. The extent of the diffusive transport region is 

inversely proportional to the slip length; a large slip length is an indication of a small diffusive transport 

region. Koc et al. have demonstrated that protein adsorption can be greatly reduced by patterning the 

surfaces with nanostructures113. Through sol-gel chemistry, different grain sizes of silica can be deposited 

onto standard microscope glasses in order to create surfaces with different roughness. The surfaces are 

then terminated by either hydrocarbon or fluorocarbon. As discussed previously in Chapter 2.3, the 

hydrocarbon-terminated surfaces tend to form a stronger hydration layer and hence demonstrated less 

protein adsorption when compared to the fluorocarbon-terminated surfaces113. However, this is not the 

case for surfaces that are modified with nanostructures. By patterning the surfaces with hydrophobic 

nanostructures that are small enough (10 nm) to stabilize the dewetted state, the amount of adsorbed 

protein is reduced by half (Figure 6)113. Moreover, Koc et al. had further demonstrated that if the surfaces 

are subjected to a very low shear flow (equivalent to 3 µL/min), almost no protein adsorption is observed 

on the dewetted surface (Figure 6: 10 nm). This antifouling property can be explained by analyzing the 

diffusive transport region of the protein adsorption process (Figure 2). By patterning a surface with 

hydrophobic nanostructures, the surface is stabilized in a dewetted state and hence has a smaller diffusive 

transport region (Figure 2)44. It is suggested that more proteins are carried away from the surface by the 

flow as opposed to arriving at the surface due to diffusion. By creating a smaller diffusive transport region 

(or a larger slip length) through nano-patterning, Koc et al. have successfully created an antifouling 

surface. 



 

21 

 

Figure 6: Effect of Surface Roughness on BSA Adsorption  
BSA adsorption onto fluorocarbon-terminated surfaces with different scale of roughness113. (Reprinted with 

permission from Koc et al., Copyright 2008 Royal Society of Chemistry) 

By using an organized surface pattern as opposed to a randomized roughness, the diffusive transport 

region can be further minimized. Lee et al. have reported that a very large slip length can be achieved by 

patterning the device surface with arrays of organized hydrophobic nanostructures through 

photolithography and deep reactive ion etching44. The principle behind designing a surface with a large 

slip length is focused on stabilizing a large gas fraction (or an air bubble) between hydrophobic 

structures114. Stabilizing the surface in a dewetted state with a large gas fraction will minimize the 

interface between the solid and the liquid and hence realizing a large slip length114. Lee et al. have 

demonstrated two methods of increasing the gas fraction: 1) by reducing the size of the nanostructure, 

and 2) by increasing the pitch between each nanostructure. Two nanostructures, post and grate, were 

investigated under different pitch length and size percentage (Figure 7). Investigations demonstrated that 

rapid increase of slip length is observed after 95% removal of substrate44. Lee et al. had demonstrated a 

slip length as large as 185 µm can be achieved by using a grate design with a pitch size of 210 µm (Figure 

7 bottom). Note that the increase of slip length with respect to pitch is higher for post designs as illustrated 

by the bottom panel of Figure 7; however, it is a lot more difficult to stabilize the post-patterned surface 

in a dewetted state. Therefore, the maximum slip length for the post design is ~100 µm at a pitch of 60 

µm (Lee et al., 2008). By combining the design proposed by Koc et al. with that by Lee et al., it is possible 

to achieve ultralow-biofouling surfaces through surface patterning with organized arrays of hydrophobic 
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nanostructures. Current issues regarding this approach revolve around the fragility of the nanostructures 

during device handling as well as the possibility of surface contaminations that will further destabilize 

the de-wetted state of the surface.   

 

 

Figure 7: Effect of different Surface Patterns on Slip Length 
The effect of different surface patterns (top) on the slip length under different pitch size (bottom). Note that a large 

slip length translates to a small diffusive transport region44. (Reprinted with permission from The American Physical 

Society. Copyright 2008 by The American Physical Society) 
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2.5 Zwitterionic Surface Coating 

Zwitterionic coatings are a recently emerging surface modification material that have demonstrated 

promising results as a candidate for creating ultralow-biofouling surfaces115-118. Zwitterionic polymers 

are composed of an equal ratio of both positive and negative charge groups in close proximity and thus, 

maintaining electrically neutral. The positive and negative charge groups can be expressed on the same 

monomer, known as polybetaines, or on separate monomer units in a mixed charge complex, known as 

polyampholytes. When designing a zwitterionic polymer coating, obtaining a uniform charge distribution 

of the opposite charges is critical to maintaining electrical neutrality.  

Similar to hydrophilic polymers, zwitterionic polymers form a hydration layer. However, in this case, 

the formation of hydration layer is facilitated through ionic solvation which is reported to be stronger 

than that formed by a hydrophilic coating19. As expected, recent designs of anti-biofouling surfaces 

utilizing various zwitterionic materials have demonstrated promising results (Table 3); a report of an 

ultra-low protein adsorption (<0.3ng/cm2) has been achieved by using polyampholytes consisting of 

alternating amino acids Glu/Lys or Asp/Lys118. In addition, zwitterionic polymers are also versatile and 

the application does not limit only to surface coating. Yang et al. demonstrated a glucose sensor can be 

stabilized in-vitro for 12 days by encapsulating the device with a hydrogel conjugated with zwitterionic 

carboxybetaine methacrylate (CBMA)116.  

The performance of various zwitterionic polymers is summarized in Table 3. Although numerous 

reports have demonstrated promising results utilizing zwitterionic polymers (such as CBMA and pMPC), 

the chain-length of these polymers greatly hinders their attractiveness in micro or nano-systems. By 

coating these systems with long polymers chains, the systems lose their useful activities such as large 

surface-to-volume ratio. This promotes the search for novel surface coating materials that are small and 

naturally exist inside the body, such as amino acids.  
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Cysteine is a promising candidate for zwitterionic surface coating due to its small size, zwitterionic 

nature, and accessible thiol group which allows for established surface chemistry with major platforms 

for bioelectronics such as gold and silicon. Rosen et al. have reported that only ~9 nm increase in 

nanoparticle diameter is observed by coating commercial silicon nanoparticles with cysteine, whereas the 

stability of the coated particles is significantly increased in human serum and BSA117. Ma et al. reported 

that by reacting cysteine with gold nanoparticle precursors under various pH, the average particle size 

and particle size distribution can be tailored; an increase in pH result in smaller particle size119. This is 

hypothesized to be caused by: 1) the reducing capability of cysteine increases with pH, and 2) the 

deprotonation of the amino group at pH >pKa of 10.07.  

Fabrication and characterization of a monolithic layer of cysteine on gold were reported by Gonella120. 

Figure 8 illustrates high-resolution x-ray photoelectron spectroscopy (HR-XPS) references indicating the 

presence of sulfur and surface interaction (sulfur 2p), the presence of unaltered cysteine (carbon 1s), and 

the ratio of zwitterionic state (nitrogen 1s). 

 

Figure 8: HR-XPS result of Sulfur 2p, Carbon 1s, and Nitrogen 1s 
These series of spectra indicate the presence of sulfur and surface interaction (left), the presence of cysteine 

(middle), and the ratio of zwitterionic state with N1 and N2 representing NH2 and NH3
+ respectively (right).  For all 

curves, a) – e) represent the surface coverage ranging from 0.14, 0.33, 0.62, 0.8, and 1 monolayer120. (Reprinted 

with permission from Gonella et al., 2005. Copyright 2005 American Chemical Society.) 
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Table 3: Summary of anti-biofouling Zwitterionic polymer 

Material 
Demonstrated Resistance to 

Protein Adsorption 

Demonstrated 

Resistance to Cell 

Adsorption 

P
o
ly

b
et

a
in

e 

Poly(CBAA)66, 87, 102, 121-

123 

Fibrinogen, Serum Protein, 

Platelet, DNA 

Bacteria (S. 

epidermidis& P. 

aeruginosa)  

Poly(SBMA)86, 87, 124, 125 
Fibrinogen, Serum Protein, 

Platelet, Lysozyme 

Bacteria (Pseudomonas 

aeruginosa) 

Poly(CBMA)126, 127 Fibrinogen, Lysozyme, hCG 
Bacteria (Escherichia 

coli) 

Poly(MPC)108, 128, 129 Serum Protein, Platelet Fibroblast 

PC-SAM87, 97 
Fibrinogen, Serum Protein, 

Platelet,  

Bacteria (S. epidermidis& 

P. aeruginosa) 

OPC-SAM56, 87, 97 
Fibrinogen, Serum Protein, 

Platelet, BSA, Lysozyme 

Bacteria (S. epidermidis& 

P. aeruginosa) 

P
o
ly

a
m

p
h

o
ly

te
 

SA/TMA-SAM87, 97, 130 
Fibrinogen, Serum Protein, 

Platelet, BSA 

Bacteria (S. epidermidis& 

P. aeruginosa) 

CA/TMA-SAM87, 97, 130 
Fibrinogen, Serum Protein, 

Platelet, BSA 

Bacteria (S. epidermidis& 

P. aeruginosa) 

PM/TMA-SAM87, 97, 130 
Fibrinogen, Serum Protein, 

Platelet, BSA 

Bacteria (S. epidermidis& 

P. aeruginosa) 

Peptide surfaces 

derived from natural 

amino acids 118 

Fibrinogen, Albumin, Lysozyme - 

Poly(TM-SA)69 Fibrinogen, BSA, Lysozyme - 

Poly(METMA-MES)131  Fibrinogen, BSA, Lysozyme - 

PDDA/PSS132 
tTGase, β-galactosidase, 

Lysozyme 
- 
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2.6 Conclusion 

Recent advances in nanofabrication and surface chemistry have promoted numerous novel approaches 

to designing more compact, selective and efficient bioelectronics. However, for any biomedical 

applications, the interactions at the interface between the device and the biological environment require 

significant attention as it often governs the functionality of the device over time. Foreign body response, 

and among other degradation mechanisms, are initiated through non-specific protein adsorption; 

therefore, in order to improve the in-vivo lifetime of the implanted bioelectronics, biofouling must be 

minimized. Currently, there are two major approaches to minimize nonspecific protein adsorption. The 

first approach minimizes the close proximity interactions between proteins and the device surface by 

immobilizing electrically-neutral hydrophilic or zwitterionic polymers as a surface coating. Ultralow-

biofouling surfaces (<0.3 ng/cm2) have been demonstrated through zwitterionic coatings of alternating 

Glu/Lys or Asp/Lys. Cysteine is a promising coating material for nanoscale systems because of its small 

size, zwitterionic surface, and improved biocompatibility of nanoparticles. We believe that future surface 

coating materials may focus on zwitterionic biomolecules, such as amino acids, as a PEG-alternative. 

The second approach to creating anti-biofouling surfaces is to reduce the diffusive transport layer by 

patterning the device surface with hydrophobic nanostructures; this method indirectly reduces protein 

adsorption by reducing the amounts of protein arriving at the surface. The current challenges with the 

surface patterning approach consist of designing and fabricating more durable surface patterns in order 

to withstand normal handling of the device during implantation. By applying various surface modification 

techniques discussed in this review, significant improvements were demonstrated on several devices' 

long-term in-vivo functionality, which has always been a major challenge for implantable bioelectronics. 
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Chapter 3 

Development of an Antifouling Surface Using Cysteine 

3.1 Summary 

Applications of implantable bioelectronics for analytical and curative purposes are currently limited 

by their poor long-term biofunctionality in physiological media and nonspecific interactions with 

biomolecules. In an attempt to prolong in-vivo functionality, recent advances in surface modifications 

have demonstrated that zwitterionic coatings can rival the performance of conventional poly(ethylene 

glycol) polymers in reducing nonspecific protein fouling. This chapter reports the fabrication of a very 

thin layer of nonfouling zwitterionic cysteine surface capable of protecting implantable bioelectronics 

from nonspecific adsorption of plasma proteins. In this proof-of-concept, a cysteine surface exhibiting 

zwitterionic state as high as 88% was fabricated through solution chemistry, and demonstrated a reduced 

fouling from bovine serum albumin (BSA) and human serum. The fabricated surface utilized a minimal 

amount of gold substrate, approximately 10 nm, and an extremely thin antifouling layer at 1.14 nm 

verified by ellipsometry. X-ray photoelectron spectroscopy assessment of the nitrogen (N1s) and carbon 

(C1s) spectra conclude that 87.8% of the fabricated cysteine surface is zwitterionic, 2.5% is positively 

charged, and 9.6% is noncharged. The anti-biofouling performance of a cysteine surface is quantitatively 

determined by bicinchoninic acid (BCA) protein assay as well as qualitatively confirmed using scanning 

electron spectroscopy. Cysteine surfaces demonstrated a BSA fouling of 3.9 ± 4.84% µg/cm2, which is 

93.6% and 98.5% lower than stainless steel and gold surfaces respectively. Surface plasma resonance 

imaging analysis returned similar results and suggest that a thinner cysteine coating will enhance 

performance. Scanning electron microscopy confirmed the results of BCA assay and suggested that 

cysteine surface demonstrated a 69% reduction to serum fouling. The results reported in this report 

demonstrate that it is possible to achieve a highly zwitterionic surface through solution chemistry on a 
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macroscopic level that is capable of improving the biocompatibility of long-term implantable 

bioelectronics. 

3.2 Introduction 

Recent advances in microfabrication techniques have opened numerous new avenues for implantable 

bioelectronics such as implantable biosensor116, neuron stimulators133, and electrode-based pain-control 

treatments6. For nearly all biomedical applications, the interface between the implanted device and the 

biological environment is of great significance and often dictates the performance of the device in-vivo. 

As reviewed in Chapter 2, biofouling in the form of nonspecific protein adsorption is one of the major 

contributions to device failure for implantable bioelectronics, especially for surface-based diagnostic 

devices5, 31, 32.  For neuro-stimulating electrodes, biofouling is even more detrimental as the effective 

electric signal decays proportionally with the thickness of the adhered biomass as governed by Coulomb's 

law. 

Zwitterionic molecules have demonstrated promising characteristics as antifouling coating materials49, 

134, and are capable of achieving ultra-low protein adsorption in the range of <0.3 ng/cm2 (7, 69, 118, 131, 135). 

Zwitterionic molecules consist of an equal ratio of positive and negative charges in close proximity and 

thus preserve overall electrical neutrality, which is essential for nonfouling surfaces49. As discussed in 

Chapter 2, zwitterionic polymers have recently surpassed most hydrophilic polymers, including PEG, in 

resisting protein fouling. To highlight some examples, Yang et al. have demonstrated that carboxybetaine 

methacrylate (CBMA) has promising stability in-vitro as a hydrogel encapsulation for an implantable 

glucose sensor over 15 days116. Chen et al. have reported of achieving ultra-low protein adsorption (<0.3 

ng/cm2) by using polyampholytes consisting of alternating Glu/Lys or Asp/Lys118. Zwitterionic coatings 

have also been integrated into other platforms including hydrogels136, gold137 and silica138 nanoparticles, 
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liposome139, and gene delivery140. Cysteine is a promising alternative candidate for surface coating due 

to its small size, zwitterionic nature, and established thiol chemistry. 

The use of cysteine as a coating material for bioelectronics is particularly desirable because the 

sulfhydryl group allows for easy and established thiol chemistry to create a self-assembled monolayer. 

As aforementioned, the curative electric signal of electrotherapeutic devices decays proportionally with 

respect to the working distance; therefore, a thinner monolayer coating will always provide better 

performance in a curative perspective. Recent studies have shown that cysteine as a coating material is 

capable of stabilizing both silicon and gold nanoparticles in protein solutions with minimal protein 

adsorption117, 141. Furthermore, cysteine functionalization onto gold nano-clusters (Au20) demonstrated 

the enhancement in infrared activities142. These investigations focus mainly on nano-scale systems and 

the improved stability of cysteine-functionalized nanoparticles in a protein solution. On a macroscopic 

level, cysteine as a zwitterionic coating has also demonstrated similar promising results as shown by Li’s 

work on grafting cysteine onto PET sheet to produce a 55% reduction in protein fouling143. However, 

these works have made no report towards the percentage of the coating that is actually in the zwitterionic 

state.  

Results presented in this chapter demonstrate that a thin layer (~1.14 nm) of cysteine is capable of 

improving biocompatibility by minimizing nonspecific protein adsorption. We first compared the extent 

of protein fouling on cysteine-coated surfaces with gold and stainless steel surfaces using bovine serum 

albumin as a model protein, followed by a complete study using pool human plasma. X-ray photoelectron 

spectroscopy (XPS) was used to characterize the integrity of the cysteine coating as well as the percentage 

of the coating in the zwitterionic state. Bicinchoninic acid protein assay (BCA) confirmed that a cysteine 

surface demonstrated 98.5% reduction in BSA fouling and 69% reduction in blood plasma fouling when 

compared to a gold surface.  
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3.3 Material & Methods 

3.3.1 Materials 

L-cysteine ((HSCH2CH(NH2)(CO2H), 97% purity) and bovine serum albumin (BSA) were used as 

received from Sigma-Aldrich. Stainless steel (grade 4) was obtained from the supplier and machined 

locally. Bicinchoninic acid (BCA) protein assay kit was used as received from Thermal Scientific. 

Phosphate buffered saline (PBS) was purchased from Sigma-Aldrich and Invitrogen and used as received. 

Pooled human serum was used as received from Innovative Research. Whole sheep blood in Alsever's 

solution was used a received from Cedarlane. 

3.3.2 Surface Fabrication 

Commercially available stainless-steel sheets were machine cut into circular disks of 2 cm in diameter 

and served as the substrate for all samples. Three different surfaces were fabricated for this study: 

stainless steel, gold, and cysteine. The gold sample was fabricated by sputter coating (Electron 

Microscopy Science, model MS150R-E) the stainless-steel disks through plasma evaporation of gold 

(99.99% purity, Electron Microscopy Science) under a vacuum of 0.05 mbar. The stainless-steel disks 

were exposed for 239 seconds, creating a coating thickness of approximately 10 nm confirmed by 

ellipsometry. The cysteine surface was fabricated by first preparing a gold substrate using the same 

procedure as the gold sample. Upon completion, the gold substrate was then immediately submerged into 

10 mL of 1 mM cysteine solution for 12 hours. The cysteine solution was prepared by dissolving 

L-cysteine in phosphate buffered saline (PBS) of pH 7.4. The cysteine coated samples were rinsed with 

70% ethanol, followed by a rinse with PBS solution before drying with nitrogen gas. Post-reaction rinse 

with ethanol was employed to remove any non-anchored cysteine and the rinse with PBS solution is to 

ensure that the final surface mimics that of the human physiological environment. The stainless-steel 

layer in the cysteine sample only exists to provide structural support as the primary substrate in this thiol 
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chemistry is the layer of gold. A schematic representation of the cysteine sample is illustrated by Figure 

9. 

 

Figure 9: Schematic representation of of the cysteine-coated sample. 
A layer of gold is sputter-coated onto a stainless-steel disk through plasma evaporation and, afterwards, cysteine is 

adsorbed onto the gold surface through thiol chemistry in solution. The stainless-steel disk only exists to provide 

structural support. 

3.3.3 Ellipsometry Measurement  

WVASE32 spectroscopic ellipsometer model M44 by J. A. Woollam Co., Inc. was used to determine 

the thickness of the fabricated cysteine layer. The refractive index, n, and extinction coefficient, k, was 

characterized using WVASE software for the stainless-steel substrate, sputter-coated gold layer, and 

chemisorbed cysteine coating. The optical properties of each layer had been verified individually before 

depositing the subsequent layer. The cysteine coating was modeled using two different methods. In the 

first model, the cysteine coating was defined as an individual layer using a Cauchy model whereas the 

second modeled the gold and cysteine as a combined layer. Both methods returned similar results. 

3.3.4 XPS Characterization 

Cysteine samples were characterized by X-ray photoelectron spectroscopy (XPS) analysis using an 

ESCALAB 250Xi (Thermo Scientific) in order to confirm cysteine integrity, binding orientation, and 

thickness. The X-ray gun was set to image a 500 µm2 area at 15kV and 150W power at 80% dispersing 
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power. The exposure time was kept under 2 hours (104 min) in order to prevent sample damaging. The 

elements surveyed were gold (Au4f), carbon (C1s), sulfur (S2p), nitrogen (N1s), and oxygen (O1s). The 

results were analyzed using the software CasaXPS. 

3.3.5 SEM Characterization  

The scanning electron microscopy (SEM) analysis was completed by using field emission (FE-SEM, 

Zeiss Leo 1550). The electron gun energy was kept at 10.00kV and the vacuum was kept approximately 

at 6x10-6 mbar. The samples were subjected to SEM analysis without any additional sample preparation.  

3.3.6 BSA, Serum, and Plasma Exposure 

0.1 mM (6.6461 g/L) of BSA solution was prepared in PBS and used as is. For BSA exposure, all 

samples were individually exposed to 20mL of BSA for 1 hour. Pooled human serum was used without 

dilution. For serum exposure, all samples were individually exposed to 10 mL of pooled human serum 

for 15 min. Sheep plasma was obtained by centrifuging whole sheep blood in Alsever's solution at 1200g 

for 15 min following the standard operating procedure134. For plasma exposure, all samples were 

individually exposed to 10 mL of undiluted sheep plasma for 15 min.  

3.3.7 Protein Quantification 

Bicinchoninic acid (BCA) reagent was prepared in a 50:1 ratio of Reagent A to B, termed working 

reagent (WR), as instructed by the kit. The resulting working reagent was diluted in PBS in a 8:1 ratio of 

PBS to WR, termed diluted reagent (DR). Since the procedure provided with the assay kit is intended for 

detecting protein concentration in solution and the protein in this study was adsorbed onto the surfaces, 

an adaptation of the procedure was used in order to perform solid-state detection. As a result, use of the 

diluted reagent (DR) was required in order for the sample readings to be comparable to the protein 

standard. All three surfaces (gold, stainless steel, and cysteine) were exposed to BSA for 1 hour followed 
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by 2 rinses with PBS. Afterward, 300 µL of diluted reagent was pipetted directly onto each sample, 

covering the entire surface. The samples were then incubated for 30 min in a plastic Petri dish and, 

afterward, 225 µL of the diluted reagent on the surface was transferred to a 96 well microplate. The 

absorbance reading was taken immediately at 562 nm by Epoch Microplate Spectrophotometer (BioTek). 

The measured absorbance was translated to BSA concentration using a set of BSA standards. The total 

amount of BSA protein on each surface was obtained by multiplying the translated concentration by the 

applied volume (300µL). The area of each sample was assumed to be consistent at 3.14 cm2. Although 

cysteine, even in small quantities, has been reported to significantly influence the result of BCA assay 

due to its nature as a reducing agent, this concern does not apply in this study primarily because the 

majority of the sulfur group, which is responsible for the reducing property of cysteine, was anchored 

onto the gold substrate and hence, unable to influence the assay. However, it is still important to obtain a 

baseline absorbance of cysteine samples that may be the result of a secondary layer of cysteine molecules 

with exposed sulfur motifs. Therefore, before exposure to BSA solution, cysteine samples were first 

submerged in 20 mL of BCA reagents for 24 hours, followed by two rinses with PBS solution in order to 

remove unanchored cysteine. A baseline absorbance reading of cysteine samples was obtained in a similar 

fashion as previously described for other samples. The baseline for cysteine samples was subtracted from 

the post-BSA exposure absorbance in order to accurately quantify the absorbance responsible by BSA 

protein. 

3.3.8 Surface Plasmon Resonance Imaging  

SPRi sensor chips were fabricated by coating 2 cm x 2 cm glass slide substrates with a 50 nm layer of 

zinc oxide (ZnO) followed by a 50 nm layer of gold film on top. These chips were then further coated in 

different concentrations of cysteine for 30 min in order to determine the effect of coating thickness on 

the anti-biofouling performance of cysteine. Two different concentrations of cysteine solution that were 
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used in this study are 10 mM and 1 mM. The surface plasma resonance imaging (SPRi) analysis was 

done by the SPR Imager from GWC using a BK7 prism that was coupled under a fixed angle of 75 ° and 

the change in intensity was monitored over 16 minutes. The flow rate was kept constant at 60 µL/min 

throughout the analysis. The cysteine-coated sensor chips were exposed to a running PBS buffer for 5 

minutes before introducing 10 g/L bovine serum albumin (BSA) to the system for 5 minutes followed by 

a wash with the running buffer. A sensor chip that has not been coated with cysteine, or a pure gold 

surface, represents the control in this SPRi analysis. 

3.4 Results and Discussion  

3.4.1 XPS Analysis 

The zwitterionic nature of the coating was achieved by anchoring cysteine onto the gold layer through 

the sulfur head using established thiol chemistry144, such that both the amino and carboxylate groups are 

available. The presence of unaltered zwitterionic cysteine layer was confirmed by XPS analysis. This 

investigation provides key understanding towards the chemisorption, presence of secondary layers, and 

percent zwitterionic state. Figure 10 illustrates the core level regions of the XPS spectra for the L-cysteine 

coated sample using gold as the primary substrate. The acquired gold (Au4f) spectrum is illustrated in 

Figure 10a and was calibrated by a slight shift of -0.2 eV in order to produce the two characteristic peaks 

of metallic gold doublet at 84.0 eV and 87.6 eV145. The XPS spectra for all other elements were calibrated 

accordingly by the same amount of shift made upon the gold spectrum. On the gold spectrum (Figure 

10a), a secondary doublet, with significantly less intensity but larger full-width half maximum (FWHM), 

can be observed and has the two peaks positioned at 84.12eV and 87.69 eV. The less intense secondary 

doublet can be assigned to metallic gold closer to the surface as reported by Dodero et al.144. Therefore, 

the intensity ratio of the secondary doublet with respect to the primary doublet, or 

I(secondary)/I(primary), provides insight on the amount of gold available on the surface for thiol 
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chemistry. Figure 10a shows that the secondary doublet contributes 29.88% of the signal whereas the 

primary contributes 70.12%. The calculated ratio of 0.4261 I(secondary) to I(primary) is significantly 

higher than the ratio reported for Au(111) surface at 0.12144 and would suggest that the amount of exposed 

gold atoms on our fabricated surface is more than 3.55 times of the standard Au(111) surface. The result 

is as expected because the gold surfaces were created through sputter coating; therefore, even though the 

gold deposition has smoothened out the macroscopic cracks that are observed on stainless steel surfaces, 

on a microscopic level, the surface is rougher and contains a larger amount of exposed gold atom than 

that of a completely smooth 111-oriented surface reported in144. As illustrated in Figure 10a, the signal-

to-noise ratio for gold is very high, and thus the experimental lines and the fitted spectra are almost 

identical and are superimposed. Such a well-defined spectrum is not always observed especially for less 

prominent elements such as sulfur and a low signal-to-noise ratio observed in sulfur reflects a less well-

fitted spectrum.  

Figure 10b illustrates the Carbon (C1s) spectrum demonstrating the presence of unaltered cysteine on 

the sample. The deconvolution of this spectrum can be achieved by fitting four peaks centered at 284.9 

(C1), 286.1 (C2), 288.4 (C3), and 289.4 (C4). The four peaks represent three chemical states of carbon. 

The C1 peak demonstrates characteristics of carbon involved in C-C bonding with a shift due to further 

bonding with sulfur and can be assigned to Cβ or HS"C"H2CH(NH2)COOH146-149. The C2 peak 

demonstrates characteristics of C-N bonding and can be assigned to Cα or HSCH2"C"H(NH2)COOH146-

149. The C3 and C4 peaks are in the energy region that is typical of the carboxyl group146-149. The 

decomposition of the broad structure into C3 and C4 peaks was done in accordance to that suggested by 

Gonella et al., and can be assigned to COO- and COOH respectively120. C3 and C4 peaks are often 

summarized by a single peak144; however, in order to determine the percent zwitterionic state, it is 

essential to decompose the broad structure into two peaks. The presence and shape of the C1s spectrum 
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agree with the previous reporting of unaltered cysteine120, 146-149 and concludes the success of cysteine 

chemisorption onto the fabricated sample. 

Figure 10c illustrates the Sulfur (S2p) spectrum demonstrating cysteine anchoring to the gold surface 

through the sulfur group and the success of the thiol chemistry. Contrary to the Au4f spectrum where a 

high signal-to-noise ratio caused the experimental and the fitted spectra to be almost identical, the sulfur 

spectrum is very noisy and the fitted line describes the overall shape of the experimental line. A similar 

level of noise on the sulfur spectra is observed for other samples made in solution chemistry where 

cysteine is chemisorbed onto a gold surface144. Under ultrahigh vacuum deposition of cysteine onto a 

gold surface, Gonella et al. have reported a less noisy sulfur spectrum that is almost identical to the fitted 

spectrum in this report120. The experimental spectrum can be decomposed into a characteristic doublet 

(S1 & S2 combined) peak at 162.0 eV, which agrees with the values of 161.9±0.1eV reported for ultrahigh 

vacuum deposition of cysteine onto gold120, solution chemistry of SAMs144, 147 and alkanethiols 

chemisorbed on gold surfaces145, 147. The presence of the S3 peak is contributed by a secondary layer of 

cysteine as reported by Gonella et al.120. The sulfur spectrum demonstrated the success of anchoring 

cysteine onto the gold surface through thiol chemistry as well as the presence of secondary layer.  

Figure 10d and Figure 10e illustrate Nitrogen (N1s) spectrum and Oxygen (O1s) spectrum respectively. 

The two spectra describe the presence of the zwitterionic stated of cysteine on the gold substrate. The 

nitrogen spectrum can be decomposed into two peaks centered at 398.4 eV (N1) and 400.2 eV (N2). 

These two peaks resemble the characteristic shape of NH2 and NH3
+ that appears in the region of 399~402 

eV120, 144, 146. Although the values reported in this chapter for NH2 and NH3
+ is slightly shifted by 1eV to 

higher energy, the shape of the N1 and N2 peaks and spacing between the two peaks are almost identical 

to N1s spectrum reported by Gonella et al., where the surface is created by ultrahigh vacuum deposition144. 

We postulate that the shift is primarily caused by the PBS solvent used in the cysteine chemisorption and 
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post reaction rinse. Upon an XPS survey (not shown), the presence of sodium in trace amount 

(approximately 0.83 atomic %) is identified and concludes that exposure to PBS solution will leave a 

residue on the sample surface. The use of PBS was done intentionally as the electrolyte concentration of 

PBS resembles that of the human environment. By using a PBS solvent, a better representation of the 

zwitterionic nature of cysteine coating when operating in a physiological environment can be achieved. 

Identical cysteine deposition reactions were completed using DI water as opposed to PBS for both the 

chemisorption solvent and post-reaction rinse. The XPS spectra of these samples created with DI water 

(not shown) do not indicate the presence of sodium and have peak spacing and position, at 399.9eV for 

N1 and 401.6eV for N2, similar to that of published results120, 144, 146. Furthermore, the N1s spectra of the 

samples created with DI water have almost identical shape and spacing when compared to the spectrum 

of samples created with PBS. Therefore, the shift in the N1s spectrum of the samples created with PBS 

can be associated with the introduction of PBS into the system. Other potential contributions that could 

cause a shift in the N1s spectrum are the presence of a secondary layer of cysteine and the presence of 

cysteine dimer. Note that more noise is observed in the N1s spectrum when compared to that of carbon 

and gold. An analysis of the area under the curves for Figure 10c demonstrated that 90.38% of the cysteine 

is in the charged state (N2) whereas only 9.62% of cysteine in non-charged (N1). The oxygen spectrum, 

Figure 10e, exhibit a broad structure that can be assigned to oxygen atoms in COOH and COO- groups 

and can be decomposed into 3 peaks similar to other reports144, 148, 149. Since the sample was regularly 

exposed to oxygen during the fabrication process as well as the analysis process, the oxygen spectrum 

does not provide a good representation of the percent charged state of the cysteine as the nitrogen 

spectrum. For a complete table summarizing the peak position, full-width half maximum (FWHM), and 

percent area of all the chemical states for the cysteine coating refer to Supplementary Table S1.  

The zwitterionic nature of fabricated cysteine coating was obtained by analyzing the intensity (I) of the 

N1s and C1s spectra. The N1s spectrum provides information regarding NH3
+ to NH2 ratio whereas the C1s 
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spectra provide information regarding COO- to COOH ratio. Ideally, the fraction of charged carboxyl 

group can also be obtained by analyzing the O1s spectrum; however, since the sample was continuously 

exposed to oxygen, the contribution to the oxygen spectrum is not solely based on the carboxyl group. 

Therefore, the charged fraction of the carboxyl group is quantified by analyzing the carbon group 

involved in the carboxyl moiety. The charge fraction of NH3
+, PNH3+ = IN2/IN1+N2, is calculated to be at 

90.38%; whereas the charge fraction of COO-, PCOO-= IC3/IC3+C4, is 87.84%. In summary, 87.84% of the 

fabricated cysteine coating is zwitterionic, 2.54% is positively charged, and 9.62% is non-charged. 
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Figure 10: XPS spectra of the cysteine-coated sample. 
A) Gold (Au4f) spectrum illustrating characteristic doublets of metallic gold. B) Carbon (C1s) spectrum illustrating 

unaltered cysteine. The ratio of COO- charge group is 87.84%. C) Sulfur (S2p) spectrum illustrating the secondary 

layer (S3 peak) and success of thiol chemistry (S1 & S2 doublet). D) Nitrogen (N1s) spectrum. The ratio of the 

NH3
+charge group is 90.38%. e) Oxygen (O1s) spectrum. Analyzing carbon and nitrogen spectrum concludes that 

87.84% of cysteine coating is zwitterionic, 2.54% is positively charged, and 9.62% is non-charged. 
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3.4.2 Thickness and Optical Characterization 

 For bioelectric therapy, the curative electrical impulse decays proportionally with respect to the 

working distance as governed by Coulomb's law. Therefore, in order for the proposed cysteine surface to 

perform as an efficient anti-biofouling coating, the thickness of the coating layer must be minimized for 

the success of the device. Ellipsometry was employed to determine the thickness as well as optical 

properties of the fabricated cysteine surface. 

The thickness and optical properties of each layer were measured individually prior to the deposition 

of subsequent layers and are summarized in Table 4. For the stainless-steel substrate, the refractive index 

(n) and extinction coefficient (k) at λ = 632 nm are 2.757 and 3.792 respectively. These results match 

those of published sources150. The thickness of the stainless-steel substrate is 1/16 of an inch (0.159 cm) 

as given by the manufacturer and is beyond the upper limit of detection for the ellipsometer.  

For the subsequent gold layer, the measured n, k, and thickness are 0.376, 3.596, and 10.40 nm 

respectively. The optical properties of the gold layer were different from that of published results150, 151; 

however, this observation is expected primarily because of the differences in layer roughness and 

thickness. The sputter-coating process produced a microscopically rough gold surface on top of an already 

rough stainless steel substrate as revealed by scanning electron microscopy (Chapter 3.4.4, Figure 

12a & b). Therefore, the fabricated surface is a lot rougher than the smooth surfaces reported in published 

findings. Furthermore, the deposited gold layer is very thin (10 nm as opposed to the 200 nm reported151) 

and allows for possible optical interactions with the underlining stainless steel substrate. Both of the 

above properties are potential contributors to the difference in optical property of the fabricated gold 

layer. Herein, we demonstrated that only a very thin layer of gold (20 times less) is required to fabricate 

the anti-biofouling coating. 



 

41 

The expected thickness of the cysteine layer is approximately 10 Ǻ, which approaches the detection 

limit of the ellipsometer. Therefore, instead of defining the cysteine surface as an individual layer in the 

software’s model, the surface was defined as part of a combined layer of both gold and cysteine as 

inspired by Tengvall et al.151. The resulting n, k, and thickness of the combined layer are 0.286, 3.463 

and 11.54 nm. The change of n and k with respect to incident wavelength is presented in Figure 11. The 

thickness of the cysteine layer by itself can be calculated by subtracting the previously determined 

thickness of the gold layer from the thickness of the combined layer, which yields a thickness of 1.14 nm.  

Table 4: Thickness and Optical Characterization  
n k Thickness 

Stainless Steel 2.757 3.792 1/16 inch* 

Gold 0.376 ±0.005 3.596 ±0.057 10.404 ±0.080nm  

Gold +  

Cysteine 
0.286 ±0.024 3.463 ±0.017 11.541 ±0.150nm 

*thickness beyond upper limit of ellipsometry and is given by manufacturer 

 

Figure 11: Ellipsometry Reading 
Graph of refractive index (n) and extinction coefficient (k) with respect to incident wavelength produced by 

ellipsometry modeling cysteine and gold as a combined layer. 

3.4.3 Protein Fouling 

Following surgical insertion of implantable bioelectronics, exposure of device surfaces to nonspecific 

adsorption of plasma and tissue fluid protein is unavoidable and triggers a cascade of inflammatory and 
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wound healing responses that are typical of a foreign body response. By minimizing the amount of 

nonspecific protein adsorption, the degree of undesirable host response can be controlled, thus prolonging 

the in-vivo functionality of the device. Bovine serum albumin (BSA) was selected as the model protein 

for the assessment of nonspecific fouling primarily because there have been many published results of 

different nonfouling coatings using BSA as a model protein (PEG8, PMMA77, Poly(TM-SA)69); therefore, 

BSA serves as a typical benchmark that allows for easy comparison. In addition, BSA closely resembles 

human serum albumin (HSA), which is the most abundant plasma protein in the human blood. 

Furthermore, the properties and behaviors of BSA, such as a negative charge under physiological pH, is 

well understood and characterized152-154, which provides the benefit of confirmation characterization in 

future studies. 

The amount of BSA that is adsorbed onto gold, stainless-steel, and cysteine-coated surfaces is 

quantified by Bicinchoninic acid (BCA) protein assay. The assay is able to quantify protein by detecting 

the amount of Cu2+ that had been reduced to Cu+. Under normal circumstances, the assay is not compatible 

with cysteine because the molecule is a reducing agent. However, in this study, cysteine was used as a 

coating material and was anchored onto a gold surface through thiol chemistry; therefore, the majority of 

the sulfur motif, which is responsible for the oxidation property of cysteine, was anchored onto the gold 

substrate and no longer available. To account for the remaining exposed sulfur motif, perhaps due to 

cysteine dimers or secondary layer of cysteine molecules, a baseline absorbance reading for cysteine 

samples was obtained and subtracted from the post-BSA exposure reading.  

The results of the BCA assay on all three surfaces are tabulated in Table 5. The concentration of BSA 

was obtained by fitting the absorbance value to a set of protein standards. The baseline absorbance for 

cysteine sample is 0.075 ± 4.8% and was subtracted from the post exposure absorbance of 0.099 ± 5%. 

The total amount of BSA on each surface was obtained by multiplying the BSA concentration by the 
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applied volume of BCA, which is 300 µL. The surface area of each sample is the area of a circle 

represented by π(1cm)2 and is assumed consistent between samples. The amount of BSA fouling onto 

cysteine, stainless-steel, and gold surfaces is 3.92 µg/cm2, 61.48 µg/cm2, and 261.79 µg/cm2 respectively. 

The cysteine-coated surface has successfully demonstrated a 93.62% reduction compared to stainless 

steel and 98.50% reduction compared to gold.  

The work presented herein differs from the published ultra-low fouling surfaces in two fundamental 

aspects: coating thickness and experiment conditions. The objective of our study was to design a 

zwitterionic coating while minimizing interferences with the underlying bioelectronic. Following this 

design criteria, cysteine was selected as the ideal candidate because we believe cysteine coating provided 

the least increase in surface thickness. Long-chain polymer brushes, such as those used to achieve fouling 

in ng/cm2 range, are known to improve resistance to protein fouling because of the steric repulsion that 

occurs when the long polymer chains are compressed due to the adsorption of proteins12, 13. However, for 

applications in bioelectric therapy, a thick polymer brush coating would be detrimental to the device 

performance, because the curative electrical impulse decays proportionally with respect to the working 

distance as governed by Coulomb's law. Therefore, our work aimed to create a monolayer of surface 

coating (1.14 nm) as opposed to the polymer brushes (10-15 nm126) found in ultra-low fouling surfaces. 

Since the effective electric field is inversely proportional to the distance, having a thinner surface will 

allow a cysteine-coated device to exhibit a stimulation that is 10 to 15 times stronger than a surface coated 

with polymer brush. In addition, the experimental conditions, mainly the protein concentration and 

exposure time, varies between different groups. Surfaces reported having ultra-low fouling capability are 

generally exposed at 1 g/L of protein for 10-15 min63, 69, 118 whereas, our work was conducted with a 

concentration of 6.6 g/L and an exposure time of 60 min. A higher protein concentration and a longer 

exposure time are expected to result in a greater degree of surface fouling. Comparing to a recently 
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published result using cysteine as a coating, our design outperforms that of the published by 17 times (66 

µg/cm2) 143. These findings are comparable with recently published nonfouling hydrogel155, zwitterionic 

coatings156, 157 and PEG-based polymer brush83. 

Table 5: Quantification of BSA fouling by BCA assay 
 Abs. Con. (µg/mL) Total BSA (µg) Fouling (µg/cm2) 

Gold 1.601 2741.44 822.43 261.79 ± 6.39 (N=3) 

Stainless Steel 0.376 643.84 193.15 61.48 ± 2.31 (N=3) 

Cysteine 0.024 41.10 12.33 3.92 ± 0.19 (N=5) 

A baseline absorbance reading was subtracted for the cysteine sample. 

3.4.4 SEM Analysis 

The purpose of the SEM analysis is to complement the BCA protein assay by qualitatively assessing 

and verifying the performance of cysteine coating in reducing nonspecific protein adsorption. The 

performance of the cysteine coating was compared to stainless steel and gold surfaces. Figure 12a 

illustrates the BSA cluster on stainless steel surface demonstrating the characteristic spherical clusters 

similar to the published SEM158-160 and AFM images161. Figure 12d illustrates the SEM image of stainless 

steel (SS) subsequent to BSA exposure. Although the stainless-steel disks appear well polished on a 

macroscopic level, SEM images returned cracks with rough grain-like structures that are capable of 

trapping BSA clusters (Figure 12a). These cracks were observed in SEM images (not shown) of stainless 

steel sample prior to BSA exposure. The unexposed stainless steel disks were sputter coated with gold to 

create a gold substrate for cysteine deposition (Figure 12b). Figure 12b and 12c illustrates, respectively, 

gold and cysteine-coated surfaces prior to BSA exposure. The recurring cracks observed in stainless steel 

samples disappeared once the sample was sputter coated with gold, as demonstrated by Figure 12b, 

leaving a continuous surface without cracks. As a result, cysteine-coated surfaces are also free from 

cracks since they are fabricated using the gold-coated surface as a substrate. It is important to note that, 

in both Figure 12b and 12c, there are debris or clumps present. We postulate that these debris are most 
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likely artifacts from the gold sputter coating process primarily because, during the coating process, not 

all of the gold are discharged as plasma and a percentage of gold could be deposited in chunks.  

The SEM images of the post-BSA exposure stainless steel surface, the gold surface, and the cysteine-

coated surface are presented as Figure 12d-f respectively. These series of SEM images provide a 

qualitative assessment of the degree of BSA adsorption onto each surface. Comparing these three images, 

BSA adsorption is clearly most prominent on the gold surface (Figure 12e) as large and localized cluster 

of BSA deposits can be found throughout the gold surface and small spheres of BSA are observed in 

between. These large clusters of BSA are not present on stainless steel and cysteine surfaces, where only 

small spherical BSA proteins are observed. The adsorption of BSA onto the stainless-steel surface (Figure 

12d) is distributed more evenly when compared to the gold surface and only sparse amount of BSA is 

sparkled throughout the stainless-steel.  

Figure 12f illustrates the amount of BSA adsorbed onto a zwitterionic surface. There were significantly 

fewer BSA clusters found on the cysteine surface and the contrast of this image was slightly adjusted to 

make the visual analysis less challenging. In order to qualitatively conclude that the cysteine coating 

exhibits a better performance, the post-exposure image of the cysteine surface was taken at almost double 

the imaging area compared to gold and stainless steel and presented as Supplementary Figure S1. Even 

at this increased imaging area, the SEM image for cysteine-coated simple demonstrated significantly less 

amount of BSA adsorption when compared to the images of stainless steel and gold surfaces. These 

qualitative assessments complement the quantitative results of BCA assay. 

Magnified images of the cysteine-coated samples, illustrated as Figure 13, revealed an underlying layer 

of periodic wave-like nanostructures approximately 10 nm in width. This image suggests the presence of 

a secondary layer of cysteine which agrees with the results from XPS analysis (Figure 10e). The 
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underlying wave-like structure is of interest primarily because rough nanostructures have previously been 

shown to improve nonfouling behaviors162-164. 
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Figure 12: BSA Fouling 
A) Stainless-steel surface subsequent to BSA exposure. Note the BSA clusters found in cracks. B) & C) are unexposed gold and 

cysteine surfaces, respectively. Cracks observed in stainless steel surfaces have been covered by gold sputtering. D), E) & F) are 

stainless steel, gold, and cysteine surfaces, respectively, subsequent to BSA exposure. The visual assessment qualitatively 

concludes that BSA fouling is most prominent on the gold surface, then stainless-steel, followed by cysteine surface. The 

magnifications are 10,010X for A, 965X for B, C, D, E, and F. Supplementary Figure S1 presents a zoomed-out SEM image of 

Figure F at 572X magnification. This image displays an area of the cysteine surface that is almost twice as large as that of the 

gold and stainless steel in this figure, but still demonstrated less BSA fouling.  
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Figure 13: SEM images of cysteine samples 
This image demonstrates an underlying layer of wave-like nanostructures and secondary layer that agree with XPS 

results. The magnification for this image is 118,190X. 

3.4.5 Serum and Plasma Exposure 

 Bovine serum albumin (BSA) was used for the protein fouling study primarily because of the necessity 

for easy comparison with other published results, as well as its close resemblance to human serum 

albumin (HSA). In order to obtain a better understanding towards the performance of cysteine-coated 

surfaces inside a host, this study investigates the anti-biofouling properties of zwitterionic cysteine when 

exposed to a complex environment composed of a full range of plasma proteins. Gold and cysteine 

surfaces were exposed to undiluted human serum (HS) and incubated at 37°C for 15 min. A reduced 

fouling of plasma proteins, as well as electrolytes, was observed for the cysteine surface.  

The amount of serum protein fouling was quantified by BCA protein assay using the same method 

described in the previous section. Similar to the study done with BSA, cysteine-coated surface 

demonstrated a significant improvement in regards to the amount of plasma protein adhesion than the 

gold. The absorbance reading for the cysteine surface was measured by BCA protein assay to be at 0.494, 

which is 68.95% less than the reading for the gold surface.  
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SEM images (Figure 14) demonstrated a reduced fouling of electrolytes on the cysteine-coated surface 

compared to the gold surface. On both surfaces, long dendritic electrolyte crystals were observed that are 

similar to reported dendritic salt patterns such as silver nano-dendrites165, sodium chloride crystals166, 

dendritic gold167, and dendritic copper168. The dendritic patterns observed on both surfaces are formed 

when the electrolytes present in human serum undergoes anisotropic crystal growth based on the 

diffusion-limited aggregation (DLA) effect165, 169, 170. 

The observed dendritic crystals are significantly more prominent on the gold surface compared to the 

cysteine-coated surface as illustrated by comparing Figure 14a to Figure 14b. The direction and the shape 

of the deposits are consistent throughout the gold surface. The deposits on the cysteine surface have a 

tendency to branch outwards from a central nucleation point indicated by red arrow in Figure 14a. In 

order to compare the performance of the two surfaces, SEM images of both gold and cysteine-coated 

surfaces are taken under different magnifications while demonstrating a similar degree of fouling. The 

comparison is presented as 14b to 14c and based on the difference in magnification of the two images; a 

qualitative assessment would suggest that the cysteine surface can reduce the amount of electrolyte 

fouling by more than 50%.  

The reduced electrolyte fouling on the cysteine-coated surface is likely a result of the zwitterionic 

nature of the surface. Zwitterionic surfaces are known for the formation of a hydration layer, which is a 

layer of water molecule tightly bounded by ionic solvation164. Given that the size of the water molecules 

is many times smaller than the radii of electrolytes such as potassium and sodium, the hydration layer 

acts not only as an energetic barrier but also as a physical barrier that the electrolytes have to overcome 

in order to adsorb onto the surface87, 164. This phenomenon is best illustrated by observing the pattern of 

crystal growth on both surfaces. For the cysteine surface, the dendritic pattern expands from a central 

nucleation point (Figure 14a & c), whereas for the gold surface the crystal growth appears to be random 
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(Figure 14b), and hence, suggesting the presence of many more nucleation points. The salt pattern around 

an area of the cysteine surface that is speculated to contain more surface defects is presented in 

Supplementary Figure S2. The presence of the hydration layer on the zwitterionic surface renders it more 

difficult for the electrolytes to adhere and create initial nucleation points for crystal growth. As a result, 

less electrolyte fouling was observed on the cysteine surface. 

It is meaningful to investigate the performance of the cysteine coating when exposed to biomolecules 

involved in the clotting cascade. Using the same procedure as the HS exposure, cysteine and gold surfaces 

were individually exposed to sheep plasma, which contains fibrinogen and other clotting factors in 

addition to serum proteins. The absorbance reading for the cysteine surface was measured by BCA protein 

assay and demonstrated a 67.49% reduction in fouling compared to the gold surface. This result concludes 

that the cysteine surface is capable of functioning as an anti-fouling surface even in the presence of 

fibrinogen and other clotting factors. 
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Figure 14: SEM images of dendritic electrolyte pattern subsequent to serum exposure.  
Cysteine surface: 5a, and 5c. Gold surface: 5b. Note that the electrolyte deposit for cysteine surface appears to grow 

outwards from a central nucleation as indicated by the red arrow in 5b. The magnification is 203X for A and B, and 

100X for C. Image B and C are taken under different magnifications, but demonstrated a similar degree of fouling. 

Based on the difference in magnification, the cysteine surface exhibits more than 50% less fouling than the gold 

surface. 
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3.4.6 SPRi Analysis 

The effect of coating thickness on the anti-biofouling performance of cysteine was determined by SPRi 

analysis. In this study, SPRi gold sensor chips were coated in different concentrations of cysteine solution 

in order to produce cysteine coatings of different thicknesses. The unaltered gold surface of the sensor 

chip was used as the control. Figure 15 compares the protein adsorption levels on a pure gold surface 

with those on cysteine surfaces coated in 1 mM and 10 mM solutions. All samples were first exposed to 

a running PBS buffer (region I) before introducing 10g/L BSA to the system (region II) followed by the 

running buffer again (region III). The SPRi result presented in Figure 15 are calibrated by eliminating 

extreme values caused by experimental defects. The signal difference between the buffer baseline (region 

I) and the post-exposure washing (region III) provides a quantitative assessment of the level of 

nonspecific protein adsorption. The spikes observed in region 2 for both of the cysteine-coated samples 

are experimental defects caused by small air bubbles introduced during the analysis. 

The cysteine-coated surfaces demonstrated a significant reduction in BSA fouling, which supports the 

results from the BCA assay. Although the amount of reduction in BSA fouling observed in the SPRi 

analysis may appear to be less than that observed in the BCA assay, it is important to note that the samples 

analyzed by BCA assay was exposed to proteins for 60 minutes, which was almost 11 times longer than 

the exposure time of 5.5 minutes during the SPRi analysis. A continuous increase in the signal during 

BSA exposure (region 2) for the gold surface also suggests that the gold surface is not saturated with 

BSA and further exposure will increase the amount of fouling onto the gold surface. This continuous 

increase is not observed for both of the cysteine-coated samples, indicating that the amount of BSA 

fouling onto cysteine surfaces will not increase significantly when further exposed to the protein solution.  

Although both cysteine-coated surfaces demonstrated a significant reduction in BSA fouling when 

compared to the control, the surface coated in 1 mM of cysteine solution exhibits a better performance 
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than the surface coated with 10 mM cysteine solution. This observation can be explained by attributing a 

reduced percentage of zwitterionic state to a thicker coating. A surface fabricated under a lower 

concentration of cysteine solution will produce a thinner layer of coating, and as the coating thickness 

decreases (approaching a monolayer), the percentage of cysteine in the zwitterionic state will increase120. 

As a result, a thicker coating will contain a lower percentage of cysteine in the zwitterionic state and 

hence, a poorer performance in resisting protein because the zwitterionic property of cysteine is 

responsible for the anti-biofouling behavior. 

 

 

Figure 15: SPRI Results 
Bare gold surface (solid line). Cysteine surface coated in 1mM solution (dotted line), and Cysteine surface coated 

in 10mM (dashed line). Region 1 represents the baseline sensor response for the PBS buffer only. BSA was 

introduced in Region 2, and a wash using PBS was done in region 3. 

3.5 Conclusion 

A zwitterionic cysteine surface was successfully fabricated through solution thiol chemistry on a gold-

coated stainless steel substrate. X-ray photoelectron spectroscopy returned results of unaltered cysteine 

anchored to the gold substrate through the sulfur group. Secondary layers of cysteine are confirmed both 

through XPS and SEM as expected from solution chemistry. From the assessment of the nitrogen (N1s) 
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and carbon (C1s) spectra, it can be concluded that 87.84% of the fabricated cysteine surface is zwitterionic, 

2.54% is positively charged, and 9.62% is non-charged. BCA protein assay demonstrated that cysteine 

surface exhibits a BSA fouling of 3.92 µg/cm2, which is 93.62% and 98.50% lower than stainless steel 

and gold surfaces respectively. SPRi analysis returned similar results and suggest that a thinner cysteine 

coating will enhance performance. Serum fouling on cysteine surface is 68.95% less than that of gold. 

SEM analyses were performed to complement the findings of BCA protein assay and the results from the 

two characterization techniques are in agreement. The results reported in this study demonstrated that 

cysteine is a promising candidate for zwitterionic anti-biofouling coating and has the potential of serving 

as a PEG-alternative for long-term implantable bioelectronics due to its thin coating thickness, 

zwitterionic nature, and stability in-vivo. 
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Chapter 4 

Antifouling Mechanisms of Zwitterions 

4.1 Summary 

After the successful demonstration of the antifouling property of cysteine in chapter 3, this chapter 

focuses on exploring the antifouling mechanisms behind both hydrophilic and zwitterionic materials. It 

is widely accepted that surface hydrophilization is the primary method for creating antifouling surfaces. 

However, arguments based solely on surface hydrophilicity are quickly overthrown. Silica, for example, 

is super hydrophilic, but is also highly prone to protein fouling. Thus, even though surface hydration is a 

key property to consider for designing an antifouling surface, there are still multiple mechanisms that 

must also be considered. This chapter focuses on zwitterionic materials and how their antifouling 

mechanisms suppress those employed by the traditional hydrophilic material. Topics discussed include 

the degree of hydration, the structure of surrounding water, the residence time of associated water 

molecules, the effect of ion-coupling, and benefits of steric repulsion. Following the successful proof-of-

concept presented in Chapter 3, molecular dynamics simulation of zwitterionic cysteine was performed 

using Gromacs to investigate the antifouling properties of the cysteine on a molecular level and compared 

with other zwitterionic antifouling materials currently available. 

4.2 Introduction 

Recent inventions of new bioelectronics and biomaterials have stipulated an increasing demand for 

novel materials to prolong the functionality of medical implants171, biosensors2, and marine 

membranes172. In the field of membrane separation technology, protein fouling initiates multiple 

degradation pathways and promotes subsequent biological adsorption that decreases membrane 
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permeability, selectively, and ultimately longevity173. For bioelectronic implants, nonspecific protein 

adsorption initiates a cascade of foreign body response (FBR) that causes a gradual loss of device 

functionality and ultimately results in implant isolation by fibrous encapsulation which renders the device 

non-functional29, 30. Existing implant materials such as polyurethane, siloxane polymers, and titanium are 

considered medical grade not because these materials significantly resist protein adsorption60, 174, but 

simply because the amount of fouling is tolerable for the location, function, and duration for which the 

devices are used for. With the recent introduction of more advanced membranes and sensitive implantable 

sensors that have a significantly lower tolerance for biological absorbents5, 6, 31, 133, now, more than ever, 

has there been a demand for novel strategies to resist surface fouling. 

It is commonly accepted that reducing the interfacial energy of device surface with water, or 

hydrophilization, is an effective strategy to resist nonspecific fouling50, 55, 175. By modifying the surface 

to contain extensive water in a similar state to the bulk water, the adsorption process is not favorable as 

replacing a protein/water interface with a protein/surface interface will not gain any free energy176. 

Ethylene glycol (EG) and its derivatives are perhaps the most representative and well-studied hydrophilic 

antifouling material7. By forming a strong hydration shell, EG coated surfaces demonstrated a decreased 

interaction with the biological environment8-11. Polymerization of ethylene glycol to create a dense layer 

of PEG brushes further improves the material’s resistivity to protein adsorption through steric repulsion, 

which describes the entropically unfavorable compression of the polymer chain due to foulants7, 12, 13. 

However, in-vitro studies of PEG-based material have reported short-term stability that is hypothesized 

to be caused by oxidation stresses in biological environment72, 73. As a result, recent research focuses have 

shifted towards finding PEG alternatives that are more biocompatible and biostable.  

Mimicking the abundant zwitterions on the headgroups of phospholipids that constitute the external 

mammalian cell membranes17, zwitterionic surfaces have demonstrated a strong resistance against 
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biofouling since the 1970s (mainly phosphatidylcholine or PC18) and had undergone many iterations in 

the past decade7. Zwitterions, which form a stronger hydration layer through ionic solvation compared to 

hydrogen bonding19, often outperform traditional hydrophilic polymers in resisting biofouling and are 

recognized as the next-generation antifouling material. Integration of zwitterionic monomers 

(methacryloyloxylethyl PC) into bulk polymer material (hydroxyethyl methacrylate) to improve 

biocompatibility and reduce fouling have since been ubiquitous (omafilcon A, a commercially available 

contact lens material20). More often, zwitterions are deposited on a surface as an antifouling coating, as 

oppose to integration into the bulk material, through various graft-to177 and graft-from67, 178 techniques. 

As outlined in Chapter 2, recent advances in zwitterionic self-assembled monolayers (SAMs) by 

Whitesides134 and Jiang’s179 group offers several promising materials such as sulfobetaine (SB)180, 181 and 

carboxybetaine (CB)182 to choose from when designing an antifouling coating. Zwitterionic cysteine has 

also demonstrated promising antifouling properties on gold surfaces174 and silica nanoparticles117. 

Although much experimental work has been done to demonstrate the capability of zwitterionic material 

in resisting biofouling, less has been done on investigating the fundamental mechanism behind the 

antifouling preparties of zwitterions, especially from a molecular simulations perspective.  

This chapter complements chapter two by providing a focused discussion on the fundamental 

mechanisms behind antifouling materials from a molecular simulation perspective and provides a 

comparison with the similar experimental works when appropriate. Following the successful proof-of-

concept presented in Chapter 3, molecular dynamics simulation of zwitterionic cysteine was performed 

using Gromacs at room temperature and body temperature in order to investigate the antifouling 

properties of the cysteine on a molecular level. It is important to note that although several zwitterionic 

monomers have demonstrated excellent antifouling properties in simulations, the complicated synthesis 

of monomers in experimental work limits their application (e.g. MPC)183. 
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4.3 Antifouling Mechanism 

4.3.1 Surface Hydration 

The antifouling mechanism is traditionally attributed to the presence of a hydration layer on the surface. 

Simulations done by Zheng et al.51 demonstrated that a layer of bonded water molecules adjacent to 

hydrogen-bonding acceptors on various SAMs is responsible for repelling lysozyme and that 

oligo(ethylene glycol), having the largest number of bonded water molecules out of the three simulated 

SAMs, exhibited the highest repulsive force. Experimental results also agree with these simulation 

findings and indicated that an increase in hydrophilicity reduces protein fouling. For example, Warkentin 

demonstrated that reducing the hydrophilicity of silica by grafting hydrophobic methyl groups resulted 

in an increased BSA fouling175. Similarly, Tsai et al.60 has demonstrated that by modifying the 

hydrophobic polyurethane with the more hydrophilic dextran, the amount of protein adsorbed is reduced 

to less than half for numerous plasma proteins including serum albumin, fibrinogen, and haptoglobin 

Hp2. When designing an antifouling surface using polymer brush, surprisingly, a highly dense polymer 

coating does not always perform as well as its less dense equivalent. For example, an experimental study 

of OEG-SAMs between 60-80% packing density actually demonstrated better resistance to fibrinogen 

fouling compared to those with packing density 80% and above96. This observation can be explained by 

considering the degree of hydration associated with the different packing density. In a set of simulations52, 

OEG SAMs at both high and low packing densities exhibited a lower number of bonded water molecules 

due to reduced water permeation and reduced hydrogen-bonding acceptors, respectively. However, OEG 

SAMs fabricated between 50-80% surface packing density demonstrated a noticeably higher number of 

bonded water molecules. Therefore, there appears to be a strong correlation between the number of 

hydrogen-bonded water molecules and OEG-SAMs’ ability to resist protein fouling. This correlation 

leads to the widely-accepted guideline that materials capable of forming a larger amount of hydrogen-
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bonds with the surrounding water molecules exhibit better antifouling property. Simulations by He et 

al.184, 185 on this topic are particularly informative.  

When comparing surface hydration for the purpose of reducing fouling, it is beneficial to quantify the 

amount and mobility of water molecules inside a moiety’s hydration shell. Herein, the term hydration 

shell refers to the area surrounding a specific moiety where water molecules exhibit a different ordering 

from the bulk water, and the term hydration layer refers to the layer of water molecules associated with 

the surface, including those integrated into the polymer brush. In simulations185-187, the radius of the 

hydration shell is often defined by the first minimum position of the radial distribution function (RDF) 

generated from the oxygen atom of water (Ow) and the charged moiety. Following the guideline that an 

increase in hydrophilicity will result in a reduction of protein adsorption, it is expected that an increase 

of water molecules in the hydration shell will also improve a material’s antifouling property. The mobility 

of associated water molecules is assessed by quantifying the length of time that water molecules spend 

inside the hydration shell (also referred to as residence time). A longer residence time means a longer 

duration of which water molecules spend near a moiety and a lower mobility of associated water. Figure 

16 conceptualizes the method for calculating residence time. When assessing residence time, 

simulations185-187 only follow the water molecules that originally existed inside the hydration shell. Thus, 

residence time is defined as the total length of time that the original water molecules spent inside the 

hydration shell. This value is calculated by recording the fraction of original water molecules that 

remained inside the hydration shell throughout the simulation and integrating this fraction with respect 

to the simulation time. Table 6 and Table 7 summarize simulation findings of the amount and residence 

time of water molecules for zwitterionic materials and hydrogen bonding for hydrophilic material.  
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Figure 16: Illustration of residence time 
Residence time provides a means to quantify the mobility of water molecules associated with a specific moiety. 

Simulations track water molecules that are originally inside the hydration shell and quantify the total duration that 

these molecules spend inside the shell. If a water molecule leaves the hydration shell but returns at a later time, the 

duration of which it spent outside the hydration shell is disregarded. 
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Table 6: Summary of MD Results for Hydration of Zwitterionic Material 
This table summarizes simulation results regarding the water molecules associated with various zwitterions. Starting 

with a center methylene group, the row and column headings refer to the negatively and positively charged end 

groups of a zwitterion. For example, the cell between NH3 and CO2 refers to the molecule NH3-CH2-COO. The blue 

values in the cell refer to the properties of anionic group whereas the red values refer to the properties of the cationic 

group. The values in the first row of a cell refer to the number of associated water molecules, the values in the 

second refer to the residence time, and the last value refers to the hydration free energy. CO2CH2(CH2)N(CH3)3 

refers to carboxybetaine (CB), and SO3CH2(CH2)N(CH3)3 refers to Sulfobetaine (SB). 186, 187 

  NH3 N(CH3) N(CH3)2 N(CH3)3 (CH2)N(CH3)3 

CO2 

4.99 3.37 5.00 11.75 5.08 15.38 5.18 17.12 5.94 18.54 

15.44ps 8.63ps 15.88ps 19.16ps 17.44ps 23.95ps 21.33ps 29.16ps 35.72ps 25.77ps 

-216 kJ/mol -230 kJ/mol -224 kJ/mol -261 kJ/mol -404 kJ/mol 

SO3 

6.42 3.62 6.50 12.75 6.40 15.38 5.92 16.75 7.08 18.64 

15.55ps 10.6ps 16.61ps 20.00ps 16.72ps 24.16ps 15.61ps 25.00ps 25.43ps 23.08ps 

-240 kJ/mol -249 kJ/mol -259 kJ/mol -251 kJ/mol -519 kJ/mol 

OSO3 

6.34 3.87 6.38 12.75 6.24 15.62 5.84 16.87 Legend 

14.94ps 11.06ps 15.5ps 18.12ps 16.05ps 24.37ps 12.77ps 24.37ps 
Naionic Ncationic 

taionic tcationic 

-296 kJ/mol -290 kJ/mol -303 kJ/mol -238 kJ/mol Hydration Free Energy 

 

 

Table 7: Number of Hydrogen Bonds 
For hydrophilic polymers acquired through MD simulations.52, 188 

 
(EG)4 HYDROXYL 

MANNITOL 
HYDROXYL 
SORBITOL 

METHYL 
MANNITOL 

METHYL 
SORBITOL 

NUMBER OF 
H-BONDS 

1.31 2.47 2.36 2.17 2.25 

 

4.3.2 Effect of Water Structure and Distance Between Zwitterion Charges  

When discussing mechanisms affecting the antifouling performance of zwitterions on a molecular level, 

the structure of water molecules associated with the charged moiety is a topic of much contradiction. 

Traditional hydrophilic polymers, such as PEG, are known to form a network of hydrogen bonds with 

the surrounding water molecules52 and disrupting this network comes with a high energy cost189. This 
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energy barrier is speculated to be the dominating force behind the antifouling property of hydrophilic 

polymers52. Zwitterionic materials, on the other hand, have been reported to associate with surrounding 

water molecules through ionic solvation in various simulations184, 185. This ion-dipole interaction is 

stronger than hydrogen-bonding as reflected by a lower mobility of associated water molecules185-187. The 

superior performance of zwitterions in resisting fouling is often credited to this stronger energy barrier 

created by the oppositely charged moieties58.  

However, increasing the number of associated water molecules and forming a highly-structured water 

network around the charged group will also reduce entropy. Another school of thought believes that 

perturbing the surrounding water molecules is actually unfavorable for resisting protein fouling. The 

argument is that if the hydration layer formed by the surface is in a similar state as bulk water, then the 

adsorption process is not favorable because replacing a protein/water interface with a protein/surface 

interface will not gain any free energy. Experimental studies by Kitano et al. using Raman and FTIR 

spectroscopy on zwitterionic polyelectrolytes demonstrated that zwitterions do not perturb the hydrogen 

bonding of the surrounding water structure, including those associated19, 190, 191. Following this argument, 

it is desirable to ensure that the structure of associated water remains unperturbed compared to bulk water 

in order to promote antifouling performance. It is speculated that zwitterions, having two oppositely 

charged groups in close proximity, supports the polarity of water between the charged groups. Figure 17 

illustrates the two lines of arguments presented above.  

It is important to note that the antifouling mechanisms discussed up to this point do not only apply to 

monomers that are zwitterions; these mechanisms also apply to amphoteric polymers composed of 

alternating monomers of opposite charges. However, the distance between these opposite charges plays 

an important role in dictating a material’s antifouling performance. A set of molecular simulations was 

done by Shao et al.192 to investigate the effect of distance between opposite charges within a zwitterion. 
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The charge distribution, hydration, and ionic interactions were computed for a carboxybetaine (CB) 

monomer containing zero to four methylene groups. The results indicate that the species with zero 

methylene group performed significantly worse across all categories. In terms of surface hydration, the 

species with one methylene slightly underperforms compared to those with 2-4 methylene groups, all of 

which demonstrated a similar level of performance. The lowest surface hydration energy is observed for 

the species containing 3 methylene groups and this energy remains relatively similar between species 

containing 3 to 8 methylene groups. Overall, this simulation suggests that a zwitterionic surface is 

effective at resisting fouling if the opposite charges are separated by least one methylene group in 

distance.  

 

Figure 17: An illustration of two possible structures of associated water molecules 
The structure of associated water molecules that is beneficial to antifouling is a contradicting topic. One line of 

argument indicates that forming a strong ionic interaction with the associated water, and perturbing its structure, 

will create an energy barrier that protein must overcome in order to adsorb onto the surface. Another line of 

argument indicates that if the associated water is in a similar state as bulk water (unperturbed), then protein 

adsorption is not favorable because replacing a protein/water interface with a protein/surface interface will not gain 

any free energy. 

4.3.3 Steric Repulsion and Ion-Coupled Driving Force 

The two concepts discussed in this section are relevant to a wider variety of surfaces as opposed to 

only hydrophilic and zwitterionic. Steric repulsive force is attributed to the compression of polymer brush 
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network, such as PEG12, 193, due to the invasion of adsorbates. This compression will reflect in an 

unfavorable entropy penalty arisen from the loss of configurational entropy of the polymer chain and 

from the displacement of water to create osmotic pressure. Therefore, long polymer chains are often 

preferred when designing an antifouling surface in order to benefit from the steric repulsive force. The 

adsorbed protein will often denature to gain conformation entropy.  

Not all hydrophilic surfaces resist protein fouling. Silica, for example, is strongly hydrophilic, but is 

prone to protein adsorption. Therefore, there must be additional force(s) in play beyond simple hydration 

that governs protein adsorption. Recent colorimetric study of HSA adsorbed onto silica powers reveals 

that the adsorption process is actually endothermic194. For the adsorption to be spontaneous, there should 

be a stronger entropic gain. An ion-exchange mechanism was proposed by Schlenoff et al.195 to account 

for the entropic driving force. The adsorption of a positive protein domain onto the negative silica surface 

will result in the formation of ion-pairs that release twice the amount of counterions and the net entropy 

gain is approximated to be kT for each ion released196. Due to their intrinsic charge neutrality, zwitterionic 

or hydrophilic surfaces are unlikely to form ion pair with the adsorbate because no ions can be released 

from the surface. This ion-coupled driving force speculates why some hydrophilic surfaces are not 

resistant to protein fouling.  

4.4 Cysteine Molecular Dynamic Simulation 

In order to determine the antifouling property of zwitterionic cysteine from a molecular perspective, 

the hydration layer of zwitterionic cysteine was investigated through molecular dynamic simulation and 

the quantified results compared to the findings presented earlier in this chapter. This section will discuss 

the zwitterionic cysteine model, molecular dynamics methodology and simulation results.  
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4.4.1 Simulation Methodology 

The cysteine model was acquired from the New York University library database in a .pdb format197 

and converted to a zwitterionic state by removing the hydrogen on the carboxyl group and adding an extra 

hydrogen to the amine group. The zwitterionic cysteine was placed in the center of a cubic box where the 

edge of the box was at a distance of 1.0 nm from the cysteine molecule. The simulation box was solvated 

with 541 water molecules which are described by the SPC/E model because this model adequately 

describes the dipole moment, dielectric constant, and diffusion property of water molecules198. The 

OPLSAA force field199, 200 was used to describe the bonding and nonbonding interactions in the system.  

The energy of the solvated system was minimized in a ~10 ns molecular dynamics simulation (MD) 

that processed until the maximum force was less than 50 .0 kJ/mol/nm with an energy step size of 0.01. 

After energy minimization, the system was equilibrated in a canonical ensemble (NVT) for 1 ns with a 

step size of 2 fs. Afterward, the system was equilibrated in an isobaric-isothermal ensemble (NPT) for 1 

ns with a step size of 2 fs. After the two equilibrium steps, a 30 ns simulation was performed without 

position constraints and with a step size of 2fs. In all the MDs, the short-range electrostatic and van der 

Waals cutoffs were set to 1.0 nm. The temperature coupling was done using the Berendsen Thermostat 

algorithm201, 202 and set to 300K with a 0.1ps time constant. The pressure coupling, disabled in NVT 

ensemble, was done using the Parrinello-Rahman algorithm203 and set to 1 bar with a compressibility of 

4.5 × 10−5 bar−1 (isothermal compressibility of water). The simulations were done using Gromcs.2016.2. 

Figure 18 provides an illustration of simulation box captured using VMD.  
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Figure 18: Simulation Box Containing Zwitterionic Cysteine 
Generated by VMD. Atoms include: Oxygen (Red), Nitrogen (Blue), Carbon (Green), Sulfur (yellow) 

4.4.2 Hydration of Cysteine 

The system was relaxed over 10ns and Figure 19 illustrates the change in potential energy over 

simulated time. The graph converges to just below -3x104 kJ/mol, indicating that the system was well 

relaxed. As discussed in earlier parts of this chapter, the water molecules associated with the charged 

moieties of a zwitterionic molecule are the primary contributors to the material’s antifouling performance. 

To study the important interactions between water molecules and the zwitterionic cysteine, we must first 

define a spatial distribution of which water molecules are considered associated with the charged groups. 

This distance of solute-water distribution is often represented by the radial distribution function and the 

first minimum of the function defines the hydration shell, as discussed in Section 4.3.1. The radial 

distribution functions (RDF) are acquired between the charged moieties and the oxygen atoms of water 

molecules in accordance to publish results187. For example, the RDF for the negatively charged carboxyl 
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terminal of zwitterionic cysteine was generated between the oxygen atoms of the carboxyl and the oxygen 

atoms of water molecules. Figure 20 illustrates the RDF for the charged carboxyl and amine groups of 

zwitterionic cysteine.  

 

Figure 19: Energy Minimization for the Simulated Environment. 
The energy minimization step was done over 10.614 ns and until the maximum force was less than 50 .0 kJ/mol/nm. 
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Figure 20: Radian Distribution Function of the Charged Groups 
RDF of cationic amine terminal (left) and anionic carboxyl terminal (right). 

The RDF of the carboxyl terminal contains a maximum at around 0.25 nm and a minimum at 0.315 

nm. The significant maximum indicates the existence of a coordination shell around the carboxyl group. 

The RDF of the amine terminal contains a maximum at around 0.172 nm and a minimum at 0.25 nm. 

Similarly, a significant maximum was observed for the amine group. The difference in correlation 

between the maximum and minimum for the carboxyl group is comparable to sulfobetaine (SB), but less 

than carboxybetaine (CB). However, the difference for the amine group is significantly larger than both 

CB and SB, by almost three times187. This observation suggests that water is more coordinated around 

the amine group of cysteine than the methyl groups in CB and SB (N(CH3)3
+). Based on these findings, 

the radius of the hydration shell for the charged carboxyl group is 0.315 nm and for the amine group is 

0.25nm. These results align very closely with the published result186.   
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The number of water molecules inside the hydration shell (Nw) strongly correlates to a material’s 

antifouling performance as discussed earlier in this chapter. The water molecules associated with the 

charged moieties of zwitterionic cysteine over the course of the simulation is presented in Figure 21. 

Calculations show that the average number of water molecules associated with the anionic carboxyl is 

5.56 ± 0.71 and with the cationic amine group is 3.07 ± 0.48. These values are significantly larger than 

those observed for EG monomers, which only associate a maximum average of 0.44 hydrogen bonds per 

monomer when polymerized52. Compared to the anionic carboxyl group on CB, Nw = 5.94, cysteine 

performed similarly. Compared to the anionic SO3
- on SB187, cysteine has one less associated water. This 

observation is expected because the anionic sulfonate group contains one extra oxygen compared to the 

carboxyl on cysteine. Compared to the cationic N(CH3)3
+ on SB and CB187, Nw = 18.64, the amine group 

associates a lower amount of water; however, this difference in number does not account for the size and 

number of the molecules in the methyl groups. The Nw for SB and CB were calculated based on the three 

CH3, which include a total of 12 atoms as oppose to the mere three H atoms present on the amine group. 

In addition, the size of these H atoms is also significantly smaller than that of the carbon atoms. The 

combination of these differences is reflected in the large hydration radius observed for N(CH3)3
+ 

(0.46 nm). To put these values into context, the volume of the hydration shell for N(CH3)3
+ is 6.23 times 

larger than that of amine, which roughly equals the difference in associated water molecules (6.07 

times)187. Incorporating the volume of the hydration shell, zwitterionic cysteine associates 43.89 water 

molecules per nm3, which is comparable to that of SB and CB (47.19/nm3 and 44.91/nm3 respectively)187. 

The same simulations on cysteine were repeated at the average body temperature, 37ºC, and the number 

of associated water molecules is almost identical to the simulation at room temperature (5.54 ± 0.72 and 

3.02 ± 0.49 for the carboxyl and amine groups, respectively). The MD results presented in this section 

indicate that zwitterionic cysteine is a very promising antifouling material and it exhibits a hydration 
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layer that is comparable to SB and CB, which are widely recognized as the flagships for zwitterionic 

antifouling coating. 

 

 

Figure 21: Number of Associated Water Molecules 
Change in the number of associated water molecules with respect to simulation time for the amine group (left) and 

the carboxyl group (right). The average number of associated water molecules are 3.07 and 5.56, respectively.  

4.5 Conclusion 

This chapter highlights the various mechanisms contributing to the antifouling behavior of a material. 

It is widely accepted that surface hydrophilization is the primary method for creating antifouling surfaces 

and the properties of the hydration layer will dictate a material’s antifouling performance. Quantification 

of the amount and mobility of associated water molecules allows for comparison between the hydration 

layers formed by different materials. The structure of associated water molecules that is beneficial for 

antifouling is a contradicting topic. Arguments supporting both perturbing and perturbing the surrounding 

water network are discussed. Factors beyond surface hydration that contributes to antifouling, such as 

steric repulsion through the compression of polymer chains and ion-coupling, are also outlined. 
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Simulation results indicate that almost all zwitterions outperform poly(ethylene glycol), a flagship 

representing traditional hydrophilic antifouling coatings. MD investigations into the hydration layer 

formed by cysteine demonstrate that it is a promising candidate for protein-resistant material. Although 

cysteine does not perform as well as zwitterions such as MPC or SB in simulations, the results were 

comparable and cysteine is advantageous in its shorter chain length and ease of synthesis. Complex 

synthesis of zwitterionic monomers, such as MPC, limit their applications.  
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Chapter 5 

Fabrication of Highly Zwitterionic Cysteine SAM Through Solution 

Chemistry 

5.1 Summary 

Zwitterionic polymers have recently demonstrated superior performance compared to traditional 

hydrophilic polymers in resisting biofouling due to their overall electrical neutrality and their ability to 

form a highly-hydrated layer through strong electrostatic interaction. Cysteine is a promising candidate 

for antifouling coating because the molecule is small, biocompatible, and zwitterionic under 

physiological pH. Coating thickness is critical for applications involving electric pulses, such as 

electrotherapeutic device, where the curative electric signal decays proportionally with the thickness of 

the coating as governed by Coulomb’s law. The work presented in this chapter is the first of its kind to 

fabricate, through solution chemistry, a monolayer of cysteine exhibiting zwitterionic state as high as 

95%. X-ray photoelectron spectroscopy analysis of the sulfur 2p emission line demonstrated an absence 

of secondary layers and confirmed that the fabricated coatings are indeed one monolayer in thickness. 

The carbon (C1s) and nitrogen (N1s) spectra indicate that 80.53% of the cysteine self-assembled 

monolayer (SAM) is zwitterionic for samples created at room temperature and this zwitterionic fraction 

is increased to 94.5% for SAMs created at 330K. This increase in the zwitterionic fraction is attributed 

to a reconfiguration of the bonds between cysteine and the underlying gold substrate observed at a higher 

temperature. Irradiation damage to the SAMs in the form of C-S bond cleaving was observed during 

prolonged XPS analyses and is discussed. The adsorption kinetics of cysteine SAM on a gold surface was 

examined using a dynamic quartz crystal microbalance in real time. The experimental data can be 

described by Langmuir adsorption isotherm and were fitted using both OriginPro and MatLab. The 

dissociation constant is negligible as expected from the strong thiol-on-gold bond. The results reported 
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in this study demonstrate that highly zwitterionic cysteine SAMs can be fabricated through solution 

chemistry and has the potential of serving as an effective antifouling coating. 

5.2 Introduction 

Surface properties of biomaterials and bioelectronics are of tremendous importance in determining 

their biocompatibility and biofunctionality in-vivo. Complex interactions governed by surface topology, 

van der Waal’s interactions, electrostatic interactions, hydrogen bonding, and hydrophobic 

interactions204-209 dictate the degree of nonspecific biomolecular fouling, which is one of the major 

contributors to device failure1, 40, 41. In an attempt to control these interfacial interactions, enormous efforts 

have been devoted to developing engineered surfaces that are hydrophilic, well solvated, and high in 

conformational freedom7. Surface modification with a self-assembled monolayer is an effective method 

for creating an orderly packed coating exhibiting consistent properties throughout the interface. SAMs of 

polymer brushes, such as poly(ethylene glycol) (PEG), have long been reported to reduce biomolecule, 

cell, and bacteria fouling210, 211. However, PEG has a number of inherent limitations, including thermal 

instability above 35°C92 and oxidation under physiological conditions49, 212.  

As discussed in Chapter 2, zwitterionic polymers have gained tremendous popularity as a PEG-

alternative for surface modification. Jiang’s group reported zwitterionic carboxybetaine (CB) and 

sulfobetaine (SB) SAM are capable of reducing protein fouling to the ng/cm2 range181, 182, 213. Chen et al. 

reported that a mixed SAM of 1:1 alternating Glu/Lys or Asp/Lys118 exhibited ultra-low protein 

adsorption in the range of <0.3 ng/cm2.  

The results presented in Chapter 3 as well as by Chu et al.214 demonstrated that surface modification 

with a monolayer of cysteine is a promising new avenue for creating protein resistive coatings. Being an 

amino acid that naturally exists in the body, cysteine is highly biocompatible and zwitterionic under 
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physiological pH. In addition, the small molecular structure of cysteine ensures that the monolayer 

coating will be extremely thin at 7.1Å215-217. Coating thickness is critical for applications involving 

electric pulses, such as electrotherapeutic device, where the curative electric signal decays proportionally 

with the thickness of the coating as governed by Coulomb’s law. Finally, the sulfhydryl group on cysteine 

allows for easy and established self-assembly onto a gold surface through a strong Au-thiol chemical 

bond (184 kJ/mol)218 and desorption of the monolayer is often considered insignificant219. Recent studies 

have shown that cysteine as a coating material is capable of stabilizing both silicon and gold nanoparticles 

in protein solutions with minimal protein adsorption117, 141.  

Molecular simulations and experimental analyses presented in Chapter 4 have shown that the hydration 

layer formed on zwitterionic surfaces through electrostatic interactions is responsible for the materials’ 

antifouling property179,7,19. However, few studies have been done to investigate the overall degree of 

ionization, chemical stability, and adsorption mechanism of a cysteine SAM fabricated through solution 

chemistry. The closest investigations were completed by Gonella et al. through an ultrahigh vacuum 

deposition using a synchrotron beamline120, 147, 220. A major benefit of cysteine SAMs fabricated from 

solution over those fabricated by evaporation under an ultrahigh vacuum is achieving a higher yield of 

the preferred zwitterionic state, which is the primary contributing factor for cysteine SAMs’ antifouling 

property87, 113. Results presented in this chapter demonstrate the fabrication of a 95% zwitterionic 

monolayer of cysteine through solution chemistry in phosphate buffered saline. To the author’s best 

knowledge, this is the first demonstration of a confirmed monolayer of self-assembled cysteine fabricated 

through solution chemistry that exhibited this high level of zwitterionic percentage. Compared to cysteine 

SAMs fabricated though ultrahigh vacuum deposition120, the cysteine SAMs fabricated in this study 

through solution chemistry demonstrated over one-and-a-half times of improvement in zwitterionic 

fraction (from ~60% to 95%). The effect of reaction temperature was investigated by fabricating cysteine 
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SAMs at room temperature and 330K. The fraction of zwitterions, as well as layer thickness, were 

confirmed through a thorough elemental analysis of the cysteine-on-gold SAMs by using x-ray 

photoelectron spectroscopy (XPS). A quartz crystal microbalance was used to monitor the self-assembly 

of cysteine onto a gold surface in real-time and the adsorption kinetics was determined by fitting the 

experimental data.  

5.3 Materials and Method 

5.3.1 Materials  

L-cysteine (HSCH2CH(NH2)(CO2H), 97% purity) was used as received from Sigma-Aldrich. 

Phosphate buffered saline (PBS) was purchased from Invitrogen and Sigma-Aldrich.  

5.3.2 X-ray Photoelectron Spectroscopy (XPS)  

Samples were fabricated by coating 10 mm by 5 mm by 3 mm (length, width, height) rectangular cyclic 

olefin copolymer (COC) substrates with 10 nm of zinc oxide (ZnO) followed by 48 nm of the gold film. 

The substrates were submerged in 0.1 mM of L-cysteine in PBS buffer for 16 hours followed by 3 hours 

of post reaction wash in PBS solution. The reactions were allowed to continue at either room temperature 

or 330K. The samples were dried with nitrogen and loaded into the XPS chamber immediately. Samples 

were characterized by ESCALAB 250Xi X-ray photoelectron spectrometer (Thermo Scientific). The X-

ray gun was set to image a 500 µm2 area at 15kV and 150W power at 80% dispersing power. Elements 

investigated were gold (Au4f), carbon (C1s), oxygen (O1s), sulfur (S2p), nitrogen (N1s) for 1, 36, 29, 60, 

and 60 scans respectively and the scan total time was kept under 2 hours for each sample. A background 

XPS reading was acquired on an untreated gold substrate at the same time as the samples by scanning the 

identical elements for the identical number of scans. The results were analyzed using the software 

CasaXPS. 
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5.3.3 Quartz Crystal Microbalance (QCM) 

The QCM measurements were performed at room temperature with the AT-cut quartz crystal from 

ANT technology Co., Ltd. (Taipei, Republic of China). Frequency shift was detected by the Affinity 

Detection System (ADS) type QCM instrument from the same manufacturer. The frequency of the loaded 

crystal (𝑓0) was 8.97MHz with a standard deviation of 0.026%. The piezoelectrically active crystal area 

was 0.1cm2 given by the manufacturer. The samples were allowed ample time to establish a stable 

baseline under a continuous flow of phosphate buffered saline (PBS) before a 0.1 mM cysteine solution 

in PBS was introduced to the system. The time required to establish a steady baseline varied among 

samples, and only the portion of data directly proceeding the introduction of a cysteine solution was 

presented in the figures to allow for easy viewing of the data. The baseline was considered stable when 

the change in resonance frequency falls within the machine’s inherent signal drift given by the 

manufacture as ±0.3Hz per minute. The signal drift, which is considered as a background noise, was 

removed from the data using a calibration process provided with the manufacture’s signal acquisition 

software. After exposing the sample surface to the cysteine solution, a PBS solution was again flowed 

across the sample surface and the resonance frequency was allowed time to stabilize. The change in 

frequency, 𝛥𝐹, was calculated by subtracting the frequency of PBS baseline from PBS wash. 



 

77 

5.4 Discussion 

 

Figure 22: Schematic representation of cysteine on a gold substrate and its possible species 
Values are the expected peak positions acquired using XPS. Hydrogen atoms are not shown on the cysteine structure 

to ensure clarity of the illustration. 

5.4.1 Monolayer Composition 

The presence of a zwitterionic cysteine monolayer was confirmed by the XPS analysis. Under 

physiological pH, the carboxyl group of cysteine will be deprotonated and become negatively charged, 

whereas the amine group will be protonated and become positively charged. Thus, to ensure that cysteine 

is in its zwitterionic configuration, the molecule must be anchored through the sulfur head to expose both 

the amino and carboxylate groups. However, previous studies have suggested that a portion of cysteine 

initially adsorbs via the amino group onto a gold substrate before reorienting itself to the more stable thiol 

bond as coverage increases over time219, 221 and, from a thermodynamics perspective, a higher temperature 

will promote this reorientation. This investigation provides key understanding on the effect of 

temperature towards the molecular orientation of the chemisorbed cysteine, surface coverage, and a 
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percentage of the monolayer that is in the preferred zwitterionic state. Two reaction temperatures, room 

temperature and 330K, were studied.  

The photoelectron spectra of gold for both temperatures showed the characteristic bulk Au 4f7/2 doublet 

situated at 83.98 ± 0.02 eV and 87.66 ± 0.01 eV (Supplementary Figure S3). Since the gold peaks were 

almost identical to the theoretical value at 83.97 eV, no additional calibration was made in this study 

towards the binding energy (BE) scale. The spectral region of the sulfur S2p core level (Figure 23) shows 

a doublet composed of two peaks located at 162.04 ± 0.03 eV and 163.17 0.01 eV with the same full-

width half maximum (FWHM) of 0.8 eV. The peak profile of this doublet aligns with the reported spin-

orbit induced energy splitting of the sulfur 2p core level into 2p1/2 and 2p3/2 energy states approximately 

1.18 eV apart with a ratio intensity of 2:1 that is common for organosulfur molecules on gold222-227. 

Indeed, this characteristic doublet represents the thiolate species formed by a chemical reaction between 

the thiol on cysteine and the gold substrate144, 146, 174. A less intense third peak (S3) was observed at the 

lower energy shoulder located at 161.30 ± 0.01 eV and can be assigned to parts of a doublet from a 

different sulfur species. The presence of this motif is speculated to be the result of irradiation damage 

caused by prolonged exposure to photoelectrons during the XPS analysis. Cavalleri et al. reported that 

the intensity of the S3 component increased significantly with respect to the primary doublet under 

extended irradiation (2 hours)220. Strong evidence reported on other organosulfur SAMs suggest that 

radiation damage occurs in the form of molecular scission of the C-S bond224, 226-228 and to a greater degree 

on short-chain monolayers as a consequence of their weaker barrier property227. Indeed, referring to the 

previous study of multilayer cysteine coating presented in Chapter 3, radiation damage from the XPS 

analysis was less prominent174. It is also interesting to note that the peak position of S3 matches that of 

atomic sulfur on gold229. These findings indicate that prolonged exposure to x-ray causes C-S bond 

cleaving and produce atomic sulfur that either remains on the gold substrate or redeposits back onto a 
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neighboring molecule. X-ray damage was unavoidable in this study primarily because a large number of 

scans (60 scans, ~40 min) was needed for the S2p spectra in order to separate the signal from background 

noise and signs of radiation damage appear after approximately 5min of exposure220, 230. Even with the 

extensive scanning, the fit for the sulfur spectra still exhibited higher error in a range of 5-7% estimated 

by Monte Carlo simulation due to the low signal-to-noise ratio whereas the well-defined gold spectra 

exhibited an error range of only 0.7-1% after only three scans. Comparing the spectra of the two 

temperatures, the higher reaction temperature resulted in almost doubled the amount of damaged sulfur 

(13%) compared with the surface created at RT (7.6%). The increase in damage to cysteine SAMs was 

also previously observed for samples annealed between 80-100°C220. It is important to note that the 

presence of a secondary layer of weakly physisorbed cysteine in the region 164~165.5 eV120 was not 

observed; thus, confirming that the fabricated cysteine surface is indeed a monolayer.  
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Figure 23: Sulfur 2p XPS spectra of cysteine deposited onto a gold substrate 
A) at room temperature B) at 330K.  
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The spectral region of the carbon C1s core level (Figure 24) confirms the presence of zwitterionic 

cysteine and its characteristic 4-peak profile. Background readings of untreated gold substrate revealed 

the presence of organic surface contamination acquired from the ambient environment. Since this study 

investigates cysteine SAMs fabricated from solution chemistry, exposure to ambient air and the 

associated contaminants was unavoidable especially during the transport between the deposition step and 

the analysis step. A similar level of environmental contamination was also observed in other published 

results involving samples prepared by dipping in an ambient environment144, 231; however, for cysteine 

SAMs prepared and analyzed completely under an ultra-high vacuum, environmental contamination was 

not observed120. A major benefit of cysteine SAMs fabricated from solution over those fabricated by 

evaporation under an ultra-high vacuum is achieving a higher yield of the preferred zwitterionic state, 

which is the primary contributing factor for cysteine SAMs’ antifouling property87, 164. The yield of 

zwitterionic state will be discussed in detail in a later section. The C 1S core level emission contributed 

from environmental contaminations was acquired from an untreated gold substrate and subtracted from 

the spectra of the cysteine samples.  

In the resulting spectra (Figure 24), a total of four peaks were identified in the deconvolution of the 

spectra. Two well-developed peaks positioned at 284.8 eV and 286.2 eV can respectively be assigned to 

the C1 and C2 carbons as shown in Figure 22. Following the literature of cysteine SAMs assembled under 

an ultra-high vacuum120, 146, 149, the C1 peak centered at 284.8 ± 0.08 eV with an FWHM of 0.9 eV matches 

the characteristic peak profile of a carbon involved in a C-C bonding with a slight shift due to further 

bonding with sulfur. The C2 peak centered at 286.2 ± 0.1 eV with an FWHM of 1.3 eV matches the peak 

profile of a carbon involved in the C-N bonding. The intensity or area under the curve of C1 and C2 peaks 

is almost identical across all samples and this 1:1 ratio confirms the integrity of the cysteine structure 

from a molecular stoichiometry perspective. A third but much broader peak can be identified in the range 
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of 187~189 eV, an energy region that is typical of the carboxyl group120, 146, 148, 149. Indeed, this broader 

peak envelope can be deconstructed into two peaks at 288.18 ± 0.07 eV (C3) and 289.24 ± 0.06 eV (C4), 

and can be assigned to the COO- and COOH moiety respectively148, 149.  

 

Figure 24: Carbon 1s XPS spectra of cysteine samples deposited onto a gold substrate 
A) at room temperature. B) at 330K. To account for surface contamination acquired from the ambient environment, 

background spectra were acquired from an untreated gold substrate and subtracted from the carbon spectra presented 

here.  
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The presence of the unaltered amine group on cysteine as well as its protonated cationic form was 

confirmed by the nitrogen 1s core level emission lines. As explained in the previous discussion on carbon 

spectra, the contribution from environmental contaminations was unavoidable and was subtracted from 

the nitrogen 1s emission. The resulting spectra (Figure 25) can be decomposed into two broad peaks 

centered at 401.90 eV ± 0.08 eV (N1) and 399.90 eV ± 0.08 eV (N2). These two peaks, approximately 2 

eV apart, resemble the characteristic peak profile of NH2 and NH3
+ that appears in the region of 399~402 

eV120, 144, 146. The bonding of an additional cation, in this case, hydrogen, to the amine end group will 

increase the binding energy of the ionized nitrogen by affecting its electric field in accordance to XPS 

principles232. Thus, the peak with the higher binding energy, N1, is assigned to the ionized NH3
+ species 

whereas the N2 peak, having a lower binding energy, is assigned to the neutral NH2 species. These two 

nitrogen peaks reported in this chapter are shifted by approximately 0.4 eV compared to the positions 

reported for cysteine SAMs fabricated through vacuum deposition120. We postulate that the shift is caused 

by the PBS solvent used in the cysteine chemisorption and post reaction rinse. A shift in peak position 

was also observed in our previous results involving PBS174; however, when the identical reaction was 

completed in DI water in the same study, a shift in peak position was not observed. The shift observed in 

this study is significantly less than what was observed previously (0.4 eV as oppose to 1.0 eV) and further 

confirms the absence of secondary physisorbed layers indicated by the sulfur spectra. The use of PBS 

was done intentionally as the electrolyte concentration of PBS mimics that in a physiological 

environment. By using a PBS solution, a better representation of the zwitterionic nature of cysteine 

coating when operating in a physiological environment can be achieved. Similar to the sulfur spectra, the 

molecular stoichiometry of cysteine compels the ratio of one nitrogen (and sulfur) to three carbons and 

the reduction in nitrogen quantity is reflected in the poor signal-to-noise ratio of the nitrogen 1s core level 

emission. Table 8 summarizes the XPS findings presented in this section.  
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Figure 25: Nitrogen 1s XPS spectra of cysteine samples deposited onto a gold substrate 
A) at room temperature and B) at 330K. To account for surface contamination acquired from the ambient 

environment, background spectra were acquired from an untreated gold substrate and subtracted from the nitrogen 

spectra presented here.  
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Table 8. Summary of XPS findings 
This table summarizes the findings presented in Section 5.4.1. 

 Species Position (eV) FWHM (eV) Area 330K Area RT 

S
u

lf
u

r 
2
p
 S1 162.04±0.03 0.8±0.01 57.77% 61.61% 

S2 163.17±0.01 0.8±0.01 28.87% 30.79% 

S3 161.30±0.01 0.58±0.075 13.36% 7.60% 

C
ar

b
o

n
 1

s 

C1 284.81±0.09 0.90±0.01 43.60% 38.94% 

C2 286.20±0.10 1.26±0.04 45.22% 43.08% 

C3 (COO-) 288.18±0.07 1.21±0.10 10.67% 14.48% 

C4 (COOH) 289.24±0.06 1.06±0.06 0.50% 3.50% 

N
it

ro
g

en
 1

s 

N1 (NH3
+) 401.90±0.08 1.43±0.05 4.65% 14.07% 

N2 (NH2) 399.90±0.08 1.27±0.02 95.35% 85.93% 

 

5.4.2 Zwitterionic Fraction of Cysteine SAMs 

The zwitterionic state of cysteine is achieved by a simultaneous deprotonation of the carboxyl group 

to form an anionic moiety and protonation of the amine group to form a cationic moiety. Therefore, by 

investigating the charged fraction of both moieties, the percentage of cysteine that is in its zwitterionic 

state can be determined. The charged fraction of the anionic carboxyl group (PCOO-) can be calculated 

from the intensity (I) ratio of C3 to C4, where PCOO-= IC3/IC3+C4. Theoretically, exactly the same fraction 

of charged carboxyl group can also be obtained from the O1s spectra, where (PCOO-= IO531.2eV/IOtotal), as 

demonstrated by cysteine SAMs prepared and analyzed completely under an ultra-high vacuum120. In this 

study, however, regular exposure to oxygen from the ambient environment was unavoidable and thus the 

contribution to the oxygen spectra is not solely based on the carboxyl group of the cysteine SAM. The 

oxygen spectrum does not provide a good representation of the percent charged state of the cysteine as 

the nitrogen spectrum. We believe the carbon spectra provide a better representation of the carboxyl group 

primarily because the 3:2 atomic ratio of carbon to oxygen based on the molecular structure of cysteine 

is expected to yield a higher level of carbon contribution over that of oxygen. As a result, the carbon 
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spectra are less subjectable to errors contributed from environmental contaminations when compared to 

the oxygen spectra. It is important to note that this claim is only true under the assumption that the error 

generated by environmental contaminations contribute equally to the oxygen and carbon spectra and since 

we have not found any evidence that suggests otherwise, we believe this assumption is accurate. Indeed, 

the total contribution from cysteine observed in the carbon spectra is greater than that in the oxygen 

spectra. Therefore, the charged fraction of the carboxyl group was calculated based on the carbon 

contribution involved in the carboxyl moiety.  

For the cysteine sample fabricated at room temperature, the charged fraction of the carboxyl group is 

80.53% which is in close agreement with our previous study presented in Chapter 3174. This fraction 

increased to 95.50% for samples created at 330K. The increased yield of the anionic carboxyl group from 

higher reaction temperature is as predicted by the thermodynamics of cysteine adsorption. The second-

most preferred orientation of a cysteine molecule adsorbed onto an [110] gold surface is a flat geometry 

anchored onto the substrate through a thiolate-Au bond, amine-Au bond, and carboxyl-Au bond through 

the hydrogen bonding233. Under a higher reaction temperature, the cysteine molecule will more likely be 

adsorbed in a less preferred orientation that does not involve the carboxyl anchor, thus releasing the 

carboxyl group from bonding to the surface and create additional anionic moieties. The release of the 

carboxyl anchor also frees up an additional adsorption site and allows for additional cysteine adsorption 

through the thiolate-Au bond. The charge fraction of the cationic amine group can be calculated from the 

intensity (I) ratio of N1 to N2, where PNH3+ = IN1/IN1+N2. For samples fabricated at room temperature, the 

charged fraction of the amine group is 85.95% and increased to 94.47% for samples created at 330K. 

Similar to the carboxyl group, the increased yield of ionic species (in this case, the cationic amine) from 

a higher reaction temperature is as predicted by the thermodynamics of cysteine adsorption. A higher 

reaction temperature releases additional amine anchors, thus allowing the formation of additional cationic 
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moieties. It is important to note that cysteine molecules adsorbed at lattice defects (steps and grain 

boundaries) tend to prefer a flat orientation involving sp-bonding and can exhibit a higher affinity towards 

bind onto the gold substrate through all three end groups224. Therefore, increasing the reaction 

temperature will have less of an effect on these molecules and this may be one of the reasons that is 

preventing the fabrication of a completely zwitterionic cysteine SAM. In summary, 80.53% of the 

cysteine SAM is zwitterionic for samples created at room temperature and this zwitterionic fraction is 

increased to 94.5% for SAMs created at 330K.  

This study demonstrates the importance of fabricating cysteine SAMs in a PBS solution. Over 94 % of 

the SAM fabricated through solution chemistry in this study is zwitterionic. This value is over one-and-

a-half times of improvement compared to the cysteine SAMs fabricated though ultrahigh vacuum 

deposition where only ~60% of the surface is zwitterionic120. The zwitterionic nature of the cysteine 

molecule is what give rise to the antifouling property of the SAMs through the formation of a strong 

hydration layer87, 113. Thus, a higher fraction of surface zwitterions is expected to be more resistant to 

protein fouling. We believe the presence of PBS buffer during the reaction facilitates the ionization of 

the carboxyl and amine groups on the cysteine and the absence of this buffer during vacuum deposition 

is responsible for the lower degree of zwitterionic fraction. A similar phenomenon was observed in our 

previous study where cysteine surfaces fabricated in Millipore water resulted in a lesser fraction of 

zwitterions than the surfaces fabricated in PBS buffer174. Studies that have shown cysteine SAMs 

fabricated in other solutions with a similar level of zwitterionic fraction, but did not confirm or was 

ambiguous on whether the coating was actually a monolayer146, 148. Monolayer thickness is critical for 

applications involving electric pulses, such as electrotherapeutic device, where the curative electric signal 

decays proportionally with the thickness of the coating as governed by Coulomb’s law. To the authors’ 
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best knowledge, this is the first demonstration of a confirmed monolayer of self-assembled cysteine 

fabricated through solution chemistry that exhibited this high level of zwitterionic percentage. 

5.4.3 Kinetics of Cysteine Self-Assembly 

A quartz crystal microbalance was used to monitor the self-assembly of cysteine onto a gold surface in 

real-time. Cysteine is a zwitterionic amino acid under physiological pH through the protonation of its 

amine group to create a cationic end group and deprotonation of its carboxyl group to create an anionic 

end group. The molecule is reported to bind to a gold substrate primarily through its thiol group but 

binding can also involve either or both of the carboxyl and amine groups233. Reports indicate that as 

surface coverage increases, more of the cysteine molecules reorient their binding to only involve the thiol 

group219. It is unclear whether an increase in the number of neighboring cysteines induces the 

reorientation of the molecule or the reorientation of cysteine allows for an increase in coverage.  

We examined the adsorption kinetics of cysteine SAM on gold surfaces using a dynamic quartz crystal 

microbalance where the change in resonant frequency can be directly translated to a change in adsorbed 

cysteine. The relationship between a change in frequency (ΔF) and a change in mass at a liquid interface 

can be expressed by Sauerbrey Equation in a solution (Equation 1)234-236, 

𝐹 = −
2𝑓0

2

𝐴√𝜌𝑞µ𝑞

𝑚 −
𝑓0

3
2⁄

√𝜋𝜌𝑞µ𝑞

(𝜂𝐿𝜌𝐿)
1

2⁄  

𝛥𝐹 = −
2𝑓0

2

𝐴√𝜌𝑞µ𝑞

𝛥𝑚 −
𝑓0

3
2⁄

√𝜋𝜌𝑞µ𝑞

𝛥(𝜂𝐿𝜌𝐿)
1

2⁄  

Equation 1        𝜟𝑭 = −𝑪𝟏𝜟𝒎 − 𝑪𝟐𝜟(𝜼𝑳𝝆𝑳)
𝟏

𝟐⁄  

Where 𝜌𝑞 is the density of quartz crystal (2.648 g·cm-3), µ𝑞 is the shear modulus of quartz (2.947x1011 

g·cm−1·s−2), 𝑓0 is the frequency of the loaded crystal, 𝐴 is the piezoelectrically active crystal area (given 
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by the manufacturer as 0.1 cm2), 𝛥𝑚 is the change in mass, 𝜂𝐿 is the viscosity of the liquid and 𝜌𝐿 is the 

density of the liquid. Assuming that the change in viscosity and density of the solution is negligible during 

the experiment (𝛥√𝜂𝐿𝜌𝐿 = 0), the change in frequency can be directly translated the change in surface 

adsorbents where 𝛥𝐹 = −𝐶1𝛥𝑚. The intrinsic constants (𝐶1) of each chip vary slightly with respect to 

the intrinsic frequency of the loaded quartz crystal (𝑓0), but the variance is very low (0.026%), and the 

deposited mass can be related to the resonance frequency in this study by:  

Equation 2   𝜟𝒎 (𝒏𝒈) = −𝟎. 𝟓𝟒𝟗 ± 𝟎. 𝟎𝟎𝟎𝟑𝟎𝜟𝑭(𝑯𝒛) 

Figure 26 illustrates the real-time adsorption of cysteine from a PBS solution onto a gold substrate at 

room temperature. The adsorption kinetics can be described by the Langmuir adsorption isotherm where 

the fraction of available sites (Ɵ) can be related to the concentration (𝐶) by:  

𝑑𝜃

𝑑𝑡
= 𝑘𝑎(1 − 𝜃)𝐶 − 𝑘𝑑𝜃 

Equation 3         𝜽 =
𝑪∙𝒌𝒂

𝑪∙𝒌𝒂+𝒌𝒅
(𝟏 − 𝒆−(𝑪∙𝒌𝒂+𝒌𝒅)𝒕) 

ka is the association constant, kd is the dissociation constant. Two numerical solvers, MatLab and 

OriginPro 2016, were used to fit Equation 3 to the QCM data. The initial spike in the QCM data is an 

artifact of the experimental procedure caused during the switch between solutions. During this step, the 

flow speed was temperately increased to ensure that the new solution was introduced to the sample 

surface as soon as possible. If the flow speed was not increased, the newly introduced biomolecules would 

have been given enough time to diffuse into the previously introduced buffer solution in the machine 

tubing and create an unnecessary concentration gradient (splash-over effect). The necessity to increase 

the flow speed combined with the possible introduction of small air bubbles oftentimes created significant 

spikes and/or dips in frequency readings that shortly follows the introduction of a new solution. This 
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artifact was removed from the curve fitting process by ignoring data points prior to 1500 seconds. The 

fitted graph by OriginPro using nonlinear curve fitting through orthogonal distance regression algorithm 

is illustrated in Figure 26 and the R2 value was calculated to be 0.97997. The estimated kinetic parameters 

are ka = 4.20902 L•mol-1•s-1 (standard error of 0.00496) and kd = 0 (standard error of 0.00153). These 

parameters are almost identical to those estimated through a curve fitting by MatLab where ka = 

4.21031L•mol-1•s-1 and kd = 2.66x10-9 (R2 = 0.98001). The almost negligible desorption of cysteine is as 

expected since the strength of the thiol-on-gold chemisorption bond is large (125-167 kJ/mol)237, 238 and 

any desorption is unlikely as reported in an SPR study by Tawil et al.219.  

 

Figure 26: The adsorption of cysteine onto a gold surface 
The dotted line represents experiment data monitored in real-time by a QCM. The solid line represents the result 

fitted using OriginPro. The initial spike is an artifact of the experimental procedure and experimental data prior to 

1500s are ignored. The R2 value is 0.97997.  
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5.5 Conclusion 

Zwitterionic cysteine self-assembled monolayers were successfully fabricated through solution 

chemistry on gold-coated cyclic olefin copolymer substrates. X-ray photoelectron spectroscopy analysis 

of the sulfur 2p emission line demonstrated an absence of secondary layers and confirmed that the 

fabricated coatings are indeed one monolayer in thickness. The fraction of cysteine SAMs in its 

zwitterionic state was calculated by assessing the carbon (C1s) spectra of the carboxyl group and the 

nitrogen (N1s) spectra of the amine group. 80.53% of the cysteine SAM is zwitterionic for samples 

created at room temperature and this zwitterionic fraction is increased to 94.5% for SAMs created at 

330K. The increase in the zwitterionic fraction is attributed to a rearrangement of the bonds between 

cysteine and the underlying gold substrate. At a higher reaction temperature, cysteine molecules will 

more likely be adsorbed in a less preferred configuration that does not involve either the carboxyl or 

amine end group. The release of these end group from binding to the gold surface will allow for additional 

ionic moieties and hence an increase in the zwitterionic fraction. Prolonged exposure to x-ray during XPS 

analysis was necessary to acquire meaningful results, but causes C-S bond cleaving and produce atomic 

sulfur that either remains on the gold substrate or redeposits back onto a neighboring molecule. The 

adsorption kinetics of cysteine SAM on gold surfaces was examined using a dynamic quartz crystal 

microbalance in real time. The experimental data can be described by Langmuir adsorption isotherm and 

were fitted using both OriginPro and MatLab. The dissociation constant is negligible as expected from 

the strong thiol-on-gold bond. The results reported in this study demonstrate that highly zwitterionic 

cysteine SAMs can be fabricated through solution chemistry and has the potential of serving as an 

effective antifouling coating. 
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Chapter 6 

Low-Fouling and Ultra-Thin Zwitterionic Cysteine SAM: A QCM and 

SPR Study 

6.1 Summary 

Surface fouling with unwanted biological solutes is an exigent issue for any biological implants as 

these foulants greatly reduce device efficiency and hasten degradation. Surface modification with 

antifouling polymers has become indispensable for prolonging the longevity of modern devices in-vivo. 

Recently, zwitterionic self-assembled monolayers have been the focus of antifouling coatings due to their 

overall electrical neutrality and ability to capitalize on strong electrostatic interaction to form a highly 

hydrated layer. Numerous reports using various composition of zwitterionic polymer brushes have 

demonstrated ultra-low fouling in the ng/cm2 range; however, for electrotherapeutic devices, the thick 

polymer brush coatings significantly hinder the effectiveness of the curative electrical pulse as governed 

by Coulomb’s Law. Herein we report an antifouling surface composed of 8.64Å (1.22 monolayer) of 

zwitterionic cysteine fabricated through an economical thiol chemistry in solution. The antifouling 

performance of this surface was evaluated in bovine serum albumin (BSA), fibrinogen, and human blood 

by quartz crystal microbalance (QCM) and compared to an untreated gold surface. The cysteine surface 

demonstrated 95% reduction (44 ng/cm2) to BSA adsorption after 3 hours and 90% reduction after 24 

hours. Similarly, the cysteine surface is able to achieve 93% reduction to fibrinogen adsorption as well 

as human blood. The surfaces were imaged with scanning electron microscopy and cellular adsorption 

was not observed on the cysteine surface, but was prominent on the gold surface. These findings suggest 

that a zwitterionic cysteine surface is capable of resisting the adsorption of key proteins in the signaling 

cascade for inflammatory cells. Surface plasmon resonance imaging was used to complement the results 

of the QCM. The results reported in this chapter demonstrate that cysteine, due to its zwitterionic nature, 
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biostability, and small size, is a promising alternative candidate to the conventional PEG-based materials 

for improving the long-term biofunctionality of implantable bioelectronics. 

6.2 Introduction 

Recent advances in biotechnology have enabled more sensitive diagnostic sensors and effective 

therapeutic devices. However, rapid device degradation, caused by surface oxidation, fibrous 

encapsulation and/or nonspecific protein fouling, continues to be a pervasive obstacle to the success of 

these bioelectronics in-vivo7, 239, 240. Taking implantable glucose sensors as an example, the current 

minimally invasive glucose sensors approved by the FDA are only capable of performing optimally for 

7 days once implanted5. Long-term biocompatibility and biofunctionality in-vivo are arguably one of the 

major obstacles that are hindering bioelectronics from becoming a conventional treatment in clinical care 

and from receiving the popularity that these devices deserve241-243. 

Protein fouling, in the form of nonspecific adsorption, is one of the major contributors to device failure 

that occurs in the very early stages of implantation1, 40, 41. Upon surgical insertion, the surface of the device 

is spontaneously covered with a layer of plasma proteins which triggers a cascade of host responses that 

ultimately result in fibrous encapsulation, where the device becomes isolated by a layer of fibroblast or 

smooth muscle cell sheet29, 30. Formation of the fibrous capsule will prevent further interaction of the 

bioelectronics with the surrounding host environment and will compromise the functionality of the 

device. As a result, implanted bioelectronics often require a secondary surgery to remove or replace the 

device. 

Recent strategies for extending the lifetime of implantable bioelectronics focus on minimizing the 

amount of nonspecific plasma protein adsorption at the initial stage of implantation3, 41, 244, with special 

emphases on self-assembled zwitterionic molecules as a nonfouling coating49, 134, 174. Figure 27 provides 



 

94 

a cartoon illustration of a zwitterionic antifouling surface in action. As discussed in Chapter 2, zwitterions 

are molecules that consist of an equal ratio of positive and negative charges in close proximity, and thus 

preserve an overall electrical neutrality, which is essential for anti-fouling surfaces49. Chapter 4 discussed 

the importance of forming a layer of tightly bonded water molecules through ionic solvation58, 175 that 

allows zwitterionic surfaces to exhibit superior performance in resisting protein fouling compared to 

conventional hydrophilic polymers such as (PEG)19. 

 

Figure 27: Cartoon illustration of zwitterionic cysteine coating for resisting biofouling. 
Results presented in this chapter indicate that a layer of zwitterionic cysteine coating is capable of significantly 

reducing protein and cellular adsorption.  

Although zwitterionic surfaces have demonstrated promising results in resisting nonspecific protein 

adsorption, the resistive coating is far from universal and often requires designs tailored to the specific 
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bioelectronic’s intended operation conditions. Taking implantable electrotherapeutic devices as an 

example, the curative electric signal decays proportionally with the thickness of the coating as governed 

by Coulomb’s law; therefore, the thickness of the coating is critical to the performance of the device. 

Results from Chapter 3 and 5 demonstrate that cysteine is a promising zwitterionic candidate for coating 

these devices due to its inherent zwitterionic nature, small size, and established thiol chemistry. Through 

self-assembly, the sulfhydryl group on cysteine allows for easy fabrication of a monolayer on gold 

surfaces, whereas, the small molecular structure ensure that the curative signal is significantly more 

effective than devices coated with conventional polymer brush. Cysteine also exists naturally in our body 

as an amino acid and thus, has high inherent biocompatibility. Recent studies have shown that cysteine 

as a coating material is capable of stabilizing both silicon and gold nanoparticles in protein solutions with 

minimal protein adsorption117, 141.  

Chapter 3 had demonstrated that a layer of highly zwitterionic cysteine coating is capable of 

significantly reducing BSA and sheep serum protein adsorption compared to an untreated gold surface174. 

This work further investigates the feasibility of cysteine as an anti-fouling coating by applying analytical 

tools with a higher level of precision in conjunction with a wider variety of biological solutions. This 

chapter demonstrates the fabrication of 1 monolayer of cysteine through solution chemistry. The 

antifouling performance of cysteine surfaces was evaluated in bovine serum albumin (BSA), fibrinogen, 

and human blood by quartz crystal microbalance (QCM). The cysteine surface demonstrated over 90% 

reduction to the adsorption of all three biological solutions compared to untreated gold surfaces. The 

surfaces were imaged with scanning electron microscopy (SEM) and cellular adsorption was not observed 

on the cysteine surface, but was prominent on the gold surface. These findings suggest that a zwitterionic 

cysteine surface is capable of resisting the adsorption of key proteins in the signaling cascade for 
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inflammatory cells. Surface plasmon resonance imaging (SPRi) was used to complement the results of 

the QCM. 

6.3 Material and Method 

6.3.1 Materials  

L-cysteine (HSCH2CH(NH2)(CO2H), 97% purity), bovine serum albumin (BSA), and Fibrinogen from 

human plasma (Fg) were used as received from Sigma-Aldrich. Undiluted human whole blood in BD 

Vacutainer plastic tube coated with 7.2mg of K2 EDTA was provided by National Taiwan University 

Hospital (NTUH). Phosphate buffered saline (PBS) was purchased from Invitrogen and Sigma-Aldrich.  

6.3.2 Quartz-Crystal Microbalance 

The QCM measurements were performed at room temperature with the AT-cut quartz crystal from 

ANT technology Co., Ltd. Frequency shift (ΔF) was detected by the Affinity Detection System (ADS) 

type QCM instrument from the same manufacturer. The frequency of the loaded crystal ( 𝑓0 ) was 

8.97MHz with a standard deviation of 0.026%. The piezoelectrically active crystal area and reaction 

chamber volume is 0.1cm2 and 30 µL respectively, given by the manufacturer. For all QCM analyses 

conducted in this study, the samples were first allowed ample time to establish a stable baseline under a 

continuous flow of phosphate buffered saline (PBS) before a biological solution was introduced to the 

system. The time required to establish a steady baseline varied among samples, and only the portion of 

data directly preceding the introduction of a biological solution was presented in the figures to allow for 

easy viewing of the data. The baseline was considered stable when the change in resonance frequency 

fell within the machine’s inherent signal drift given by the manufacture as ±0.3 Hz per minute. The signal 

drift, which is considered as a background noise, was removed from the data using a calibration process 

provided by the manufacture’s signal acquisition software. After exposing the sample surface to a 
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biological solution for the desired amount of time, a PBS solution was again flowed across the sample 

surface and the resonance frequency was allowed time to stabilize. The change in frequency, 𝛥𝐹, was 

calculated by subtracting the frequency of PBS baseline from PBS wash. The flow speed was kept at 

30µL/min. Cysteine coated surfaces were fabricated by introducing a 0.1mM L-cysteine solution to the 

gold portion of QCM chip and allowed to react overnight in accordance with our previous work174.  

6.3.3 Surface Plasma Resonance Imaging (SPRi) 

Trapezoidal cyclic olefin copolymer (COC) prisms (n = 1.51) were designed and fabricated with 

precise angles and dimensions by injection molding at Silitech Technology Co, Inc. A 47 nm gold film 

was deposited onto the prism using a radio-frequency (13.56 MHz) sputtering system at a working 

pressure of approximately 3 × 10−3 Torr. Double-sided adhesive (F9460PC, 3M, USA) was cut with a 

laser machine and used to join the prism to the sample holder.  

The SPRi system was an in-house custom-made model designed for real-time monitoring of reflectivity 

changes based upon the Kretschmann configuration. The optical module consisted of a 1W 850 nm near-

infrared (NIR) LED, an achromatic doublet, and a polarizer that provided a p-polarized collimated beam 

for irradiating the surface of the 47nm gold film on the prism. The light was coupled using a COC prism 

to generate a surface plasmon resonance and was reflected onto a CCD camera connected to a computer 

through an IEEE 1394 interface. The incident angle of the light source was manually adjusted so that the 

value of the reflective intensity was one-third of the difference between the maximum and the minimum 

reflection. The reflected light was detected by a 12-bit grayscale CCD camera. The abovementioned SPRi 

subsystems were controlled by a program developed in-house using LabVIEW 8.2. Additional 

information on this custom-made SPRi system can be found in our previously published paper245. A liquid 

injection system was used to first introduce a PBS buffer to the SPR prism in order to acquire a steady 

baseline before exposing the surfaces to the biological analyte and followed by a PBS buffer wash. The 
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change in reflective intensity (ΔRU) was calculated by subtracting the signal of the PBS baseline from 

that of the post reaction PBS wash. The SPR measurements were completed under zero-flow and, to 

prevent any dilution effects, at least 3 mL of each solution was injected to flush out the reaction 

chamber (30 µL).  

6.3.4 Scanning Electron Microscopy Characterization 

A field emission scanning electron microscope (FE-SEM, Zeiss Leo 1550) was used for the scanning 

electron microscopy (SEM) analysis. The electron gun energy was kept at 10.00kV and the vacuum was 

kept approximately at 6x10-6 mbar. The samples were subjected to SEM analysis without any additional 

sample preparation. 

6.4 Results and Discussion 

Upon surgical insertion of any implantable bioelectronics, the body spontaneously smears the device 

surface with a layer of plasma and tissue fluid proteins to identify the device as foreign and attempts to 

destroy or isolate the implant. The nonspecifically adsorbed proteins interact with adhesion receptors on 

inflammatory cells and trigger a cascade of inflammatory responses that is typical of a foreign body 

response. By minimizing the amount of nonspecific protein adsorption, the degree of undesirable host 

response can be controlled, thus prolonging the in-vivo functionality of the implant. Preliminary work 

presented in Chapter 3 demonstrated that a layer of highly zwitterionic cysteine coating can significantly 

reduce BSA and sheep serum protein adsorption compared to an untreated gold surface. This chapter 

further investigates the feasibility of cysteine as an anti-fouling coating by incorporating analytical tools 

with a higher level of precision in conjunction with a wider variety of biological solutions. The amounts 

of bovine serum albumin (BSA), fibrinogen (Fib), and human blood sample (HBS) adsorbed onto 
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cysteine surfaces are quantified by a dynamic quartz crystal microbalance and compared with that of 

untreated gold surfaces. 

6.4.1 QCM Calibration  

Detection of trace amounts of protein adsorbed onto antifouling surfaces is often difficult and requires 

extremely sensitive instruments. For this study, a quartz crystal microbalance was selected as the 

preferred method of measuring surface fouling because this instrument is capable of translating a change 

in resonant frequency directly to a change in adsorbed mass. This section discusses the calibration 

employed for this translation and explains all artifacts created as a result of the experimental procedure. 

When one face of the quartz crystal resonator is in contact with a liquid, the change in frequency (ΔF) 

can be expressed by Equation 4234-236, 

𝐹 = −
2𝑓0

2

𝐴√𝜌𝑞µ𝑞

𝑚 −
𝑓0

3
2⁄

√𝜋𝜌𝑞µ𝑞

(𝜂𝐿𝜌𝐿)
1

2⁄  

𝛥𝐹 = −
2𝑓0

2

𝐴√𝜌𝑞µ𝑞

𝛥𝑚 −
𝑓0

3
2⁄

√𝜋𝜌𝑞µ𝑞

𝛥(𝜂𝐿𝜌𝐿)
1

2⁄  

 Equation 4         𝜟𝑭 = −𝑪𝟏𝜟𝒎 − 𝑪𝟐𝜟(𝜼𝑳𝝆𝑳)
𝟏

𝟐⁄  

Where 𝜌𝑞 is the density of quartz crystal (2.648 g·cm-3), µ𝑞 is the shear modulus of quartz (2.947x1011 

g·cm−1·s−2), 𝑓0 is the frequency of the loaded crystal, 𝐴 is the piezoelectrically active crystal area (given 

by the manufacturer as 0.1 cm2), 𝛥𝑚 is the change in mass, 𝜂𝐿 is the viscosity of the liquid and 𝜌𝐿 is the 

density of the liquid. From Equation 4, the resonance frequency can be disturbed by either a change in 

surface mass (caused by film deposition or decay), a change in viscosity of the liquid, or a change in 

density of the liquid. If the change to resonator mass is assumed to be zero, thus ignoring the first term 

of Equation 4, the equation provides information on the change of resonance frequency when the system 

is disturbed from a gaseous interface to a liquid interface. Taking a crystal with a load frequency (𝑓0) of 
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8.96MHz as an example, when the crystal interface transforms from a vacuum interface to a pure water 

interface, the resonance frequency is expected to decrease by approximately −1715𝐻𝑧 (calculated using 

Equation 4 at 20oC and assuming zero change in mass). On the reverse, if a gas bubble is introduced to a 

liquid-crystal interface, an increase in resonance frequency is expected. This phenomenon was observed 

on some graphs presented in this QCM study when small gaseous bubbles were introduced to the liquid 

interface amidst the exchange between different solutions. These gaseous bubbles created temporary 

spikes in resonance frequency as the bubbles traveled across the liquid-crystal interface.  

Operating the QCM under stable conditions, where the change in root product of viscosity and density 

of the liquid (𝛥√𝜂𝐿𝜌𝐿) is negligible, the change in frequency directly reflects the change in surface 

adsorbents. Therefore, the addition or removal of mass on the surface of the crystal resonator is 

proportional to the change in resonance frequency by the intrinsic constant 𝐶1 (i.e. 𝛥𝐹 = −𝐶1𝛥𝑚). Since 

the intrinsic frequency of the loaded quartz crystal (𝑓0) varies slightly between each chipset, variation 

between the intrinsic constants (𝐶1) of each chip was also expected. However, the variance is very low 

(0.026%) for the chipsets used in this study and deposited mass can be related to the resonate frequency 

by: 

Equation 5   𝜟𝒎 (𝒏𝒈) = −𝟎. 𝟓𝟒𝟗 ± 𝟎. 𝟎𝟎𝟎𝟑𝟎𝜟𝑭(𝑯𝒛) 

The change in resonance frequency was continuously monitored and recorded in real-time. The QCM 

figures are composed of three portions (PBS baseline, exposure, and PBS wash) and the portions are 

separated by dotted red lines. 𝛥𝐹 is calculated by subtracting the stable frequency value acquired during 

PBS baseline from that acquired during PBS wash; therefore, the wash procedures employ the same 

buffer solution as that used during the baseline in order to mimic the exact experimental conditions for 
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accurate calculation. Any biological substances that are weakly adhered on the surface would have also 

been removed during the post exposure PBS wash. 

The flow speed was temporary increased when switching between solutions in order to prevent a 

splash-over effect by ensuring that the new solution was introduced to the sample surface as soon as 

possible. If the flow speed was not increased, the newly introduced biomolecules would have been given 

enough time to diffuse into the previously introduced buffer solution in the machine tubing and create an 

unnecessary concentration gradient. The necessity of increased flow speed combined with the 

introduction of small air bubbles oftentimes created significant spikes and/or dips in frequency readings 

that shortly follows the introduction of a new solution. These artifacts of the experimental procedure 

resolve themselves and the samples were always allowed ample amount of time to return to a steady 

reading.  

6.4.2 Monolayer Fabrication 

For any bioelectrical devices for application in electrotherapy, the curative electrical pulse decays 

proportionally with respect to the working distance as governed by Coulomb's law. Therefore, fabricating 

a thin monolayer is essential to avoid hindering the underlying function of these devices. A quartz crystal 

microbalance (QCM) was used to monitor the monolayer fabrication overnight as well as determine the 

final coating thickness. Cysteine SAMs were fabricated by coating L-cysteine onto the gold portion of a 

QCM chipset in accordance with previous work presented in Chapter 3174 and the reaction was monitored 

overnight under a continuous flow (Figure 28). In the same study, it was demonstrated that the resulting 

cysteine surfaces are highly zwitterionic (87.8%) through X-ray photoelectron spectroscopy. The system 

was allowed ample time to establish a steady baseline under a continuous flow of PBS before the cysteine 

solution was introduced. For easier visualization of this large set of data, Figure 28 incorporates two 

modifications to the x-axis. Firstly, only the last 5 minutes of the stable PBS baseline is shown as 
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additional data points cluster the figure and do not contribute any new information. Secondly, only the 

initial 3 hours of the overnight reaction is shown in order to preserve the adsorption trend; after 3 hours 

of exposure, the change in frequency plateaus and additional changes are very gradual with the exception 

of spikes caused by the introduction of air bubbles. Subsequent to the overnight reaction, a PBS wash 

was employed to remove any physisorbed layers of cysteine. The PBS wash portion of the figure 

illustrates the signal approaching a plateau after 60 minutes, indicating that most of the secondary layer 

are removed; however, the data trend suggests that lengthening the PBS wash step will remove additional 

physisorbed molecules. Indeed, almost 12 hours are required to completely remove all the physisorbed 

molecules. The dip in signal observed when switching from the PBS to cysteine solution is the result of 

an artifact of the experimental process. The total change in frequency, calculated by subtracting the 

reading during PBS baseline from the plateau portion of PBS wash, is -19.75 Hz which translates to 

10.84 ng of cysteine adsorption in accordance with Equation 5. The average adsorbed cysteine is 

11.01 ± 1.34 ng (N=9). A typical Au[111] surface is reported to have 4.5x1014 adsorption sites/cm2 when 

maximum coverage is obtained246, 247 or 9.05 ng of cysteine on a 0.1 cm2 gold surface. Based on these 

findings, the fabricated cysteine surfaces have a complete coverage and the average thickness is 1.22 

monolayer. An upright cysteine molecule adsorbed through the sulfur group onto a gold surface is 

reported to have a height of 7.1Å215-217; a 1.22 monolayer coating would translate to an average coating 

thickness of 8.64 Å. 
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Figure 28: Fabrication of a cysteine surface. 
For ease of data visualization, this figure only incorporates data from the last 5 minutes of PBS baseline, initial 3 

hours of thiol reaction, and 60 minutes of post-exposure PBS wash. The x-axis is rescaled for the PBS portions to 

preserve the data trend. 𝛥𝐹  of −19.75𝐻𝑧  was observed, translating to 10.84 ng cysteine adsorption or 1.20 

monolayer of coating thickness.  

6.4.3 Biological Fouling 

The in-vivo performance of any bioelectronics is greatly hindered by nonspecific adsorption of plasma 

and tissue fluid proteins. This study employs a dynamic QCM to investigate the antifouling property of 

cysteine SAMs in common protein solutions such as bovine serum albumin (BSA) and fibrinogen (Fg) 

as well as in complex biological medium such as whole human blood. Untreated gold surfaces were used 

as the control in this study. 

BSA was selected as a model protein for assessing nonspecific fouling primarily because the 

characteristics of BSA, such as size, charge, and amino acid sequence, are well understood153, 154 and this 

protein closely resembles human serum albumin (HSA), which is the most abundant plasma protein in 

the blood. Furthermore, a majority of published literature in surface biofouling assess the performance of 

their coating using BSA (PEG8, PMMA77, Poly(TM-SA)69); therefore, the extent of BSA adsorption 

serves as a typical benchmark for easy comparison with other established technologies. Figure 29a 
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illustrates the change in resonance frequency with respect to time for an untreated gold surface when 

exposed to a BSA solution. This figure depicts a 30 minute PBS baseline before a 3 hours BSA exposure 

followed by a PBS wash. The PBS wash was allowed to continue until the signal plateaued, thus ensuring 

the removal of all weakly adsorbed BSA molecules. 𝛥𝐹 of -147.11Hz was observed, which translates to 

80.77ng of BSA fouling onto the untreated gold surface. Figure 29b reports BSA adsorption onto a 

cysteine surface. This figure depicts a 45 min PBS baseline followed by a 3 hours BSA exposure. The 

PBS wash was allowed to continue for the same duration of time as what had transpired during the BSA-

on-gold experiment. A resulting 𝛥𝐹 of -8.02Hz was observed which translate to 4.40ng of BSA fouling. 

Compared with the untreated gold surface, the cysteine coated surface was able to reduce BSA fouling 

by 92.78%. The QCM results agrees with the SEM images (Figure 34a & Figure 34b), where spherical 

BSA clusters were observed throughout the untreated gold surface whereas these clusters were very rarely 

observed on the cysteine surface. To further demonstrate the anti-fouling property of zwitterionic 

cysteine, a 24-hour exposure to BSA was conducted under the same experimental conditions and 8.03ng 

of BSA fouling was observed on the cysteine coated surface (QCM figure not shown).  



 

105 

 

Figure 29: BSA adsorption for 3 hours 
A) onto an untreated gold surface and B) a cysteine coated surface. The total amount of BSA fouling was 80.77 ng 

and 4.40 ng for gold and cysteine surfaces respectively. Compared with the untreated gold surface, the cysteine 

coated surface was able to reduce BSA fouling by 92.78%. 

Fibrinogen (Fg) is one of the primary proteins in the clotting cascade and is widely viewed as a 

significant determining factor for the longevity of implantable devices248, 249. Figure 30a and Figure 30b 

illustrates the amount of fibrinogen adsorbed onto an untreated gold and a cysteine coated surface, 

respectively. For the gold surface, the figure depicts a 10 minute PBS baseline followed by 3 hours of 

fibrinogen exposure. The PBS wash was allowed to continue until the signal plateaued in order to remove 

any weakly physisorbed fibrinogen. 𝛥𝐹 of -180.59 Hz was observed, which translates to 99.10ng of 

fibrinogen fouling onto the untreated gold surface. Considering the impressive performance of cysteine 

in resisting BSA fouling, a more lengthy exposure was conducted for the cysteine surface. Fibrinogen 

was exposed to the cysteine surface for 14 hours. The PBS wash was allowed to continue for the same 

duration of time as what had transpired during the Fg-on-gold experiment. For easier visualization of this 

large set of data, only the initial 10 hours of the exposure is shown. In addition, the x-axis has been 

rescaled for the PBS baseline and the PBS wash portion of this figure in order to preserve the data trend. 

A 𝛥𝐹 of -16.56 Hz was observed, which translates to 9.09 ng of fibrinogen fouling onto the cysteine 
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SAM. Compared with the untreated gold surface, the cysteine coated surface was able to reduce 

fibrinogen fouling by 90.82%. The QCM results agrees with the SEM images (Figure 35a-d), which 

reveals large clusters of fibrinogen on the gold surface whereas these clusters are absent on the cysteine 

surface.  

The adsorption of albumin onto both surfaces is initially rapid and, as coverage increases, adsorption 

begins to slow as proteins have to compete for the fewer free sites. This single step adsorption profile is 

as expected since albumin is approximately globular in shape and thus, adsorption in any orientation 

would not alter the packing density. In contrast, the adsorption process for fibrinogen appears to occur in 

a multistep fashion, where the protein initially adsorbs rapidly in a flat orientation saturating the surface 

with its long axis parallel to the sample surface. After some time, fibrinogens begin to rearrange into a 

perpendicular orientation that exposes additional adsorption sites on the surface and allows for additional 

protein adsorption. This second adsorption step is more gradual compared with the initial step, as 

expected, since the rearrangement of surface protein is a slow process. A schematic depiction of 

fibrinogen’s multistep adsorption process is shown as the inserts in Figure 30b. The rearrangement of 

adsorbed fibrinogen and its multistep adsorption profile have been reported in other QCM studies250, 251 

and are believed to be driven by favorable hydrophobic interactions as long axes of fibrinogen become 

parallel to one another.  
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Figure 30: Fibrinogen adsorption  
onto an untreated gold surface for 3 hours (panel A) and a cysteine coated surface for 14 hours (panel B). For ease 

of data visualization, only the initial 10 hours of exposure is displayed for the cysteine surface and the x-axis has 

been rescaled for the PBS portions in order to preserve the data trend. The total amount of fibrinogen fouling was 

99.10 ng and 9.09 ng for gold and cysteine surfaces respectively. Compared with the untreated gold surface, the 

cysteine coated surface was able to reduce BSA fouling by 90.82%. 
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The signaling and control of the foreign body response are ultimately achieved through a complex 

system of adsorbed protein interactions with adhesion receptors on inflammatory cells. The presence of 

adsorbed proteins such as albumin, fibrinogen, complement, fibronectin, vitronectin and γ globulin, 

regulate inflammatory cells interactions and adhesion, and thus, are critical determinants of subsequent 

degradation and isolation cascade252-255. To fully investigate this complex interaction, a half diluted 

human blood sample (50%HBS) was applied to cysteine and gold surfaces. The dilution of HBS was 

necessary in order for the QCM detector to obtain a proper reading. During experiments involving 

undiluted HBS, the QCM detector became unresponsive as soon as the surface was exposed to pure HBS. 

We hypothesize the loss of signal was caused by the high intrinsic viscosity of undiluted human blood 

(typically 4-5 times greater than water). By exposing the quartz crystal to a solution with high viscosity, 

a very sudden and sharp change in resonance frequency is expected in accordance with Equation 4, and 

this sudden change in frequency is believed to be the cause of the signal loss from the QCM detector. 

Figure 31a and Figure 31b illustrates the adsorption profile of biological substances onto an untreated 

gold and a cysteine coated surface, respectively. The gold surface was exposed to 50%HBS for one hour 

followed by a PBS wash that lasted until the signal plateaued. The 𝛥𝐹 was -3012.06 Hz, which translates 

to 1653.68 ng of biological fouling onto the untreated gold surface. The QCM response for the untreated 

gold surface is very jagged and exhibits sudden rapid decreases (for example, from 30 to 35 min, and 

again from 47 min to 53 min), which greatly differs from the smooth and continuous adsorption profile 

exhibited by homogeneous protein studies presented earlier. This observation indicates a strong case of 

protein-enhanced adsorption where the presence of specific proteins on a surface induces further 

adsorption of other proteins and cells through complex biological interactions256. Indeed, images captured 

by the SEM showed ruptured cells throughout the untreated gold surface (Figure 36d).  
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 Considering the impressive performance of cysteine in resisting BSA and fibrinogen fouling, a more 

lengthy exposure was conducted for the cysteine coated surface. The surface was exposed to 50%HBS 

for 1.5 hours and the PBS wash was allowed to continue until the signal plateaued. The 𝛥𝐹 was -217.36 

Hz, which translates to 119.20ng of biological fouling onto the cysteine surface. Compared with the 

untreated gold surface, the cysteine coated surface was able to reduce biological fouling by 92.79%. 

Furthermore, the QCM response for the cysteine surface is very smooth and has leveled off after 300s of 

exposure. Additional decrease in signal was very gradual and the adsorption trend is very similar to that 

of the homogeneous protein studies presented earlier. This adsorption profile suggests that the extent of 

protein-enhanced adsorption is not significant on a cysteine coated surface. SEM images support this 

observation as there were no indications of adsorbed cells on the cysteine coated surface. 

 

Figure 31: Half-diluted human blood exposure 
onto an untreated gold surface for 1 hour (panel A) and a cysteine coated surface for 1.5 hours (panel B). Adsorption 

data for the untreated gold surface are very jagged and exhibit sudden rapid decreases (from 30 min to 35 min, and 

from 47 min to 53 min), which greatly differs from the smooth and continuous adsorption profile exhibited by 

homogeneous protein studies presented earlier. This observation indicates a strong case of protein-enhanced 

adsorption, which was not observed on the cysteine SAM. The total amount of biological fouling was 1653.28 ng 

and 119.20 ng for gold and cysteine surfaces respectively. 
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Table 9 summarizes the results of the QCM study. Compared with recently published nonfouling 

cysteine coatings, our design outperforms those coatings significantly (44.05 ng/cm2 BSA fouling as 

opposed to 66 µg/cm2 [143], and 5.45% BSA fouling as oppose to 55%257). Similarly, our results are 

comparable to, if not exceed, the performance of recently published nonfouling hydrogel155,  zwitterionic 

coatings156, 157, 258, cellulose259, PEG-based polymer brush83, 260. Long-chain zwitterionic polymer brushes 

that benefit from steric repulsion, the compression force of the polymer chains12, 13, are known to achieve 

ultra-low BSA fouling in the <5 ng/cm2 range. However, for applications in bioelectric devices, a thick 

polymer brush coating would be detrimental to the device performance, because the curative electrical 

impulse decays proportionally with respect to the working distance as governed by Coulomb's law. 

Therefore, our coating is intentionally designed with the criteria of incorporating a small monomer as 

oppose to thick polymer brushes in order to minimalize interferences with the underlying bioelectronic. 

The reported cysteine coating is composed of 1.22 monolayer and an average thickness of 8.64 Å. 

Compared with the ultra-low fouling polymer brushes that have a thickness of 10-15 nm126, a cysteine-

coated electrode will exhibit a stimulation that is 12 to 17 times stronger since the effective electric field 

is inversely proportional to the distance.  Furthermore, the experimental conditions, mainly the protein 

concentration and exposure time, varies between different groups. Surfaces reported having ultra-low 

fouling capability are generally exposed at 1 g/L of BSA for 10-15 min69, 118, 155 whereas, our work was 

conducted with a concentration of 6.6 g/L and an exposure time of 3 to 24 hours. A higher protein 

concentration and a longer exposure time are expected to result in a greater degree of surface fouling.  
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Table 9: Summary of QCM results. 
This table summarizes the results presented in section 6.4.3. N = 3 for trials done with replicates. 

 

ΔF (Hz) Fouling (ng) Areal Fouling (ng/cm2) 

BSA on Gold -150.79 82.79 827.86 ± 24.40 

BSA on Cys -7.82 4.30 42.95 ± 6.91 

BSA on Cys - 24h -14.63 8.03 80.30 

Fg on Gold -177.35 97.36 973.64 ± 16.68 

Fg on Cys -11.87 6.51 65.14 ± 12.14 

Fg on Cys -14h -16.56 9.09 90.91 

Blood on Gold -3,012.06 1,653.62 16,536.23 

Blood on Cys -217.36 119.33 1,193.33 

6.4.4 Extended Protein Study with SPRi 

The SPR analysis was conducted to complement the QCM findings. Compared with the QCM, the SPR 

instrument was less sensitive to signal distortion caused by ambient vibrations; therefore, results from the 

SPR study exhibited a higher signal-to-noise ratio. The added stability of the SPR instrument allowed for 

experiments involving prolonged exposure to protein solutions, which was difficult to monitor using the 

QCM. A custom-built surface plasmon resonance instrument was used for this study. In brief, an 850±50 

nm NIR-LED was used as a light source for excitation. The collimated light beam projects onto the gold 

surface of a COC prism at an incident angle of approximately 66°. The limit of detection for this 

instrument was previously determined to be 0.01 nM ml-1 with a signal-to-noise ratio of three245. The 

intensity of the reflected light varied with respect to the amount of adsorption onto the measuring surface; 

therefore, by detecting the changes in the intensity of reflected light (ΔRU), we were able to obtain a 

measure of total surface fouling onto the prism’s gold surface. The SPR software, developed in-house 

using LabVIEW, averaged all the gray-scale pixels in the region of interest to produce a response unit 
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(RU). The maximum and minimum signal typically observed in this setup were 2700 RU and 200 RU 

respectively. The injection of a new solution occasionally created a temporary spike in the SPR response. 

Given the successful demonstration of protein resistivity during the QCM study, cysteine coated 

surfaces were exposed to the protein solutions for a significantly longer period of time compared with 

the gold control. For exposures to BSA solutions, the SPR response for an untreated gold surface 

increased by 49.6 RU after 1 hour, whereas that of a cysteine surface was increased by only 8.93 RU after 

68 hours (Figure 32a and Figure 32b, respectively). Compared to the gold surface, a cysteine surface 

exhibited less than 18% BSA after 68 hours. This finding agrees with the findings from the QCM study 

where a cysteine coated surface exhibited 9.94% BSA fouling after 24 hours compared to an untreated 

gold surface. For exposures to fibrinogen, a gold surface demonstrated an increase of 439.5R U after 1.5 

hours whereas a cysteine surface demonstrated an increase of only 86.5 RU after 36.5 hours (Figure 32c 

and Figure 32d, respectively). For both cysteine and gold surfaces, the removal of loosely bound 

fibrinogen during the PBS wash appeared to be more gradual compared with that of BSA. This 

phenomenon is perhaps best observed by comparing the PBS wash portion of Figure 32b to Figure 32d. 

The SPR response for BSA exposure (Figure 32b) had rapidly reached a plateau during 40 minutes of 

PBS wash; however, for Fg exposure (Figure 32d), the response decreased gradually and had yet to reach 

a plateau after the same amount of time.  
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Figure 32: SPR Measurements of BSA and Fg Fouling 
Panel A and B illustrate SPR measurements of BSA fouling onto a gold surface and a cysteine surface respectively. 

Compared with an untreated gold surface, a cysteine coated surface was able to reduce BSA fouling by 82% even 

after a prolonged exposure. Panel C and D illustrate SPR measurements of Fg fouling onto a gold and cysteine 

surface respectively. Fg fouling was reduced by 80% even after a prolonged exposure. For both cysteine and gold 

surfaces, the removal of loosely bounded fibrinogen during the PBS wash appeared to be more gradual compared 

with that of BSA. 

6.4.5 Scanning Electron Microscopy 

The purpose of the scanning electron microscopy (SEM) analysis is to provide a qualitative 

understanding towards the degree of protein fouling in order to complement the quantitative analytical 

findings presented in earlier sections of this article. By visually inspecting each surface, we can acquire 

information regarding important features such as surface morphology, topological information, as well 
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as localized protein aggregation. The performance of cysteine coated surfaces in resisting BSA, 

fibrinogen, and human blood is compared with that of untreated gold surfaces. The native gold surfaces 

refer to the analytical portion that came with the QCM chipsets and characterized as is, whereas cysteine 

surfaces were fabricated by exposing a cysteine solution to the native gold portion of the QCM chipset 

(refer to Materials and Method). Figure 33a illustrates the untreated gold surface on a QCM chipset prior 

to any exposure to organic solution. This figure is taken over a large area (389 µm by 258 µm) and reveals 

a continuous surface with a similar level of roughness throughout the sample. Figure 33c provides a 

zoomed-in image of the gold surface, revealing the characteristic large grain size that is common to these 

surfaces. Figure 33b, taken over the same dimension as Figure 33a, illustrates a cysteine surface that was 

fabricated by exposing the native gold chipset to cysteine solution through QCM. Similar to its gold 

counterpart, the cysteine sample exhibits a continuous surface; however, much of the surface roughness 

was not observed. Indeed, a zoomed-in image of the cysteine surface, Figure 33d, reveals that much of 

the grain size are absent, although deeper crevices are still observable. 
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Figure 33: SEM images of gold and cysteine surfaces before exposure to biological solutions 
Panels A and B illustrates the wide view of, respectively, untreated gold and cysteine surface prior to exposure to 

organic solution. Images demonstrate continuous surfaces without large defects. Panel C and D illustrates the 

magnified images of, respectively, untreated gold and cysteine surface. The characteristic grain size of gold can be 

clearly seen in panel C, but disappears after the coating as shown in panel D.  

Figure 34a and Figure 34b illustrates BSA adsorption onto gold and cysteine surfaces, respectively, 

taken over a wide imaging area in order to better provide a non-localized depiction of the surfaces. On 

both surfaces, BSA adsorption appears to be sparse, which is in agreement with the QCM findings, and 

the distribution of protein is uniform. It is important to note that even though the cysteine surface depicts 

many white dots, which are often indications of protein clusters, these dots are actually inorganic crystals 

as revealed by Figure 34c and Figure 34d. The organic crystals illustrated in these zoomed-in images are 

postulated to originate from salts in the PBS solvent as a result of the drying process and are not to be 
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mistaken as protein deposits. A SEM image of a characteristic spherical BSA cluster is provided in the 

Appendix (Supplementary Figure S4).  

 

Figure 34: SEM images of gold and cysteine surfaces after exposure to BSA solution 
SEM images of BSA adsorption onto untreated gold (panel A) and cysteine surface (panel B to D). BSA adsorption 

on the gold surface appears in the form of characteristic spherical aggregates. BSA adsorption onto the cysteine 

surface is sparse and as illustrated by panel C and D, the majority of surface adsorbates are actually salt crystals that 

are artifacts of the drying process. 

Figure 35a and Figure 35b illustrates fibrinogen adsorption onto gold and cysteine surfaces, 

respectively, taken over a wide imaging area in order to better provide a non-localized depiction of the 

surfaces. Comparing these two images, the gold surface clearly exhibits a larger amount of deposits than 

the cysteine surface, which is in agreement with the QCM findings. In fact, fibrinogen adsorption onto 

the cysteine surface was observed very infrequently and in similar degree as the BSA adsorption. Closer 

inspections of the deposits on the gold surface reveal salt crystals that encapsulate protein clusters (Figure 
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35c). We postulate that this phenomenon was caused during the drying process where salt in the PBS 

solution crystallizes around the adsorbed protein, thus encapsulating the smaller protein clusters. A large 

fibrinogen cluster is illustrated in Figure 35d.  

 

Figure 35: SEM images of gold and cysteine surfaces after exposure to fibrinogen solution. 
Fibrinogen adsorption onto an untreated gold surface (panels A, C, and D) occurred as large clusters (panel D) and 

salt crystals with encapsulated protein clusters (panel C) are common. Only a small degree of fibrinogen adsorption 

was observed on the cysteine surface (panel B). 

Figure 36a and Figure 36b respectively illustrates cysteine and gold surfaces subsequent to blood 

exposure. These images were taken over a wide area in order to better provide a global depiction of the 

surfaces. Similar to previous observations, a cysteine surface demonstrated a significant improvement 

over a native gold surface in resisting adsorption. Large chunks of deposits can be identified throughout 

the gold surface even under low magnifications, whereas deposits can only be observed under high 

magnifications on the cysteine surface (Figure 36c). It is unclear from the SEM analysis whether these 
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clusters on the cysteine surface are proteins or salt crystals due to the irregular shapes and sizes; it is 

entirely possible that these clusters are composed of both entities similar to what was observed in Figure 

35c. Remnants of cells, Figure 36d, were observed throughout the gold surface in the size range of 

8-10 µm, which is comparable to red blood cells at 6-8 µm and white blood cells at 12-15 µm. Cellular 

adsorption was not observed on the cysteine sample.  

 

Figure 36: SEM images of gold and cysteine surfaces after exposure to diluted human blood 
SEM images of cysteine (panel A) and gold (panel B) surface after exposure to human blood.  Large chunks of 

deposits can be identified throughout the gold surface, whereas deposits can only be observed under high 

magnifications on the cysteine surface. Cellular adsorption, as shown in panel D, was commonly observed on the 

gold surface, but not observed on the cysteine surface (panel C). 
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6.5 Conclusion 

Herein we have demonstrated the successful fabrication of zwitterionic cysteine surfaces through thiol 

chemistry on gold substrates in a solution. The reaction was monitored and recorded in real time by a 

quartz crystal microbalance, which returned a coating thickness of 1.22 monolayer or 8.64Å after one 

hour of post reaction wash. The removal of the entire secondary layer can be achieved by extending the 

post reaction wash to 12 hours. QCM was also used to measure the real-time adsorption of various 

proteins onto both cysteine-coated and untreated gold surfaces in order to provide effective comparisons. 

The cysteine surface was able to reduce bovine serum albumin, fibrinogen, and half-diluted human blood 

fouling by 94.55%, 90.82%, and 93.80% respectively compared to an untreated gold surface. BSA fouling 

onto a cysteine surface was minimized to 44ng/cm2 after 3 hours of exposure, which is a significant 

improvement compared with other published cysteine coatings. SEM imaging was performed to 

complement the finds of QCM analysis and the results from the two characterization techniques are in 

agreeance. For samples exposed to human blood, cellular adsorption was observed by both the SEM and 

QCM for the untreated surface, but was not observed on the cysteine surface. These findings confirm that 

cysteine, due to its thin coating thickness, zwitterionic nature, and stability in-vivo, is a promising 

candidate for replacing the conventional PEG-based material for improving long-term biofunctionality 

of implantable bioelectronics. 
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Chapter 7 

Conclusions and Future Work 

7.1 Summary 

This thesis presents new findings in the field of self-assembled monolayers, antifouling, zwitterionic 

materials, and chemical engineering. Cysteine SAMs hold tremendous potential as protein-resistant 

coatings for implantable bioelectronics due to their intrinsic biocompatibility, zwitterionic nature, and 

thin coating thickness. Zwitterionic surfaces are capable of resisting protein fouling by forming a strong 

hydration layer that is energetically unfavorable for adsorption and these surfaces are known to be 

superior to traditional hydrophilic coatings. The research presented here demonstrates that cysteine, 

existing as a zwitterion under physiological conditions, can form a highly zwitterionic surface by 

controlling the self-assembly reaction. Additionally, the coating created by a monolayer of cysteine is 

extremely thin and analysis concluded a coating thickness of less than one nanometer. The coating 

thickness is extremely important for electrotherapeutic bioelectronics where the curative electrical signal 

decays proportionally with respect to surface distance. Finally, a monolayer of highly zwitterionic 

cysteine demonstrated a strong resistance to biological fouling by significantly reducing the adsorption 

of serum albumin, fibrinogen, and human blood. This thesis produced promising results for synthesizing 

a zwitterionic antifouling coating composed of a cysteine SAM as an alternative to traditional hydrophilic 

polymer brushes that often are not biocompatible and hinder the underlying bioelectronics. 

7.2 Conclusions 

Cysteine self-assembled monolayers can be synthesized by anchoring the sulfur group onto a gold 

surface through thiol chemistry in solution. The surface coverage, coating thickness, and zwitterionic 
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percentage can be directly controlled by reaction time and temperature. Increasing reaction time allows 

anchored cysteine molecules to reorient themselves in order to free up additional adsorption sites on the 

gold substrate to accommodate additional cysteine adsorption, thus achieving a higher surface coverage. 

Using a quartz crystal microbalance (QCM) to monitor the adsorption of cysteine onto a gold substrate 

in real-time, over 99% surface coverage was observed after 3 hours of reaction in a 0.1mM solution of 

L-cysteine. The thickness of cysteine coatings was analyzed using QCM and ellipsometry. A monolayer 

coating was determined to be less than 1 nanometer in thickness. The adsorption kinetics can be described 

by Langmuir adsorption isotherm and experimental data were fitted using both OriginPro and MatLab. 

The dissociation constant is negligible as expected from the strong thiol-on-gold bond. 

Increasing reaction temperature to 330K allows a higher percentage of the surface to be in the preferred 

zwitterionic state by releasing the amine groups that are anchored onto the gold substrate through a 

reconfiguration of the cysteine-gold bonds. X-ray photoelectron spectroscopy (XPS) was employed to 

analyze the carbon (C1s), nitrogen (N1s), and sulfur (S2p) emission lines. Results indicate that 80.53% 

of the cysteine SAM is zwitterionic for samples created at room temperature and this zwitterionic fraction 

is increased to 94.5% for SAMs created at 330K. Irradiation damage to the SAMs, caused by prolonged 

exposure to photoelectrons during the XPS analysis, was observed in the form of C-S bond cleaving and 

produces atomic sulfur that either remains on the gold substrate or redeposits back onto a neighboring 

molecule.  

The antifouling performance of zwitterionic cysteine SAM towards homogeneous protein solutions 

and complex biological media were evaluated using bicinchoninic acid (BCA) protein assay, surface 

plasmon resonance imaging (SPRi) and QCM. Compared to untreated gold surfaces, the cysteine coating 

demonstrated 95% reduction to BSA adsorption after 3 hours and 90% reduction after 24 hours. Similarly, 

the surface demonstrated over 90% reduction in the adsorption of fibrinogen as well as human blood. 
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Cellular adsorption was prominent on the untreated gold surface, but was not observed on the cysteine 

surface as confirmed by scanning electron microscopy (SEM). This finding suggests that a zwitterionic 

cysteine surface is capable of resisting key proteins in the blood that are responsible in the signaling 

cascade for inflammatory cells. 

Overall, cysteine is an excellent antifouling material for prolonging the in-vivo lifetime of implantable 

bioelectronics. By reducing nonspecific protein adsorption in-vitro, cysteine coatings demonstrated the 

potential to control or delay undesirable host responses that are detrimental to the device functionality. 

Assessing the performance of cysteine coatings in-vivo is the logical next-step. 

7.3 Future Work 

1. The interaction between adsorbed proteins and adhesion receptors on inflammatory cells accounts 

for the primary cellular recognition system. Proteins such as albumin, fibrinogen, complement, 

fibronectin, vitronectin and γ globulin, regulate the adhesion of inflammatory cells and are critical 

determinants of subsequent degradation and isolation cascade. Therefore, it is beneficial to 

understand whether cysteine coatings exhibit an affinity towards any specific protein(s) inside the 

body. Enzyme-linked immunosorbent assay (ELISA) is one of the tools that can be used to identify 

and quantify the adsorbed plasma proteins. 

2. Adsorbed proteins can slowly denature over time and the denatured proteins are known to promote 

immunological recognition of the underlying material that would otherwise remain “stealthy”. 

Therefore, the integrity of adsorbed protein is also of significant interest. The nature of adsorbed 

proteins and their denaturation are perhaps best investigated through molecular simulations as 

detecting the denaturation of adsorbed proteins from a complex biological solution is extremely 



 

123 

difficult. Oftentimes, the analytical test itself will be responsible for the denaturation of adsorbed 

protein.  

3. Protein adsorption is proven to be a dynamic phenomenon, where highly mobile proteins will initially 

adsorb onto the surface, but are later replaced by other proteins through a complex series of protein 

exchange mechanisms. If the “later adsorbed” proteins are responsible for promoting undesirable 

host responses, it might be beneficial to “tune” the cysteine coatings to exhibit a higher affinity 

towards the initially adsorbed proteins in hopes to prevent further protein exchange. This tuning of 

the coating will be the first step towards controlling undesirable host responses as oppose to simply 

delaying it through reducing all fouling. Identifying adsorbed plasma proteins and understanding the 

protein exchange mechanisms will be crucial in accomplishing this work.  

4. Determine the effect of cysteine coatings on underlying electrotherapeutic devices. The conductivity 

of the coated surface can be tested by a four-point probe and conductive atomic force microscopy (C-

AFM). This study can provide valuable information on the correlation between coating thickness and 

degree of interference that cysteine coatings have on the electric signal.   

5. Animal studies of cysteine SAMs are the logical next-step for confirming the feasibility of cysteine 

as an antifouling material and should proceed with a rat model. Histopathological examination of the 

subcutaneous tissue surrounding the implant should be carried out at different intervals to identify 

the various stages of the inflammatory phase. Some key observations include identifying neutrophils 

that are prominent in the initial acute inflammatory phase, a dense network of fibrous tissue with 

lymphocytes and macrophages characteristic of the chronic inflammatory phase, and a layer of 

fibrous connective tissue with collagen that indicates fibrous encapsulation.    
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Appendix A 

Supplementary Figures 

 

Supplementary Figure S1: SEM Image of a cysteine surface subsequent to BSA exposure. 
The image was taken at 572X magnification. The imaged area of the exposed cysteine surface is almost double of 

the gold and stainless steel presented at Figure 12: BSA Fouling D & E, but still demonstrated less fouling.  
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Supplementary Figure S2: SEM Image of a cysteine surface subsequent to serum exposure. 
This image was taken at 202X magnification and illustrate a different electrolyte formation compared to Figure 5A. 

Compared with the images in Figure 5, there are many more nucleation points or “seed” in this area and may be the 

reason for the difference in salt pattern.   
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Supplementary Figure S3: Au4f Emission Line 
For samples created at room temperature (top) and at 330K (bottom). The peak positions for these samples are 

almost identical at 83.98 ± 0.02 eV and 87.66 ± 0.01 eV. 
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Supplementary Figure S4: SEM image of a BSA cluster adsorbed on a cysteine surface. 
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Appendix B 

Supplementary Tables 

Table S1. Peak Position and Full Width Halved Maximum (FWHM) 
For each element presented in Figure 10. The Values are obtained by X-ray photoelectron spectroscopy using 

CasaXPS software 

 

  

 


